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Abstract

Perovskite solar cells (PSCs) have attracted a substantial interest owing to a very fast achievement of
efficiencies >20 % within only several years of development. However, for any solar cell to become
technologically viable, two additional milestones have to be achieved alongside high efficiency: means
of industrial production and good operational stability. The former being mostly the focus of the pri-
vate sector and industrially-oriented research institutes, understanding degradation and improving the
stability of PSCs has become one of the major research topics in the field of emerging photovoltaics.
This is also the focus of this thesis, where | investigate different degradation mechanisms in PSCs with
the aim of extending their long-term stability. This dissertation can be divided into four parts: in the
first one, | show how, through a series of prototypes, | designed and built a dedicated setup to inves-
tigate stability of PSCs. | also show how | developed its variation to improve by 700 % the efficiency of
measuring current-voltage characteristics of our solar cells.

Subsequently, | describe the intrinsic instability of, at the time, state-of-the-art PSCs. | show how, along
with my colleagues, we managed to achieve breakthrough room temperature stability coupled with
record efficiency through incorporation of Cs into perovskite. Next, | describe how and why these solar
cells suffer from irreversible degradation if left at elevated temperatures however. This is due to a
vulnerability to Au diffusion from the electrode, through Spiro-MeOTAD hole transporting layer into
the perovskite. | show how, by incorporation of Cr diffusion barrier | managed to circumvent this prob-
lem (albeit at considerable efficiency loss). Subsequently, | describe an alternative solution to the prob-
lem by substituting Spiro-MeOTAD with PTAA — a polymeric hole transporting layer. This approach
effectively stops Au diffusion without compromising device efficiency, which was at the same time
improved by incorporating Rb into the perovskite. Finally, a third approach is presented: replacing the
Au electrode with one based on carbon nanotubes. This gives away with using Au and PTAA — both
prohibitively expensive materials — and hence paves the way towards facile and inexpensive fabrica-
tion of stable PSCs.

In the third part, | describe the effects of mobile ions in the perovskite on the behaviour of PSCs. First,
I show how they lead to a partial reversibility of losses in aged devices. This has potentially far-reaching
consequences for the way stability measurements of PSCs are conducted and how their lifetime is
reported. Next, | show how the ionic movement in the perovskite can lead to PSCs with certain archi-
tecture to work as high-gain photodetectors. This is enabled by piling up of ions at the interfaces within
the devices, which modifies the energy levels within.

Finally, in the last chapter | describe systematically, how different factors such as temperature, illumi-
nation, atmosphere, load on the device and cycling of the environmental conditions affect the stability
of PSCs. Based on this, | discuss the important parameters to control when ageing PSCs, as the first
attempt to bring the community to a consensus on how to measure stability of PSCs. This is urgently
needed to streamline the efforts to create stable PSCs and to commercialize the technology.
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Résumé

Les cellules solaires Pérovskites (CSPs) ont attiré I'attention de la communauté scientifique,
grace aux hautes efficacités qui ont été atteintes en un laps de temps trés court. Cependant, I'efficacité
n’est qu’une étape parmi d’autres importantes sur la route de la commercialisation cette technolo-
gique photovoltaique. Les autres étant, la possibilité d’une production a grande échelle mais aussi la
durabilité des performances de ces modules solaires. Le premier étant purement un probléme concer-
nant les industries, la durabilité mais plus particulierement la compréhension des mécanismes de dé-
gradation des CSPs, est devenu un sujet de recherche majeur dans le domaine des CSPs.

Cette these, s’attaque donc aux problémes de détérioration des CSPs. J'y étudies plusieurs mécanismes
d’altération possible dans le but d’améliorer la stabilité a long terme de ces modules solaires. Cette
dissertation est divisée en 4 parties. Dans la premiére, j'y présente le développement d’un instrument
servant a étudier la stabilité des CSPs et a améliorer les méthodes de mesures des parameétres de nos
cellules solaires.

Ensuite, je décris I'instabilité intrinséque d’une CSP. Je montre aussi comment, avec mes collégues,
nous avons réussi a atteindre une stabilité record a température ambiante, grace a I'incorporation de
cations de césium dans le coeur des Pérovskites. Puis, je présente et explique pourquoi ces cellules
souffrent d’une dégradation irréversible lorsqu’elles sont exposées a des températures élevées. J' élu-
cides ce mystere en exposant leur vulnérabilité a la diffusion d’or depuis la contre électrode, a travers
la couche conductrice de trou : le spiro-MeOTAD. Je présente ensuite deux alternatives a ce probleme
: la premiére étant I'incorporation d’une barriére de diffusion a base de chrome, mais au prix d’'une
perte d’efficacité, et la deuxieme étant la substitution du spiro-MeOTAD par un polymére le PTAA.
Cette derniére permettant de stopper la diffusion d’or tout en laissant les efficacités inchangées. De
plus, I'incorporation de cation de rubidium dans la Pérovskite a permis de booster I'efficacité de ces
cellules polymériques. Puis, Je démontre le potentiel des nanotubes de carbone comme remplagant a
I'or. Ceci permet ainsi de réduire les couts et facilité la fabrication des CSPs.

Dans la troisieme partie de ma these, je corréele les effets des ions mobiles au comportement des CSPs.
Je démontre comment ils sont responsables des pertes partiellement réversibles dans des cellules
agées. Ce phénomene a des conséquences importantes sur la fagcon dont la stabilité des cellules Pé-
rovskites est mesurée. Ensuite, je présente de quelle fagon le mouvement ionique peut permettre aux
CSPs, ayant une configuration spécifique, d’étre utilisées comme photo détecteurs a gain élevé. Ceci
est d a 'empilement des ions aux interfaces a I'intérieur des modules qui change les niveaux énergé-
tiques, du matériau.

Finalement, je présente dans le dernier chapitre la fagon dont les facteurs tels que I'illumination, I'at-
mospheére ou encore la charge électrique, affectent la stabilité des CSPs. Sur la base de ces résultats,
je discute d'importance et de paramétres a controler lors de la mesure de la stabilité afin d'homogé-
néiser la procédure utilisée par la communauté des CSP. Ce dernier élément étant essentiel au déve-
loppement de modules stables afin de pourvoir, plus tard, commercialiser cette technologie.

Mots-clés

Cellules Solaires Pérovskites, Photovoltaique, Stabilité, Détéroration, Mouvement ionique
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Preface

This thesis is written in a “compiled” format as outlined by EPFL regulations CDoct 109 (November
2015) and CDoct 110 (January 2016). Its advantages include the fact that the work presented has been
already subjected to a formal peer-review process and has been exposed to broader criticism by sci-
entific community.

The thesis begins with Introduction chapter to outline the motivation, scientific background and to put
the work described here in context. The second chapter presents how | designed and built a state-of-
the-art solar cell stability measurement setup, which has been the enabling tool for most of work pre-
sented here. The third chapter describes how my research direction evolved and it is an essential link
between the papers presented further. Following, each chapter (4-9) constitutes a peer-reviewed pa-
per published in a scientific journal. Each chapter starts with a short narrative paragraph to put the
work into context and to support the storyline. At the beginning of each chapter, in a red box, relevant
information is given about the publication and my individual contribution to the work described. The
papers presented in this thesis are reproduced with permission of the respective publishers and they
include:

1. Domanski K, Correa-Baena J-P, Mine N, Nazeeruddin MK, Abate A, Saliba M, et al. Not All That
Glitters Is Gold: Metal-Migration-Induced Degradation in Perovskite Solar Cells. ACS Nano. 2016.

2. Saliba M, Matsui T, Domanski K, Seo J-Y, Ummadisingu A, Zakeeruddin SM, et al. Incorporation of
Rubidium Cations into Perovskite Solar Cells Improves Photovoltaic Performance. Science. 2016.

3. Aitola K, Domanski K, Correa-Baena J-P, Sveinbjornsson K, Saliba M, Abate A, et al. High Temper-
ature-Stable Perovskite Solar Cells Based on Low-Cost Carbon Nanotube Hole Contact. Adv Mater.
2017.

4. Domanski K, Roose B, Matsui T, Saliba M, Turren-Cruz S-H, Correa-Baena J-P, et al. Migration of
Cations Induces Reversible Performance Losses over Day/Night Cycling in Perovskite Solar Cells.
Energy Environ Sci. 2017.

5. Domanski K, Tress W, Moehl T, Saliba M, Nazeeruddin MK, Gratzel M. Working Principles of Per-
ovskite Photodetectors: Analyzing the Interplay between Photoconductivity and Voltage-Driven
Energy-Level Alignment. Adv Funct Mater. 2015.

6. Domanski K, Alharbi E, Hagfeldt A, Gratzel M, Tress W. Systematic Investigation of the Impact of
Operation Conditions on the Degradation Behaviour of Perovskite Solar Cells. Nature Energy. Ac-
cepted.

The ordering of the chapters loosely correspond to the chronological order the work has been per-
formed. The thesis ends with a Conclusions paragraph summarizing the findings described here and
outlining the possible directions of future research. It also contains my subjective outline on the future
of research into stability of perovskite solar cells. All papers presented in this thesis as Chapters are
either first or co-first authored by me.

The References at the end of this thesis are common for Chapters 1-3 as well as the short paragraphs
linking the chapters. Each article presented in Chapters 4-9 is self-containing, meaning that the refer-
ence section is integrated within.
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List of Abbreviations and Symbols*

*These abbreviation and symbols are used throughout Chapters 1-3, Abstract, Conclusions and the
paragraphs linking the chapters. Abbreviations in Chapters 4-9 are defined separately in each article.

COP  Conference of the Parties to the United Nations Framework Convention on Climate Change
AFOLU Agriculture, Forestry and Other Land Uses

PV Photovoltaic

LCOE Levelized Cost of Electricity

BOS  Balance of Systems

PSC Perovskite Solar Cell

PCE Power Conversion Efficiency

DSSC Dye-Sensitised Solar Cell

HTL/M Hole Transport Layer/Material

ETL Electron Transport Layer

FTO Fluorine-Doped Tin Oxide

ITO Indium-Doped Tin Oxide

HOMO Highest Occupied Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital

MPP(T) Maximum Power Point (Tracking)

Voc Open-Circuit Voltage

Jse Short-Circuit Current Density

FF Fill Factor

J-v Current-Voltage

LED Light Emitting Diode

uv Ultraviolet

RH Relative Humidity

OPV  Organic Photovoltaic

PC Personal Computer

CPU  Central Processing Unit

RAM  Random Access Memory

ASCIl  American Standard Code for Information Interchange
PTAA Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine

Spiro-MeOTAD N?,N2,N%,N¥,N7,N’,N”",N”"-octakis(4-methoxyphenyl)-9,9"-spirobi[9H-fluorene]-2,2',7,7'-tetramine
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Chapter 1 Introduction

This chapter describes the broad motivation for research and investment into renewable en-
ergy, photovoltaics and new photovoltaic technologies. Specifically, it provides background infor-
mation on perovskite solar cells, its architectures and operating principles. Special attention is given
to the topics of hysteresis, ionic motion and stability of perovskite solar cells. Additionally, this chapter
describes the motivation for the specific work presented here and puts it in context.

(Picture from http://www.business-standard.com)
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Chapter 1 Introduction

1.1 Motivation

1.1.1 Global Warming Challenge

One of the major challenges humanity is facing in XXI century is to reign in global warming, which can
otherwise have far-reaching and potentially catastrophic consequences. As demonstrated by the his-
toric success of the COP21 summit in Paris in 2015, there is a global will to tackle the issue (even if
some notable politicians, not accidently climate change deniers, speak against it) and the international
community is pledging to unite in efforts against climate change.

400
380
360

340
320
Rilll]
280

cLMaTE QD) cENTRAL

Figure 1:1 Historic correlation between global temperatures and atmospheric CO, levels. (Figure from http://www.climate-
central.org)

Global warming is caused by accumulation of greenhouse gasses (mainly CO,, CHs and N,O) in the
atmosphere, which trap Sun’s heat reflected by the Earth’s surface.>? While these gasses occur in the
atmosphere naturally, since the industrial revolution in XIX century human activities have been adding
large quantities - thus perturbing the natural equilibrium. CO, is the greenhouse gas, which is respon-
sible for most of global warming.? It is mostly emitted as a waste product of burning fossil fuels. The
humans are also impeding the natural process of CO, capture by deforestation. Strong correlation ex-
ists between global temperatures and atmospheric CO; levels (Figure 1:1).
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Figure 1:2 Share of human activities towards emissions of CO,. AFOLU: Agriculture, Forestry and Other Land Uses. (Figure
from Ref. 3)
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Figure 1:3 Global primary energy mix evolution. (Figure from Ref.?)

As the Earth’s temperature increases, feedback loops accelerate the process (e.g. as polar ice melts,
the Earth’s surface becomes on average less reflective thus absorbing more heat). The two other main
greenhouse gases, (CHs and N,0), while produced by humans in much lower quantities, are far more
effective in trapping heat than CO,. The former is a by-product of livestock farming, while the latter is
emitted as result of various agricultural and industrial activities including proliferation of nitrogen-
based fertilizers and burning of fossil fuels.

The strategies to fight global warming are mostly based on eliminating its root cause — greenhouse
gasses (apart from stopping deforestation and so-called geoengineering solutions, which remain un-
proven and very risky; in the future the use of so-called carbon sinks may also become more wide-
spread). Three main areas of human activities are responsible for most of the emissions (Figure 1:2).
These are electricity and heat production, transportation, industrial production, and agriculture. Of
these, generation of electricity, transportation, residential and commercial heating as well as genera-
tion of electricity and heat needed for industrial processes are responsible for lion’s share of the emis-
sions. Despite the continuous drive to make these processes more sustainable, over 80% of the energy
globally is still supplied by burning fossil fuels such as coal, oil and natural gas (Figure 1:3).* Hence, the
strategies to tackle global warming, very often focus on substituting fossil fuel-generated energy with
one derived from carbon-neutral sources such as nuclear, hydro, wind, geothermal, biomass and solar.

1.1.2 Renewable Energy Potential

Environmental issues aside, fossil fuels are limited commodities and they will not be able to power the
growing energy appetite of the world economy for much longer. The world reserves of oil and gas are
expected to be depleted within several decades, while these of coal will most likely not last beyond
the turn of the century if the growing energy demand is not met with alternative energy sources. Nu-
clear energy has been exploited for years making it an obvious substitute. However, the reserves of
fissile material are also limited. Furthermore, the growing security concerns coupled with a very high
upfront capital cost of nuclear energy resulted in retreat of nuclear power in the West.

In principle, the amount of renewable energy available for harvesting is many orders of magnitude
larger than the energy consumed by the humanity. An old cliché is that the amount of sunlight reaching
the Earth in just one hour is enough to power the world economy for a full year (however, the technical
potential is only a fraction of that). In practice, for renewable energy to be embraced, it has to be price-
competitive against the energy derived from conventional sources. Each of the renewable energy
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sources has its limitations; for example, the availability of hydroelectricity is limited geographically and
it is often concentrated in remote areas, from where it is costly to transport it to consumers. It also
has a significant environmental footprint as large areas have to be flooded, and it is highly dependent
on rainfall. On the other hand, the amount of geothermal, wave and biomass energy potentially avail-
able for harvesting is too little to realistically contribute a significant share into a global energy mix.>®
This leaves wind and solar energy as the main contenders to substitute the fossil-fuel energy produc-
tion and to satisfy the rising energy demand. They have their own disadvantages though; the relatively
high price aside, they are intermittent by nature as wind and sunlight are not available on demand.
Hence, a power grid, which integrates a substantial amount of wind and solar power, will inevitably
have to contain storage capacity, large overcapacity backed up with conventional power plants, or a
very efficient way of energy re-distribution between remote areas. Despite this, very likely wind and
solar power will jointly supply most of the energy in the future. In this thesis, | will focus on one par-
ticular type of solar energy conversion systems: solar photovoltaics (PVs) that convert sunlight directly
into electricity.

1.1.3 Economics of Photovoltaic Energy Conversion

The main parameter determining a commercial attractiveness of a PV installation is Levelized Cost of
Electricity (LCOE), which describes the cost of kWh of electricity produced. It takes into account the
discounted total life cycle cost of a system including installation, maintenance, decommissioning and
financing, and divides it by the lifetime energy produced. LCOE depends strongly on the local condi-
tions of the site, as the energy produced is a function of the amount of sunlight and temperature (as
well as the nominal efficiency of the solar module). It also strongly depends on the lifetime of the
system given the high initial capital investment into installing a PV system compared with the marginal
costs of producing an additional kWh of electricity. LCOE for a PV power plant in Germany was 8 ct€
/kWh at the end of 2016 (it is several times higher for small-scale, rooftop systems).” This is still con-
siderably higher than for conventional power plants (which have often been already paid off). ® How-
ever, LCOE for a PV installation has sustained a long downwards trend caused in large by the falling
price of solar panels as the production rates increase (Figure 1:4). It is estimated that over the past
four decades the price of solar modules decreased by a quarter each time the cumulative production
doubled.’

Module Price
[Inflation adjusted €,0,6/Wp]

0.1
0.001 0.01 0.1 1 10 100 1000

Cumulative Production [GWp]

Figure 1:4 Price learning curve for solar panels (modules). From Ref.”
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The cost of a PV system is composed of multiple elements such as the cost of solar cells, the cost of
making a solar panel, the price of an inverter, electrical connections and installation materials (all com-
ponents, other than photovoltaic panels are called “Balance of System” or BOS). One has to also take
into account the cost of installation, land acquisition and its preparation (in case of utility systems),
legal costs including permissions and, in some cases, a tracker to follow the Sun. Of these, the cost of
solar cells is the single largest cost component, even if it only constitutes a minority share of the total
price. The exact share depends on the type of system and the type of solar cells used: it is lower (<25 %)
in case of residential systems, where installation costs are higher and profit margins larger for the
retailers.® For utility scale systems it can be as high as 40%.° Furthermore, it tends to be higher for
crystalline silicon solar cells than for CdTe ones, which in turn have higher installation costs.®

Today, almost 95% of the installed PV capacity is supplied by silicon (mono- and polycrystalline; c-Si)
with the remaining catered by thin film technologies such as CdTe, CI(G)S and amorphous silicon (a-Si)
(Figure 1:5).71° Despite the rapidly falling prices of these established technologies, grid parity (parity
between the electricity price on a wholesale energy market and that produced by the system in ques-
tion) is achieved only in few places. This fact motivates research into new photovoltaic technologies
that have potential to be fabricated at lower cost. This may be by employing inexpensive starting ma-
terials, facile manufacturing techniques, by reducing the cost of assembling these new solar cells into
modules and by increasing the efficiency and/or lifetime over these of the established PV technologies.
Researchers also seek to overcome the limitations of the establish PV technologies such as their rigidity
and brittleness, lack of colour tunability, semi-transparency and patternability. Amongst the emerging
technologies stand out perovskite solar cells (PSCs) — a relatively recent discovery, which promises to
lower the cost of photovoltaic energy while introducing useful additional features such as flexibility
and a possibility to make them in different colours. PSCs are exceptional in a way that they can achieve
high power conversion efficiencies, while utilising a potentially inexpensive fabrication process, which
does not require expensive high purity materials and high temperature processing. They can also be
potentially printed on large-area substrates to lower the cost of module production.

About 75 GWp PV module productionin 2016

2015

Thin film
Mono-Si Il
Multi-Si .

2000

Figure 1:5 Global PV module production by technology. Figure from Ref. 7
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1.2 Perovskite Solar Cells

1.2.1 Perovskite Properties

PSCs are a new type of solar cells based on (typically) organic-inorganic semiconductor compounds
adopting an ABX; perovskite-type structure (Figure 1:6). Although the class of materials has been
known since late XIX century, their photovoltaic potential has only been realized in the past decade.
The “photovoltaic” perovskites are based on a limited number of ions to make up the ABX; structure.
The A-cation can be occupied by CH3NHs*, CH(NH,),", or inorganic Cs* or Rb* cations. The B-cation is in
most cases Pb?*, although Sn?* is also used. The X-site can be occupied by I, Br or CI. While most of
the perovskite compositions used these days employ a mixture of ions on both A and B-sites, the com-
pound that first excited the PV research field was CH3NHsPbls. This is due to its favourable optoelec-
tronic properties, which are rarely seen in materials that are fabricated by “dirty” solution-based meth-
ods. CHsNHsPblsis characterized by 1.55 eV bandgap!!, which correspond to absorption onset at the
edge of the visible light spectrum (800 nm). This lies close to the optimum bandgap for efficient solar
cells (1.1-1.4 eV) allowing PSCs to theoretically reach 31% power conversion efficiency (PCE).*? Addi-
tionally, CHsNH3Pbls is characterized by low exciton binding energy (30 mV), which means that photo-
generated charges can separate readily at room temperature.® Finally, the material displays high and
balanced diffusion lengths for both electrons and holes (0.1-1 um)**1 and sufficiently high charge
mobilities.’>!” This means that the charges can efficiently diffuse to the electrodes before recombining.
The favourable combination of optoelectronic properties makes perovskites very attractive materials
for photoactive layers in solar cells.

Monovalent cation

Q Lead cation
‘ Halogen anion

Figure 1:6 The structure of the perovskite compounds used for solar cells. (Picture adapted from https://chemicalstruc-
ture.net)

1.2.2 Device Architectures

The first embodiments of perovskite solar cells were based on dye-sensitized solar cell (DSCC) archi-
tecture and CHsNHsPbls (perovskite) was used as a sensitizer on thick mesoporous scaffolds.*® It was
coupled with liquid electrolyte, which resulted in a very limited stability of such devices. This architec-
ture yielded power conversion efficiency (PCE) of 3.8 %. The breakthrough came when an all solid-
state architecture was realized with 9 % PCE.* From then on, PSCs experienced rapid development.
The thickness of the mesoporous scaffold decreased by an order of magnitude?®? and it was realized
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that perovskite can efficiently conduct holes and electrons alike making it a much more conventional
semiconductor material than thought initially.1**>2* Since then, the PCEs experienced rapid improve-
ment and within several years of development the values improved beyond 22 %, rivalling more es-
tablished PV technologies.?

a

Perovskite

Scaffold
ET

L

Figure 1:7 a) SEM picture and b) schematics of state-of-the-art perovskite solar cells based on a “normal” architecture and a
mesoporous scaffold. Figure re-drawn based on Ref.2®

Today, state-of-the-art perovskite solar cells are typically less than 1 um thick and contain perovskite
sandwiched between hole and electron charge transport layers (HTL and ETL respectively). These are
typically placed between a metal electrode (Au, Ag and Al are used most often) and another transpar-
ent one such as FTO or ITO (fluorine or indium-doped tin oxide). Often, a mesoporous scaffold is em-
ployed on top of the ETL in order to improve perovskite film quality and charge transport. However,
this is optional and “planar” devices have been demonstrated with performance close to that of their
scaffold-based counterparts.?’”2 When electrons are collected at the transparent electrode, and holes
—at the metal one, the device is said to have a “normal” architecture. If the opposite is true, the archi-
tecture is called “inverted”. So far, the best performing devices employ a “normal” architecture. How-
ever, the different choice of charge transporting materials available with “inverted” architectures (no-
tably inorganic ones) means that both architecture enjoy sustained interest of the researchers.?%2%3°

Figure 1:7 shows a mesoporous scaffold-based device with a “normal” architecture. ETL is made of a
continuous, thin layer of TiO,, which is most often deposited on FTO via spray pyrolysis of TiO, precur-
sor solution. The scaffold is fabricated by spin coating and sintering TiO, nanoparticles to form an in-
terconnected mesoporous network. HTL is Spiro-MeOTAD in this case, which is deposited via spin coat-
ing. The electrode is thermally evaporated and is made of Au. The perovskite is in this case composed
of a mixture of different anions and cations. The monovalent cation sites are shared by methylammo-
nium (CHsNHs"), formamidimuim (CH(NH,),*) and Cs* cations. The metal sites are occupied by Pb®*
cations. The halogen anion sites are shared by I" and Br” anions. PSCs based on this composition and
architecture are currently amongst the best-performing ones. The early successful methods for depos-
iting perovskite involved a two-step formation process in which Pbl, was first deposited by spin coating
and then converted to CHsNH3Pbls by dipping in CHsNHsl solution.?’ However, this deposition method
did not allow for precise composition control and soon a single-step method was devised.3! That
method involves spin coating perovskite solution in one step. Before the drying of the film is complete,
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it is washed with an antisolvent to induce fast and homogenous crystallization. Alternatively quick dry-
ing under vacuum can be employed.32 To this date, most PSCs are fabricated via one-step, antisolvent
method. However, perovskite can also be thermally evaporated®*34, which can be useful for certain
experiments where solvents could dissolve the underlying layers, as | show in Chapter 8.

1.2.3 Working Principles of Perovskite Solar Cells

Perovskites behave much like traditional semiconductors. Light is absorbed by the material, which
leads to excitation of an electron from valence to conduction band of perovskite and the creation of
an electron-hole pair (Figure 1:8 a). The charges dissociate readily thanks to the low exciton binding
energy and they are free to move across the device. Being characterised by balanced, relatively high
charge mobilities (compared to organic or other hybrid materials) and long charge diffusion lengths,
perovskites are efficient at transporting both holes and electrons. Electrons can either diffuse through
perovskite to the continuous ETL, or do so via the mesoporous scaffold (if present and made out of
suitable electron transport material such as TiO;). Subsequently, the electrons are collected at the
electrode (Figure 1:8 b). Photogenerated holes diffuse through perovskite to reach HTL, from where
they are collected at the metal electrode.

a Conducion band b 4‘ Metal electrode ‘

" Hole'transport ayer ’

P

\\,/’i‘
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. \
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Electron transport layer;/

: Transparent conductive oxide electrode
) Transparent substrate

Hole transport layer

Perovskite

Electron transport layer

Valence band Illumination

Figure 1:8 Working principles of PSCs with a) the schematic energy diagram of a PSC. b) schematics of the “normal”-archi-
tecture PSC with mesoporous scaffold. Charge generation and transport processes are presented schematically.

Electron and hole transport layers (also referred to as “blocking” or “charge selective” layers) are vital
parts of PSCs. Their main role is to prevent the “wrong” charges being collected at the electrodes, while
allowing the “right” ones to pass. This is achieved by the selection of materials with appropriate energy
levels with respect to those of perovskite. A good HTL material should have its conduction band or
lowest unoccupied molecular orbital (LUMO) far above that of perovskite. At the same time, its valence
band or highest occupied molecular orbital (HOMO) should be just slightly above perovskite’s valence
band. The opposite is required for ESL material as depicted in Figure 1:8 a. Lack of this charge selectivity
is very detrimental to the device. If, for example, an electron reaches the metal contact, it recombines
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non-radiatively with one of many holes present at the contact.®>?® This process leads to loss of photo-
generated charges and hence it is highly unwanted.

Charge recombination can additionally occur at defects in the perovskite. This can be at interfaces,
grain boundaries or an impurities in the perovskite.?’° Again, this results in non-radiative loss, where
the photogenerated carriers are converted into heat. This process is unwanted and should be impeded.
On the other hand, photogenerated carriers can recombine leading to a re-emission of a photon. This
so-called radiative recombination cannot be avoided and one would generally wish for all recombina-
tion in the device to happen radiatively.*® Radiative recombination leads to phenomenon called lumi-
nescence, where the device emits light. When the source of electron excitation is primary light absorp-
tion by the material, this process is called photoluminescence. When instead the electrons are excited
by external bias, one talks about electroluminescence. The latter is the basics of operation of LEDs,
which can be seen as a device opposite of a solar cell. A solar cell, where the recombination occurs
mostly radiatively usually has high luminescence yields. Hence a good solar cell is usually a decent LED

and vice-versa.**

1.2.4 Measuring Performance and ]-V hysteresis in Perovskite Solar Cells

Soon after the emergence of PSCs, researchers realized that their PCE measurement is not always
straightforward. Conventionally, PCE of a PV cell is determined by performing a current-voltage (J-V)
sweep under standard 1-sun intensity (1000 W m2 illumination with AM1.5G spectrum). The result is
a curve, which crosses the voltage, x-axis at the point called open-circuit voltage (Vo) and the current,
y-axis at the point called short-circuit current density (Js; Figure 1:9 a). However, the diode behaviour
of solar cells means that the curve is not square and that the power extracted from the device is less
than the product of Vo and Js. Instead, one has to find so-called maximum power point (MPP) — the
point, at which voltage and current result in maximum power (Pmax) extracted from the device (Figure
1:9 b). To arrive at PCE, one has to divide this by the incident light power density (Pi,; Equation 1:1).
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Figure 1:9 a) Typical J-V curve of a solar cell characterized under illumination and b) power output as a function of voltage

Vmep and Jwvpp are not very practical parameters to characterize solar cells. Instead, one can introduce
a geometrical factor (fill factor, or FF) to relate those to Voc and Js.. Altogether FF, Vo, Jsc and PCE are
the most commonly used performance metrics to characterize solar cells.

PCE — Pmax — VmppJmpPP — FF VocJsc (11)

in Pin Pin
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This way of extracting PCE from a solar cell is normally independent of J-V scan direction and it works
accurately as long as the measured solar cell is always under quasi steady-state conditions. This re-
quires the device to be in equilibrium under each potential as it is being measured. The condition is
readily satisfied for most types of solar cells provided that the J-V scan is not performed with an exces-
sively fast rate (>100 V s). However, this is not always the case for PSCs. Dualeh et al. and Snaith et
al. were the first to show that depending on J-V scan direction (open- to short-circuit, or the opposite),
the result of the measurement is different.**** This phenomenon is called J-V hysteresis. A more in
depth study followed by Unger et al.*>, where the authors have shown that PCE depends additionally
on scan rate. Additionally, they investigated current transient behaviour when a potential on a devices
was changed from V. to Js.. The transient phenomena were shown to occur on a timescale of seconds,
which was correlated to scan rate-dependent hysteresis. Additionally, pre-conditioning under forward
bias prior to a J-V scan was shown to improve the apparent efficiency of the devices, while the opposite
effect was found when the devices were pre-conditioned under reverse bias. Finally, the authors have
shown that hysteresis-free curves can be obtained when scan is performed either very fast or very
slowly, but only in the latter case steady-state conditions are achieved for measurement of a valid PCE.
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Figure 1:10 a) Rate-dependent J-V hysteresis in PSCs as shown by Tress et al.*® The arrows denote scan direction. b) Slow
transient photocurrent response after the voltage is switched from 1V to -0.5 V at t=0. The illumination is on during the
whole time (red dots) or switched on later (solid lines). The light acts as a probe for the slow process which shows a
response time in the range of 10 s independent of illumination. Reproduced with permission from Ref.*®

A more thorough study still was undertaken by Tress et al.*® Having studied rate-dependent hysteresis,
the effect of pre-conditioning on J-V characteristics, and transient current response to step-change in
potential (Figure 1:10), the authors concluded that a slow field-induced process is active in the perov-
skite cancelling the electric field in the device at any applied potential. This was attributed to an illu-
mination-independent build-up of space charge close to the electric contacts.

Soon after the discovery of J-V hysteresis, an intense discussion started on the origins of the phenom-
enon and several explanations for the J-V hysteresis in PSCs were suggested: slow electronic trapping®’,
ferroelectric behaviour®®->!, light-induced structural changes®, and ion migration*®>3=>, Interestingly,
it has been shown previously that J-V hysteresis can arise due to capacitive effects in Si and CdTe solar
cells.>®7 However, capacitive effects have been excluded as a possible source of hysteresis in PSCs due
to the unrealistically high amount of charge, which would have to be stored internally to account for
the very large differences between forward and backward scans.*® The potential ferroelectric behav-
iour in PSCs would be expected on much shorter timescales than the observed J-V hysteresis (which is
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observed in the timescale of seconds) and transient behaviour.> It is now widely believed that even if
perovskites show ferroelectric behaviour, it is not the main origin of J-V hysteresis. Also light-induced
structural changes have been excluded as the reason for hysteretic behaviour of PSCs, since the phe-

nomena has been observed independently of illumination.*%>8

1.2.5 Ionic Motion in Perovskite Solar Cells

Today, a broad consensus has been reached that the motion of ions (and their vacancies) in the per-
ovskite is to blame for the J-V hysteresis.>*® It is believed that halide defects (with their low formation
energy in perovskites) can migrate and cause the J-V hysteresis observed on the timescale of seconds-
minutes.>>%*% The additional arguments for ionic origins of J-V-hysteresis include strong dependence
on scan rate, pre-conditioning, temperature®?, and the sensitivity to device fabrication and ageing®.
Moreover, perovskite-type halides have long been known as ionic conductors.®®®” Xiao et al. have also
provided visual evidence that ion migration occurs within perovskites when they are placed between
two electrodes, across which voltage is applied.®® Finally, it has been shown that the activation energy
for the slow process in PSCs coincides with the expected activation energy for movement of halide

defects in these materials.>*?

Yuan et al. deposited perovskite between two horizontal electrodes and mapped local potential in
these devices.® The authors showed that, when such device is biased, the movement of ionic species
creates a p-i-n structure in the direction transverse to the electrodes. They also demonstrated that
such a structure can display diode behaviour (despite a fully symmetric architecture and the lack of
charge-selective contacts) and that by pre-conditioning the device, the diode behaviour can be com-
pletely reversed. Furthermore, the mobilities of migrating ions were estimated as ~10° cm? V' s and
the activation energy for the process was found at ~360 meV, which again is close to the expected
value for halide defect migration in CHsNHsPbls.>® Finally, the authors suggested that there exists an
additional contribution from "even slower" ions, which may suggest that several different types of ions
are mobile in CH3NH3Pbls. The demonstration of the later was the subject of my work presented in
Chapter 7. O'Regan et al. undertook an extensive study on the origins of J-V hysteresis in PSCs. They
have found two types of charges present in PSCs: a capacitive electronic charge (~0.2 uC cm?) and
another, larger charge (~40 uC cm?), which was assigned to the mobile ions. Correspondingly, transi-
ent photovoltage decays were found to be strongly double-exponential with two distinct time con-
stants. The fast decay (~1 us) was assigned to the predominant recombination mechanism in PSC, while
the slow decay (~1 s) was hypothesised to origin from the mobile ionic species.

Despite the strong evidence of relation between ionic motion and J-V hysteresis in PSCs, devices with
certain architectures (inverted; with organic charge transport layers) display no, or very little hystere-
sis.337050 called “inverted” hysteresis has also been observed, where the PCE derived from the forward
J-V scan is greater than that from the backward scan (in most cases the opposite is observed).”%’! If
the bulk diffusion of ions was the only cause of hysteresis, all devices employing perovskite should be
similarly affected. The fact that this is not necessarily always the case, suggests that J-V hysteresis is a
more complex process. Jena et al. have suggested that the unusual J-V behaviour in PSCs may originate
from the interface between FTO and ETL (TiO,).”? The authors investigated devices with active layers
made of either CHsNH3Pbls or Pbl,. Interestingly, substantial J-V hysteresis was observed in both types
of devices. Since Pbl; is not a ferroelectric material, this result is an additional argument in favour of
non-ferroelectric origins of J-V hysteresis in PSCs. At the same time, it has been long known that halide
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defect diffusion can take place in ionic crystals such as Pbl,.”® Subsequently, the authors investigated
the role of FTO/TiO; interface on the hysteresis. Double-layered structures, FTO/TiO,, were prepared
and their J-V characteristics were measured. These structures were shown to also display hysteretic
behaviour, which prompted the authors to conclude that this interface plays a major role in the ob-
served hysteresis in PSCs. However, J-V hysteresis has also been observed in devices without a TiO;
ETL, where perovskite was in direct contact with FTO.” This suggests that the actual origins of hyste-
resis are more intricate than solely ionic motion effects or solely electronic effects at interfaces. In fact,
it is a complex interplay of both.%? lon mobility in perovskite will be used to explain working principles
of perovskite photodetector in Chapter 8 and to explain reversible losses incurred by PSC under illu-
mination in Chapter 7.

1.3 Stability of Perovskite Solar Cells

The efficiencies of PSCs have now achieved values that are commercially attractive and (on a labora-
tory scale) rival these of established photovoltaic technologies. However, for any solar cell technology
to be commercialized, operational stability and inexpensive manufacturing methods have to be
demonstrated alongside high PCE (Figure 1:11). The use of abundant starting materials and inexpen-
sive manufacturing techniques makes perovskite solar cells potentially very price competitive. Prom-
ising progress is also being reported on upscaling the production of PSCs.32”>77 However, questions
remain whether PSCs can ever achieve the stabilities, which would make them suitable for commercial
products — especially for solar panels, where a lifetime of at least a decade is required to make even a
very inexpensive solar module worth the labour cost of installation and replacement.

Processing

Figure 1:11 The “Holy Grail” of photovoltaics: technology that is efficient, stable and inexpensive to manufacture.

Having been initially in the shadow of the research into improving PCE, dedicated studies on stability
of PSCs have now started appearing. Nevertheless, the question of whether PSCs are stable had been
asked since the early days of the field.”®® In general, the issues regarding the stability of PSCs can be
categorized broadly into three groups as summarized in Figure 1:12:

e intrinsic stability of the perovskite layer
e intrinsic stability of the device architecture
e extrinsic effects on stability

Additionally, the question on how to measure the stability of PSCs has to be tackled. Here the ionic
motion and J-V hysteresis create an additional obstacle.
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1.3.1 Intrinsic Stability of the Perovskite Layer

The two main intrinsic factors influencing the stability of perovskites are temperature and illumination
as any solar cell inherently operates under light and at elevated temperatures. The extreme tempera-
tures of solar cells can fluctuate between -40 °C and 85 °C.8! Moreover, during fabrication of PSCs,
perovskite has to usually undergo thermal annealing at temperatures beyond 100 °C.%2 Hence, thermal
robustness of the perovskite layer is a prerequisite for the material to be employed in any useful pho-
tovoltaic devices. Fortunately, studies on thermal stability of CHsNH3;Pbl; have shown that the material
is stable at temperatures up to 200 °C.8 However, this is not necessarily the case for all perovskite
compositions and the once state-of-the-art composition using a mixture of iodine and bromine halides
as well as MA and FA, has proven to be prone to intrinsic phase instability and decomposition already
at room temperature.®*# An incorporation of Cs into the mix as a third cation, helped stabilise the
photoactive phase and overcome this problem.82 This was also a basis of our own achievement of a
breakthrough stability mentioned in Chapter 3.

Another essential requirement for a solar cell material is to be stable under illumination. While perov-
skite films are generally stable in the dark given an absence of humidity,®” they appear to degrade
under illumination at a presence of oxygen.® However, they are stable in inert atmosphere, which

makes perovskite-based solar cells potentially possible to stabilize.>8288
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Figure 1:12 Stability considerations of PSCs can be divided into three groups: intrinsic stabiltiy of perovskite layer, intrinsic
stability of the device architecture and extrinsic stability.
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1.3.2 Intrinsic Stability of the Device Architecture

The architecture of a device can have a significant effect on stability. For example, it has been demon-
strated that placing Ag electrodes on perovskite results in formation of Agl and severe device degra-
dation.®® Hence, an architecture in which iodine from perovskite can reach Ag electrode is inherently
instable. Similarly, as | demonstrate in Chapter 4, using Spiro-MeOTAD as HTL sandwiched between
perovskite and Au electrode is intrinsically instable under elevated temperatures.?®°° This problem can
be overcome be employing alternative HTL layers as | show in Chapter 5. Alternatively one can use
carbon-based electrodes®°? as | show in Chapter 6 or ones based on metal oxides.?® It has been also
suggested that additives in HTL can react with perovskite.®* Many such combinations potentially exist
meaning that each new PSC architecture has to be tested for stability and the possibilities of extrapo-
lation are limited.

1.3.3 Extrinsic Factors

Niu et al. have reviewed the main environmental factors influencing the stability of perovskite: mois-
ture, oxygen and ultraviolet (UV) light.®> The extrinsic factors can be in principle eliminated by employ-
ing suitable solar cell encapsulation. However, in practice the extrinsic factors limit the lifetime of the
solar panels as no encapsulation is perfect. The quality of encapsulation (permeability) along with the
sensitivity of a device to the extrinsic factors ultimately determines the lifetime of the product.

The concerns about the intrinsic stability of PSCs were from early days motivated by the fact that per-
ovskites themselves are soluble in water and moisture sensitivity has been a worry ever since.”8%6-%
Upon exposure to moisture CHsNHsPbls dissolves to Pbl,, which itself is soluble in water.'® This aggra-
vates the problem of perovskite stability as it poses a risk of Pbl, leakage and ecological hazards. The
process of perovskite dissolution can be extremely fast (several hours) if the films are exposed to near
100% relative humidity (RH) environment. However, its dynamics can be much slower at low RH levels,
at least in the absence of illumination.'® The role of oxygen appears to be limited compared to that of
water. In the absence of illumination, it does not degrade perovskite any more than keeping the de-
vices in N, atmosphere.??1! However, coupled with illumination, it can result in severe degradation.®
A mechanism for this light induced and oxygen mediated degradation has been postulated. The light-
excited electrons can be transferred to adsorbed oxygen forming superoxide anion. This superoxide
can react with both MA cation and iodine thus leading to decomposition of CHsNHzPbls.2®

UV light is considered an extrinsic degradation factor as it can be in practice blocked at low cost and
without a significant detrimental effect on the PCE of the solar cell. Most commonly used ESL and
mesoporous scaffolds are based on TiO,. TiO; is a wide bandgap semiconductor that absorbs principally
UV light. It is widely-used as a photo catalyst for oxidizing water to create hydroxyl radicals and to
oxidize organic materials.'%? It has been reported that after even short exposure to UV under ambient
atmospheric conditions, perovskite irreversibly degrades to Pbl,.2%%1% Rapid loss of photocurrent was
also reported for encapsulated devices exposed to UV light. However, the performance loss was not
permanent and it was recoverable following exposure to oxygen.'% It has been also suggested that
avoiding the use of TiO; altogether can increase UV stability of PSCs.”® As | show in Chapter 9, the UV
instability is not as large of a problem as though initially back in 2013-14, when the above-cited publi-
cations appeared. Since then, perovskite compositions have evolved significantly and new fabrication
methods resulted in less defective device layers. Having said that UV light does seem to accelerate
degradation of TiO,-based devices.
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In principle, one should also consider factors such as thermal cycling, mechanical stress etc. These can
damage the encapsulation and lead to failure of a solar cell. In Chapter 9, | show preliminary results
on thermal cycling of unencapsulated PSCs. However, for a technology at a research stage such as PSCs,
these factors do not necessarily have to be of concern yet and more fundamental degradation path-
ways should be investigated and understood first.

1.3.4 State-of-the-Art Stability of Perovskite Solar Cells

Over the past several years, the stabilities of PSCs have experienced a very rapid advancement from
lifetimes measured in days to years.'®” Promising device stabilities were achieved with various device
architectures. For example, Grancini et al. have reported HTL-free PSCs with carbon contacts and vir-
tually no degradation over a 1-year long light soaking test at 55 °C. Arora et al. have shown compara-
tively high stabilities over a period of 1000 h when devices with CuSCN HTL and a thin layer of reduced
graphene oxide were aged under illumination, at MPP and 60 °C.2%® Furthermore, Bush et al. have
recently reported perovskite-silicon tandem solar cells with promising stability over a period of 1000 h
under illumination and close to room temperature.'% Finally, | present in Chapter 5 a stability of PSCs
with PTAA HTL that retain 95 % of PCE after being aged for 500 h at 85 °C, under 1 sun illumination and
MPP.*2

However, the lack of dedicated protocols for ageing and data reporting practices, makes quantifying
stability challenging and comparison of stability reported by various groups is very hard. This is espe-
cially true as tests are conducted at different temperatures, different loads, atmospheres and using
different illumination sources. Moreover, promising stability of both encapsulated and unencapsu-
lated devices has been achieved, albeit at different conditions.

1.4 Thesis Synopsis

1.4.1 Aim of the Thesis

At the time | started working on this thesis, PSCs were generally characterized by very poor stability.
Additionally, little was known about degradation pathways in PSCs — a prerequisite for developing
strategies for stability enhancement. The aim of the work described in this thesis was to understand
and improve the stability of PSCs. The questions of how and why PSCs degrade were at the core of
each chapter presented here. This was in the context of specific device architectures, perovskite com-
positions and different stress factors that PSCs can be exposed to. As subsequent degradation path-
ways were identified, the aim was to find a way to improve the stability of PSCs by employing new
perovskite compositions and device architectures. As such, a substantial part of this thesis deals with
how to avoid high-temperature instability in PSCs. Finally, having acquired experience in measuring
stability of PSCs, the aim of this thesis is to help reach the PSC community a consensus on how to
investigate the stability of PSCs in a meaningful and reproducible way.

1.4.2 Outline of the Thesis

This thesis is a report on over 3 years of my work on the topic of PSC stability and several closely related
subjects. The next chapter describes how | designed and built state-of-the-art solar cell stability and J-
V measurement setups, which was the enabling tool for all work described here subsequently. The
third chapter describes how my research direction evolved and with inclusion of additional, un-
published data, it is an essential link between the subsequent chapters. The fourth chapter is a report
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on the discovery of an intrinsic high-temperature instability of (at the time) state-of-the-art PSCs. The
fifth chapter describes how incorporation of a polymeric HTL coupled with incorporation of Rb into
perovskite overcame this challenge. Chapter 6 presents an alternative approach using a potentially
inexpensive carbon-based back contact material. The seventh chapter describes how migration of ions
inside the perovskite influences stability measurements of PSCs. In the eighth chapter, the analogous
phenomenon is shown to enable PSCs with a specific architecture to work as photodetectors with high
gain. Finally, the ninth chapter is a detailed investigation of how different factors influence ageing of
PSCs. It also advocates the adoption of standard procedures of ageing PSCs and it demonstrates how |
implement stability measurements in our laboratory. This last chapter is in fact a synopsis of all the
other chapters and it was the result of my accumulated experience in research on stability of PSC.
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Chapter 2 Design and Building Solar Cell Sta-
bility and J-V Measurement Setups

Having completed a master thesis on understanding degradation pathways in organic
solar cells, | wanted to use my experience to focus on investigating the stability of perovskite
solar cells. The case was very compelling as the field was achieving ever-higher power conver-
sion efficiencies and the questions of stability began to surface. Our laboratory had at the time
limited stability measurement capabilities, which were not sufficient for the projects | envis-
aged. Most importantly, we lacked the means to control temperature of samples, while they
were measured. | decided to build a simple setup to do just this. As encouraging results started
to accumulate thanks to the temperature-controlled setup, | managed to convince my superiors
to invest in building first a prototype and then a full-scale version of the ageing setup. Having

THE CONTEXT

obtained experience in parallel measurement of multiple samples at a time, | also built a setup
to measure J-V characteristics of perovskite solar cells, which improved the efficiency of the
measurement by 700%.

This chapter describes the 2.5 year-long ongoing process of developing solar cell ageing capabilities
in our laboratory, which involved building several prototypes of both software and hardware, and
which was guided by the stability results | was obtaining continuously using the subsequent embod-
iments of the setup. The work presented here was from the early stages a close collaboration with
Dr. Wolfgang Tress, who wrote the software to operate the subsequent version of the ageing setup.
It also would not be possible without help of Benjamin Le Geyt, Supardi Sujito, Christophe Clement
and Andre Fattet, engineers from electrical and mechanical workshops who helped us manufacture
the components needed. Finally, the financial and moral support of Prof. Anders Hagfeldt was cru-
cial. This chapter also describes a variation of the stability measurement setup, which | built for J-V
measurements.

My contribution:

| conceptually designed the setups and led their development, coordinating with different people
involved in the project. | also designed all mechanical and some electronic components and assem-
bled the pieces. | contributed conceptually to the design of the software used to operate the setups.
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2.1 Stability Measurement Setup

2.1.1 First Prototype - Temperature Control

The first prototype of the stability measurement setup was a simple adaptation of a standard sample
holder used in our laboratory for measuring J-V characteristics of solar cells. The modification was the
introduction of a Peltier element in contact with the back of a sample, which could control its temper-
ature (either heat or cool) Figure 2:1 shows how the temperature control worked conceptually. Feed-
back was provided from a thermocouple inserted between the Peltier element and the sample. A soft
thermal padding was employed to protect the delicate backside of the sample. The Peltier element
was placed on a copper heat exchanger (a pipe) through which cold gas could be blown (heat conduc-
tive paste was used to increase heat transfer efficiency). The temperature was read from a multimeter
and the user could adjust current flowing through Peltier element to achieve the desired temperature
of the sample. This setup allowed for temperature-dependent measurements of electronic character-
istics and in situ ageing measurements. One sample could be measured at a time.

Soft thermal padding Thermocouple
Copper plate Shadow mask

Peltier element Device

Cooled heat exchanger

Figure 2:1 The schematic of the temperature control in the first prototype of the ageing setup.

Figure 2:2 shows a picture of the holder. The sample rested on pin legs and it was fixed in the holder
by screwing a shadow mask on top of it. The setup was completed with a potentiostat to measure the
device loaded. The illumination was supplied externally — in most cases by driving an array of white
LED diodes or by placing the holder under a solar simulator.

Figure 2:2 Picture of the first prototype of the ageing setup. Note the thermocouple plate is missing in this picture to un-
cover the Peltier element.
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2.1.2 Second Prototype — Atmospheric Chamber

While the first prototype enabled us new types of measurements, it was clear from the beginning that
its usability was limited due to the fact it did not allow for atmosphere control for long-term measure-
ments. Additionally, the small, gas-cooled heat exchanger did not allow for exploring negative temper-
atures. The setup also required a manual temperature adjustment.

a Insulated Thermocouple b

Peltier
O-ring element

Insulated electric

Swagelok gas ;
g g connections

and water connectors

Figure 2:3 a) design and b) picture of the holder constituting the second prototype of the ageing setup. The inset shows the
two-pixel architecture of the solar cell the holder could support.

A new holder was designed and built to enable atmospheric control and it was made in a form of a
copper, airtight atmospheric chamber that would be closed with a glass lid (Figure 2:3). It was also
designed to accommodate a new solar cell architecture we started using in our laboratory at the time
— with two solar cells (devices/pixels) on one substrate (inset in Figure 2:3). The working principle of
this second holder was the same as that of the previous one: the sample rested on pin legs (insulated
with plastic from the body of the holder) and Peltier element coupled with a thermocouple was used
to control temperature of the sample. However, the bottom of the holder was cooled with water in
order to significantly extend the working temperature range to from -30 °C to +180 °C. Temperatures
below -100 °C could also be reached when the coolant was liquid nitrogen instead of water.

Figure 2:4 The second prototype of the ageing setup. In the center sits the water-cooled copper holder under a white LED
lamp. On the righthandise is the PID controller to control the temperature of the sample in the holder.
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Another upgrade was in form of a dedicated temperature controller (on the right in Figure 2:4). It was
based on a PID module, which would read the temperature from a thermocouple and (through a feed-
back loop) supply the right current to the Peltier element to reach the user-defined setpoint. The con-
troller could be connected to a PC to control it remotely and to set useful parameters such as temper-
ature ramp or safety temperature limits. The illumination was achieved by placing the holder either
under a solar simulator or under a white LED array (centre) driven by a laboratory power supply (left
in Figure 2:4). The devices were connected to a two-channel potentiostat (not pictured here) to be
measured. | built two such complete setups allowing for a measurement of four devices simultaneously
(2 samples, 2 pixels each).

2.1.3 Final Design

The second prototype, although very successful in producing data, which would later become the cen-
trepiece of several publications, lacked automation and a capacity needed to collect statistics and run-
ning several experiments simultaneously. Hence, | decided to build a full-scale stability setup, which
would enable a very precise control of environmental conditions at a large testing capacity. My goal
was to develop a state-of-the-art tool, which would be very flexible and useful far beyond stability
measurements. With a generous financial support of Prof. Anders Hagfeldt, | aimed at maximum ex-
perimental conditions control and versatility combined with user friendliness and reliability.

The design of the sample holder is based on the second prototype. While, four of those prototype
holders are joined together into a single structure (Figure 2:5), each sample remains independent and
its temperature can be varied independently of the others’. However, the thermocouple is replaced
with a Pt100 thermometer, which is easier to interface with. Another important change is that the
holder is equipped with a radiator coupled with a fan, thus eliminating the need for water cooling. The
setup provides temperature control in the approximate range -15 °C— 180 °C (under 1 sun illumination
—slightly lower temperatures can be achieved in the dark).

All connectors are airtight. The atmosphere is the same for all samples and the gas is supplied by a
central pipe (a system of channels inside the body of the holder is used to redistribute the gas equally
to each sample). The gas outlets from each sample are connected together and further connected to
a 5 mBar overpressure valve to maintain positive overpressure inside the holder and to prevent oxygen
and humidity entering the experimental environment. Finally, in the centre of a holder a Si photodiode
is places in order to measure the illumination upon the holder.

connector (2 ‘ Heat exchanger
with a'fan

Figure 2:5 a) design and b) picture of the holder for the final embodiment of the ageing setup. The inset shows a 5 mBar
overpressure valve connected to the gas outlet and used to maintain a small overpressure inside the holder.
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The sample holder is connected with DB-9 cables (9-pin cable) to a custom-built control unit (Figure
2:6 b, ¢). The control unit contains PID temperature controllers for each sample as well as a PID con-
troller for the white LED panel used to illuminate the holder. The feedback loop is created with the use
of the photodiode and precise illumination control between 107 suns to equivalent of 3 suns is possible
with this arrangement. The large illumination range is especially practical for investigating the proper-
ties of solar cells as a function of light intensity (which often vary logarithmically). Coupled with a large
temperature range, this capability is very useful far beyond stability measurements. Each control unit
can supply two sample holders and it is connected to a 16 channel potentiostat (Figure 2:6 b), which
measures all devices in parallel (2 holders, 4 devices each with 2 pixels each). Two control units and
two potentiostats form the setup accommodating 32 devices overall (Figure 2:6 c).

Figure 2:6 Picture of a) sample holder under light and b) the 2 sample holders connected to a control unit (white box) and a
potentiostat (blue box). c) The picture of a complete setup including mass flow controllers (centre).

Finally, the setup allows for a precise atmospheric control in each of the holders. The user has at their
disposal bottled gas sources as well as nitrogen generator and air dryer. Four mass flow controllers are
used for this purpose (Figure 2:7). Each of these can be supplied with a different gas and each holder
can be supplied by more than one mass flow controller thus mixing different gasses. This allows for a
precise atmosphere tuning (e.g. by setting ratios of O, and N, flows to 1:1 or 1:10). It is also possible
to pass any gas through a water bubbler and thus saturating it with it. As this thesis is being prepared,
we are working towards installing O,/H,0 sensors at the outlets of the weathering chamber to create
an atmosphere control feedback loop.
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Figure 2:7 Mass flow controllers used to control the atmosphere in the sample holders. Each of these can be connected to a
different gas and a precise flow rate can be programmed.

Figure 2:8 shows the schematics of the setup and how different components interact with each other.
The differently coloured arrows show different sub-systems. The default illumination source is white
LED array, which can be controlled precisely through a feedback loop. However, it is also possible to

illuminate the sample holders with a solar simulator with an AM 1.5G spectrum, or with any other
lamp.
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LED array
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Figure 2:8 The schematics of the ageing setup. The concept of the weathering chamber is shown in cross-section. The
differently coloured arrows show how different components of the setup interact with each other.
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2.2 J-V Measurement Setup

Motivated by the need to improve the efficiency of J-V measurements in our laboratory (measuring
one 2-pixel sample at 10 mV s typically takes 8 minutes; a typical batch would contain up to 20 sam-
ples), | designed a simplified version of the sample holder described above, which can host 4 samples
(8 devices/pixels) (Figure 2:9). The samples are placed on spring pin legs and are held in place by a
magnetic shadow mask, which is fixed on top with strong neodymium magnets. This provides a very
quick way of fixing the samples in place. The alignment of the mask can be done very easily thanks to
red LEDs placed behind the samples (red light is absorbed least strongly by perovskite). The holder is
connected with a single cable to a multi-channel potentiostat via a small interface box (not shown
here). The illumination is from an AAA-rated AM1.5G solar simulator and a silicon photodiode in the
holder is used to create a feedback loop to ensure a precise illumination control and power conversion
calculation of the device measured. Building of this setup increased the efficiency of J-V measurements
by 700% cutting the time needed to measure a batch of 12 samples from over 3 h to only 25 minutes.
| built two such systems.

a

Figure 2:9 a) the model and b) the picture of the J-V sample holder. c) the complete J-V measurement setup with a solar
simulator and a multi-channel potentiostat in the back (blue box).

2.3 Software

Both the stability and J-V measurement setups are controlled through a custom-built LabVIEW soft-
ware that enables parallel measurements, measurement programming as well as data analysis. It is
also possible to pre-program a sequence that can be then executed without user’s supervision — this
being especially useful for long-term stability measurements. The software is divided into 2 programs.
The first one controls the potentiostat and it is used for electronic measurement of the samples. It is
common for both the J-V and the stability measurement setup. The second part is used to control the
temperature of the samples and the illumination in the stability setup. The efficient design, allows the
software to run on a standard PC with a 4-core 3.4 GHz CPU and 16 GB of RAM.

2.3.1 Device Control Software

Figure 2:10 shows the main panels in the device control software. The top one is used to program the
measurements. The user can set the bounds and speed of J-V scans as well as a preference to measure
J-V in both directions. In case the user wants to perform stability measurements, they have an option
to keep the device for a specific period at certain load: constant voltage, constant current, or at maxi-
mum power point (MPP), which is tracked dynamically by a standard “perturb and observe” method.
This last condition is the default choice for stability measurements but can be also used to extract a
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stabilised power output from a device as an addition to a J-V scan. The user can also choose to loop
the procedure: for example, measuring a J-V curve every 30 minutes and keeping the devices at MPP
in between. Auxiliary graphics are integrated in the software to help user monitor the status of their
experiment.

The bottom panel in Figure 2:10 is designed with stability measurements in mind. It displays the evo-
lution of performance metrics of devices as well as environmental conditions such as sample temper-
ature and illumination, over time. The user can compare multiple data traces at a time and display
multiple parameters simultaneously. The user can conveniently export the visible data to an Excel
spreadsheet. Alongside the performance parameters of the devices, sample temperature and illumi-
nation are also logged for each device in ASCII files.
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Figure 2:10 The main panels of the software used to control the stability and J-V measurement setups. The top panel is
used to program the measurements. The bottom panel displays the evolution of solar cell performance parameters during
ageing.
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Figure 2:11 displays the part of the software, which is designed for J-V measurements. The top window
shows the live view of the measurement. The bottom window allows for analysis of a number of J-V
curves measured previously. The user can overlay them and J-V parameters (PCE, Vo, Js, FF, and hys-
teresis) are conveniently extracted for each J-V curve. Again, the user can export the data to an Excel
spreadsheet or they can generate a report containing graphs.
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Figure 2:11 J-V measurement specific part of the software. The top panel is used to display the live view of the
measurement along with the last J-V curve collected. The bottom panel allows the user to analyze a number of J-V curves
measured in the past.

2.3.2 Environment Control Software

The environment control software is used exclusively with the stability measurement setup. It allows
the user to control temperature and illumination of the samples. Figure 2:12 shows the main two win-
dows of the software. The top window allows the user to manually change the temperature and illu-
mination of the samples. The bottom window allows for automation of the control of the environmen-
tal conditions. The user can program for example light or temperature cycling. Because the program
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can “talk” to the device control program, it is also possible to program J-V or MPP tracking measure-
ments and synchronise them with temperature and illumination variations.

Not shown here are also additional windows to track temperature and illumination over time. There
exist also a configuration window to calibrate the setup and a separate measurement status monitor-
ing window.
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Figure 2:12 The environment control software. The top panel offers the user the possibility to manually control illumination
and temperature of the samples. The bottom panel allows pre-programming the experiment.

2.3.3 Central Control

The stability measurement setup is controlled from two PCs (Figure 2:13). Each PC is connected to one
potentiostat, one control box and two sample holders. This arrangement lowers the risk of a single PC
failure, while allowing two users to work simultaneously. The components are connected with each
other via sheathed Ethernet cables to minimize the outside disturbances. Finally, each PC is connected
to internet and it is equipped with Team Viewer software allowing for a remote control. This way, the
user does not have to be physically present in the laboratory to conduct their experiments. It also gives
the user a way of conveniently monitoring their experiments. An analogous infrastructure is in place
for the J-V measurement setup. The design objective for the stability and J-V measurement software
was to make it as user friendly as possible so that the members of the laboratory can quickly become
independent users of the equipment.
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Figure 2:13 Picture of the “command and control center” of the stability measurement setup. Each PC is connected to two
monitors and is used to control half of the setup (2 holders, 1 potentiostat, 1 control box).

2.4  Future Developments of the Stability Measurement Setup

Since its inception, the stability measurement setup has been subject to constant improvements. The
ones already planned or being executed at the time this thesis is being prepared include:

e Installing oxygen and humidity sensors at exhausts of the sample holders

So far, we lack means to measure purity of exhaust gasses in the sample holders. While we feed in very
pure gases and usually purge the sample holders overnight before starting the measurements, we do
not know the precise levels of oxygen and humidity in the experimental environment. For this reason,
we are equipping the system with the required sensors. It will also allow us to create a feedback loop
with mass flow controllers to fine-tune levels of oxygen and humidity in the environment (so far we
rely on gas flow ratios). The software will be modified for automatic control.

e AC measurements board

So far, the setup can only perform DC characterisation. However, very useful information can be ex-
tracted with a use of spectroscopic measurements such as electrochemical impedance spectroscopy.
The potentiostats used in the stability setup allow for an integration of one AC board in addition to the
16 DC boards already installed. The AC measurements can then be performed sequentially across all
channels. Such additional in situ measurement capabilities would add much value to the setup and
they would help with understanding of the origins of observed degradation.

e  Backup power

Stability measurements are by definition long-term. Unfortunately, this comes with a substantial risk
experiments are disturbed before completion. One such disturbing occurrences, which happen at EPFL
approximately twice a year are power cuts. For this reason, we plan to purchase an uninterrupted
power supply (UPS), which is essentially a power supply equipped with a battery pack to keep the setup
running throughout a power blackout. The laboratory will be also connected to a diesel generator-
backup power line to make sure that even a long power cut (longer than a battery can bridge) will not
disturb the experiments (UPS is still needed to cover the time until diesel generator powers up).
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Chapter 3 Improving the Stability of Perov-
skite Solar Cells

At the time | started my PhD, the new trend and the new state-of-the-art perovskite
solar cells were based on perovskite containing a mixture of iodine, bromine, methylamonium
and formamidinium. While these devices showed high efficiencies3'*, | soon realized that their
stability was very poor. While building a prototype of what later became an ageing setup, | got
involved in a project of my colleagues, where they developed “triple cation” perovskite including
caesium (alongside methylammonium and formamidinium). | soon discovered that the devices
containing caesium showed breakthrough stability.®2 While unravelling different degradation
mechanisms in PSCs, | also started collaborating with my colleagues on improving stability of

THE CONTEXT

devices with different architectures: planar ones?’, devices with polymeric hole HTLs* and ad-
ditive-free HTLs**

The purpose of this chapter is to present my research into stability of perovskite solar cells as a
single story and to put the subsequent chapters into context. Apart from describing my main re-
search achievements, | present additional data that led to those discoveries. | attempt to offer more
explanation of my motivations as well as refer to literature that influenced the direction of my re-
search. Finally, | describe several side directions of my research that led to various collaborations. |
finish with proposing several protocols for investigation of operational stability of perovskite solar
cells. As the result, this chapter is more narrative than the other ones in this thesis.

My contribution:

The original data presented in this chapter was collected by me. When referring to the studies,
where | was a contributing author, | was mostly responsible for the stability-related sections of
those works.

(Picture from http://www.electronicsweekly.com)
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3.1 Background

At the time when | started working on this thesis perovskite films were mostly based on compounds
such as CHsNHsPbls or CH3NHsPbBrs, which are composed of Pb cation and a single cation on A-site
and a single halide anion on X-side in the ABX3 perovskite structure. The most widely-used perovskite
deposition method (widely-referred to as sequential deposition) involved depositing a film of perov-
skite precursor and then converting it to perovskite.?° In mid-2014, a new method of perovskite depo-
sition was invented. The films were deposited from in a single step and the crystallization was induced
by washing the film with anti-solvent.3! This method allowed for mixing different perovskite precursors
in a single solution, which in turn gave the researchers a good control over film composition and mor-
phology (which was much more challenging with sequential deposition method). Soon, the perovskite
composition of state-of-the-art devices evolved towards “mixed” compounds, where multiple cations
were employed on A-site and multiple halides were sharing the X-sites.!1® The motivation for this was
to realize perovskites with more suitable bandgaps for photovoltaic applications. The fine-tuning of
those mixtures resulted with devices employing MA1_FAPb(l1-,Br,); (MA being CHsNHs3 and FA being
NH=CHNHs) perovskite to achieve over 20 % PCE.*111

3.2 My preliminary work

After 20 % PCE values have been achieved by early 2015, it started to become clear that the very
rapid improvement in PCEs could not continue at the same speed for much longer. At the same time,
stability started to receive increasing attention and papers, where improving stability (as opposed to
only efficiency) was the main goal started to attract wide interest.’>!'? At that time, our laboratory had
just achieved very high PCEs of 20.8 % with the mixed perovskite compounds.** However, long-term
stability could not be investigated on that occasion due to the lack of suitable experimental equipment.
After building the prototype of stability measurement setup, | investigate the stability of those devices.
Having measured multiple cells, the most stable ones degraded still rather fast (Figure 3:1) with esti-
mated Tgo lifetime (time it takes solar cell to lose 20% of its efficiency) of around only 500 h (as extrap-
olated from the linear degradation component). This was surprisingly poor given the very mild ageing
conditions in inert atmosphere, room temperature and under UV-free light. Soon, reports emerged
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that the mixed MA/FA, |/Br perovskites are prone to photo-induced phase separation*® and trap for-

mation under illumination.>?
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Figure 3:1 Degradation of the most stable device of its kind | measured. The device architecture is TiO, compact/ TiO
mesoporous / MAg 17/FAo s3Pb(lo.s3Bro.17)3 /Spiro-MeOTAD /Au. Ageing was done under inert atmosphere, white LED light
and at room temperature. The devic was kept at MPP.
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Against this backdrop, my colleagues were working on improving the perovskite solar cells by incorpo-
ration of an additional cation on the perovskite’s A-site — Cs.82 The motivation for this was to alter the
morphology of perovskite film and surpass the formation of the detrimental “yellow” phase. The de-
vices fabricated with addition of Cs showed superior PCE at over 21 % and much improved reproduci-
bility. They also exhibited better thermal stability. | got involved in this work by investigating the oper-
ational stability of these devices and soon realized that addition of small amount of Cs critically im-
proves stability of mixed perovskite-based devices under illumination (Figure 3:2). We explained this
based on the fact that addition of more components into the film results in its entropic stabilisa-
tion.1%115> Moreover, the addition of Cs supresses the hexagonal, “yellow” phase, which may otherwise
grow as the devices age. This is caused by the small radius of Cs*, which results in lowering of the
effective Cs/MA/FA cation radius in the perovskite compound. This in turn shifts the Goldschmidt tol-
erance factor towards cubic, “black”, photoactive phase. Following the discovery of Cs-enhanced PSC
stability, | was also involved in a study, where we showed that “planar” devices (without mesoporous
TiO; scaffold) based on Cs-containing perovskite are equally stable.?”
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Figure 3:2 Room-temperature degradation of Cs-containing perovskite-based devices. The device architecture is TiO,
compact/ TiO, mesoporous / Css(MAo.17/FAo.83)asPb(lo.83Bro.17)3 /Spiro-MeOTAD /Au. Ageing was done under inert
atmosphere, white LED light and at 20 °C. The devic was kept at MPP. Reproduced with permission from Ref.®?

3.3  High-Temperature Stability

While inclusion of Cs into perovskite constituted a major breakthrough in stability of PSCs, the experi-
ments were all conducted at room temperature. However, when operating in the field, the tempera-
ture of solar cell can reach much higher values. For this reason, | started investigating how these de-
vices behave at temperatures 60 °C — 85 °C. | found that at those elevated temperatures the devices
degrade very rapidly and to a great extent (Figure 3:3) — stopping functioning after only several tens
of hours. | verified that this was independent of illumination, mesoporous scaffold or the presence of
Cs in the perovskite film. In Chapter 4 | describe how | discovered that the primary degradation mech-
anism involves Au diffusion from the electrode, across the Spiro-MeOTAD layer and into perovskite.?®
| also show how by employing a thin Cr interlayer below Au electrode Au migration can be effectively
stopped — thus critically improving the stability.
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Figure 3:3 High-temeprature degradation of Cs-containing perovskite-based devices.The device architecture is TiO>
compact/ TiO, mesoporous / Css(MAo.17/FAo.83)e5Pb(l0.83Bro.17)3 /Spiro-MeOTAD /Au. Ageing was done under inert
atmosphere, white LED light and at 75 °C. The device was kept at MPP. Reproduced with permission from Ref.26

While the Cr interlayer eliminates the problem of Au migration, it is not a panacea. In our case, the
efficiency of the devices with Cr layer decreased to 13 % (from 20 % for devices with Au electrode
only). This was probably due to higher series resistance or work function mismatch of the Au/Cr/Spiro-
MeOTAD stack. At the same time, the alternative strategy to using a metal diffusion barrier was to
employ a different HTM. Spiro-MeOTAD, which has been first used for solid-state DSSCs,*¢ is a small-
molecule HTM, which means that the molecules constituting it are not chemically bonded (Figure 3:4;
only Van der Walls bonds are formed). Additionally, it is prone to crystallization at high tempera-
tures'?’, which may make it vulnerable to Au migration. Finally, Spiro-MeOTAD has a relatively high
glass transition temperature (Tg) of 125 °C,'*® which makes it brittle (“glassy”) at all the temperatures
experiences by solar cells under operation. The brittle Spiro-MeOTAD may be prone to cracking as |
observed in the aged devices in Chapter 4. For PTAA, T, is 46 °C,''° which means that the polymer is in
its flexible (“rubbery”) phase during stability measurements under elevated temperatures.

OCH OCH
a 3 3
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SRl

OCHj3 OCHs
Figure 3:4 Chemical structure of a) Spiro-MeOTAD and b) PTAA.

Motivated by the high performance of PTAA-based devices3110120-122 | explored possibilities of using
PTAA to substitute Spiro-MeOTAD as HTM to improve stability, while simultaneously retaining high
efficiency of the devices. Being thermally stable and polymeric in nature, PTAA had a good potential
to achieve this goal. Figure 3:5 shows the first ageing experiment | conducted using a PTAA-based
device. The device shows breakthrough high-temperature stability as compared to its Spiro-MeOTAD
based counterpart. While the efficiency of the device decreases upon heating (due to loss of Vo) , this
particular device had over 19 % initial efficiency. Hence, this turned out to be a very promising way for
coupling high efficiency with high-temperature stability
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Figure 3:5 High-temeprature degradation of Cs-containing perovskite-based devices with PTAA HTL.The device architecture
is TiO, compact/ TiO, mesoporous / Css(MAg.17/FAo0.s3)9sPb(lo.g3Bro.17)s /PTAA /Au. Ageing was done under inert atmosphere,
white LED light and at 75 °C. The device was kept at MPP.

Having realized excellent high-temperature stability of PTAA-based devices, | started a collaboration
with my colleagues, who discovered that adding Rb to perovskite (as the 4" cation) further improves
the efficiency of the devices. By combining our two studies, we demonstrated devices with record
efficiencies, while at the same time achieving unprecedented high-temperature stability. This work is
described in Chapter 5.

In the meantime, discussion on the possible role of HTM additives on degradation of PSCs has ensued.
For example, 4-tert-butylpyridine and Li salts, which are widely used to dope Spiro-MeOTAD, have
been reported to adversely influence the chemical stability of perovskite.?>*?* Furthermore, acetoni-
trile which is used as solvent for many widely-used additives can corrode the perovskite.®® Collaborat-
ing with my colleagues, we showed that indeed HTMs without additives are potentially more stable.%
We demonstrated this in polymeric HTMs with structures based on PTAA motif. Firstly, we demon-
strated that when undoped, these PTAA derivatives yield PSCs with higher efficiencies than those
based on undoped PTAA. However, most importantly we demonstrated that, when employed, those
HTMs give superior high-temperature stability when doping is not employed.

While using polymeric HTMs turned out to be an effective way to achieve high-temperature stability
of PSCs, the materials employed are prohibitively expensive (both to purchase and, in case of Au, to
process) to be employed on a large scale required for PSCs to contribute to global energy production.
As Au migration is the major high-temperature degradation factor in PSCs, | substituted Au electrode
with carbon-based one. This not only allowed for good high-temperature stability but also the resulting
devices could be potentially much less expensive to produce.®® This work is described in Chapter 6.

3.4  Reversible vs Irreversible Degradation

Working on degradation of PSCs, | realized that aging of perovskite solar cells resembles that observed
in organic solar cells and often 2 distinct regimes are observed: an initial fast exponential one (termed
burn-in in OPV), which is followed by a more linear regime.'?® | observed this for PSCs with several
different architectures (mesoporous scaffold-based ones, planar, and inverted) and different perov-
skite compositions, but almost never for carbon-electrode based ones. Contrary to burn-in behaviour
in OPV, | found that if the aged perovskite devices are left in the dark for several hours, they mostly
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recover the exponential losses experienced during ageing under illumination. After an in depth analy-
sis, | realized that mobile cations are responsible for this behaviour.'?® These can migrate on the time-
scale of hours causing slow changes in the electric field distribution in the device. This in turn has im-
pact on its photovoltaic performance. | described this discovery in Chapter 7. Further, in Chapter 9
| show that this behaviour is less bias-dependent and more illumination-dependent.

By the time this thesis was submitted, investigations of stability of PSCs have become a widespread
practice and many new studies now involve a kind of stability assessment. However, as of 2017, there
is no consensus on how to measure the stability of perovskite solar cells and the multitude of different
tests employed renders the data reported by different groups effectively incomparable. While some
studies involved leaving unencapsulated devices in a drawer and measuring them periodically!!? (Fig-
ure 3:6), others investigated encapsulated devices under illumination and load (Figure 3:7).1%° It should
be no surprise to the reader that those results are hardly comparable. The situation bares resemblance
of the early days of the PSC field, where the (previously-unknown) phenomenon of hysteresis led to
erroneous and incomparable reports of PCEs.*34¢
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Figure 3:6 Example of stabiltiy measurement. Comparison of 2 device architectures. The devices are left in the drawer
under poorly-defined conditions and their efficiency is measured periodically. Reproduced with permission from Ref.11?

For the reasons outlined above, | systematically investigated ageing behaviour of PSC to deduce, which
factors are critical for ageing. Considering the effect of illumination, temperature, atmosphere and
load on the device, | concluded the most reliable way to investigate operational stability of PSCs is
under illumination, MPP, inert atmosphere and both room and elevated temperatures. | also recom-
mended that researchers should allow their devices to “recover” in the dark after the experiment is
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completed, in order to disentangle potential reversible and irreversible losses. The study is presented
in Chapter 9 and it aims of stirring the discussion on how to age PSCs. | hope that it will inspire similar,
systematic investigations of degradation factors in PSCs and hence contribute to future consensus on
the most reliable way to assess operational stability of PSCs.
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Figure 3:7 Example of stabiltiy measurement. Stability measurement of a) unencapsulated device under illumination and
under load. b) stability investigation of encapsulated devices under damp atmosphere and high temperature. Reproduced
with permission from Ref.1%°

3.5  Protocols for Ageing Perovskite Solar Cells

For commercial PV panels rigorous industrial standards such as IEC 61215 exist to describe pass-fail
qualification tests, as outdoor testing under real operation conditions is not feasible due to the long
times required (>20 years).1% These standards are the result of many years of experience and analysis
of common field failures (corrosion, delamination, broken cells and connecting elements, hot spots
etc.) and vary slightly for different technologies. All these protocols are designed for the product “PV
panel” which is exposed to accelerated stress tests mainly targeting design and material errors, which
would lead to field failures. Thus, such tests (although required for any type of solar panel to be in-
stalled outdoors), are not the best choice to assess the stability of a novel material system and identify
wear-out and failure mechanisms. On the other hand, to guarantee comparability and relevance of
reported stability results, the perovskite research community should follow common protocols or even
reach a consensus on how to report stability data similarly to the organic photovoltaics (OPV) commu-
nity releasing specific testing protocols (ISOS-3).1% In fact, ISOS-3 protocols are already very useful for
investigating stability of PSCs. However, they have to be adapted to given certain specificities of PSCs,
such as mobile ions that induce potentially reversible degradation. The question whether flushing un-
encapsulated PSCs with an inert gas promotes perovskite decomposition should also be answered and
the conclusion — reflected in future ageing protocols.

With this in mind, as an extension of the work described in Chapter 9 (and based on results described
in that chapter), below | propose the following implementations for lab-scale ageing experiments sat-
isfying both, the assessment of operation stability and the investigation of degradation mechanisms.
Error! Reference source not found.3:1 recommends ageing protocols differing in purpose and sophis-
tication, while
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Table 3:13:2 outlines PSCs ageing setup designs to allow for the accomplishment of the outlined stand-
ards. The first, Dark heat stress test should be seen as a first step towards characterizing PSC stability,
which should be then followed with operational stability measurements repeated at 20 °C and 65 - 85
°C. l intend these as a starting point for the discussion on how future consensus PSCs ageing protocols
should be defined.

Table 3:1 Recommended ageing protocols for PSCs.

Test type Dark heat stress Basic, Operational Advanced, Operational
L 1 Sun white LED, 1 Sun white LED, or
lllumination Dark . .
or solar simulator solar simulator
Temperature 65-85°C Ambient and 65 - 85 °C* 20 and 65 - 85 °C*
Load n/a (open-circuit) Open-/short-circuit/ MPP** MPP + periodic J-V
Flushed N,/A
Atmosphere Ambient  Ny/Ar glovebox Ambient N,/Ar glovebox ushed Na/Ar
and controlled
Encapsulation Yes Optional Yes Optional Optional
Dark recovery n/a Recommended Recommended

*If only one condition is chosen, data obtained at 65 °C is more significant for estimating stability under real operation condi-
tions
**Constant load resistor can be used to reach approximate MPP for relatively stable devices

Table 3:2 Recommended setup requirements for ageing of PSCs.

Setup design Dark heat stress Basic, operational Advanced, operational
lllumination No White LED or Solar Sim. White LED or Solar Sim.
Electrical Char. Single channel Single channel Multi-channel
Temperature control Hotplate Hotplate Active with feedback
Atmosphere control No No Active with feedback
Load options n/a Opizh/sstf;cl)qrtt;gi;’;uit, Open-/sl\f;lzr;-circuit,
In situ measurements Not required Single J-V J-V, EIS, transients

Given its simplicity (only a hotplate and ex-situ J-V measurement setup are required for implementa-
tion), the Dark heat stress test is a very useful tool to screen a large number of device types with
respect to thermal stability. It involves keeping the devices on a hotplate (at 65 - 85 °C) and measuring
them periodically. The test can be conducted under ambient conditions on encapsulated devices, or in
a glovebox without a need for further encapsulation. Dark heat stress can be seen as the first step in
stability testing of new device architectures. Poor dark thermal stability may signal that the device
stack is inherently instable and there is no need for harder-to-implement operational stability tests.
However, once again | would like to stress that dark stability testing should not be seen as an alterna-
tive to operational stability investigation. Stability measured this way should be accordingly referred
to as “thermal stability”.

The Basic operational stability measurement setup should allow for keeping the devices constantly
under illumination and measuring them in situ. The minimum to attain this is to set up an illumination
source (e.g. white LEDs or a solar simulator; spectra should be reported) and a single J-V measurement
unit (e.g. a source measure unit or a potentiostat). The devices should be left under 1 Sun illumination
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at open- or short-circuit (constant load resistor can be used to reach approximate MPP for relatively
stable devices) and their J-V curves measured periodically. It is strongly recommended that this is done
in situ by multiplexing devices with a measurement unit. Otherwise, the devices can start “recovering”
before they are measured ex situ one-by-one. The experiment should be done at ambient, room tem-
perature and also at 65 - 85 °C. If the researchers decide to do only one of these experiments, data
obtained at 65 - 85 °C is more significant for estimating stability under realistic operational conditions.
Finally, the experiment can be either conducted in the ambient atmosphere on encapsulated devices
orin a clean Ny/Ar filled glovebox without a need for further encapsulation. Compared to the Advanced
protocol described below, | believe the Basic protocol should provide a conservative estimation of
stability.

The Advanced operational stability measurement setup aims to introduce a high level of environmental
factors control and standardization. The setup requires investing in dedicated infrastructure such as
multi-channel measurement units or specifically designed MPP tracking solutions, as well as a weath-
ering chamber. The light source should be an AM 1.5G solar simulator or white LED (spectrum should
be supplied). The setup should also employ an active temperature control, which allows for keeping
the devices at a precise set point (with an additional possibility for temperature cycling, if required).
Again, | recommend that the experiments are repeated at 20 and 65 - 85 °C (at device; not necessarily
the same as the temperature inside the weathering chamber), while flushed with inert gas. Ideally,
one should also have means for measuring and controlling the levels of O;and H,0 in the environment.
Encapsulation can be employed on top of that to ensure that no O, or H,0 enters the device and that
no volatile compounds escape the device. Finally, for the Advanced protocol | recommend periodic
measurements of J-V curves to extract additional information about the ageing behaviour of the de-
vices such as Js, Voc, FF and hysteresis evolution. Additionally, electrochemical impedance spectros-
copy (EIS) and transient measurements can be implemented in situ. This protocol is most suited to
investigate the specificities of PSCs.

Common for all protocols, | encourage the researchers to decide the experiment duration based on
the behaviour of the aged devices, aiming at arriving at linear degradation regime (if applicable) before
extrapolating the data. | also invite the researchers to check, whether their devices recover after being
stored in the dark for several hours (I would use at least 10 h for a full recovery). In order to allow for
data comparability between different groups, | recommend that these protocols are employed in cases
when ageing is performed as a routine measurement aimed at comparing the stability of different
devices either within one study or in literature. This would involve assessing the stability of a new
device architecture, a new hole transporting material or perovskite composition, where the focus is
not on understanding the degradation mechanisms but rather on quantifying the behaviour.

| recommend weathering chambers for atmosphere control for mainly two purposes: to investigate
the influence of different gases on degradation and to provide an inert atmosphere to avoid extrinsic
degradation factors. At first glance, the latter represents the case of an ideally encapsulated device
and therefore encapsulation of the device is not required. However, continuous flushing with gas keeps
the partial pressure of volatile decomposition products such as hydrogen iodide and methylamine?’
low and might promote a decomposition of (particularly CH3sNHsPbls) perovskite, especially at elevated
temperatures, which can be avoided for all-inorganic perovskites.*?® Therefore, it is recommended to
characterize encapsulated devices even in case of an inert atmosphere, which also reduces the unde-
sired and uncontrolled effect of trace gases.
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Chapter 4 Not All That Glitters Is Gold: Metal-
Migration-Induced Degradation in Perov-

skite Solar Cells

My first project, which aimed to further the understanding degradation of PSCs, ex-
plored the effect of elevated temperatures on those devices. Solar cells operating in realistic
conditions have to routinely deal with elevated temperatures up to 65 °C and even 85 °C in
extreme cases. When | exposed our state-of-the-art devices with Cs-containing perovskite to
these conditions, very fast degradation was observed on the timescale of hours. While this was
surprising enough given the excellent room-temperature stability of those same devices, the
most interesting finding was the discovery of the culprit — Au that diffuses from the metal elec-
trode through hole transporting layer and into the perovskite. Once there, it “does not glitter”.

THE CONTEXT

Instead, it irreversibly destroys the solar cells.?®

This chapter is based on a peer-review paper published in ACS Nano in May 2016 entitled:
Not All That Glitters Is Gold: Metal-Migration-Induced Degradation in Perovskite Solar Cells
authored by:

Konrad Domanski, Juan-Pablo Correa-Baena, Nicolas Mine, Mohammad Khaja Nazeeruddin, Anto-
nio Abate, Michael Saliba, Wolfgang Tress, Anders Hagfeldt and Michael Gratzel.

My contribution:

| was the main author of this publication. | initiated the project, performed most of the measure-
ments presented in this work and reached out to collaborators to obtain additional measurements.
| also analyzed the data, prepared the figures and wrote the first version of the manuscript.
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ABSTRACT: Perovskite solar cells (PSCs) have Now s

achieved efficiencies in excess of 22%, but very little is
known about their long-term stability under thermal stress.
So far, stability reports have hinted at the importance of
substituting the organic components, but little attention has
been given to the metal contact. We investigated the
stability of state-of-the-art PSCs with efficiencies exceeding
20%. Remarkably, we found that exposing PSCs to a
temperature of 70 °C is enough to induce gold migration
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through the hole-transporting layer (HTL), spiro-MeOTAD, and into the perovskite material, which in turn severely affects
the device performance metrics under working conditions. Importantly, we found that the main cause of irreversible
degradation is not due to decomposition of the organic and hybrid perovskite layers. By introducing a Cr metal interlayer
between the HTL and gold electrode, high-temperature-induced irreversible long-term losses are avoided. This key finding
is essential in the quest for achieving high efficiency, long-term stable PSCs which, in order to be commercially viable, need

to withstand hard thermal stress tests.

KEYWORDS: perovskite solar cells, stability, degradation, secondary ion mass spectrometry, gold, metal electrodes, buffer layers

hile the power conversion efficiencies (PCEs) of
Worganic—inorganic perovskite solar cells (PSCs)
have rapidly achieved remarkable values of 22.1%,"
this has not been matched by equal developments in long-term
stability.* At this stage, operational stability is considered one
of the main obstacles for the commercialization of PSCs.**
The perovskites used in photovoltaics commonly employ an
ABX; formula, where A is a monovalent cation (methylamo-
nium, MA; formamidinium, FA; Cs, efc.), B is a divalent metal,
such as Sn or Pb, and X is I, Br, or Cl In previous studies,
perovskite films have been subjected to different environmental
conditions such as temperature, humidity, and illumination.®™®
It has been found that the stability of this material class varies
greatly depending on the mixing of A and X ions.”” ">
Perovskites are thermally stable at temperatures not exceeding
those typically achieved by solar cells in operation (up to 85
°C),%” with humidity identified as the main degradation
trigger.”"? Similarly, stability of complete PSC devices has been
investigated with relation to the same environmental
factors.”**'® Interestingly, in addition to the perovskite-related
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degradation, the stability of the devices was found to greatly
1719724 This was explained partly
by interfacial degradation'”** and also by degradation of the
charge-transporting layers. " Recently, there have been efforts
to substitute the widely used organic spiro-MeOTAD hole-
transporting layer (HTL) with inorganic materials to improve
the stability of PSCs.”**"*° However, it is still unclear what the
mechanism increasing the stability is. Furthermore, while most
of the published reports focus on dark “shelf stability”,***>*”

only a handful have investigated devices under load and
17,18,26,28

depend on device architecture.

14,22

illumination and even fewer attempted to match the
realistic operation conditions of solar cells by subjecting them
simultaneously to temperatures in excess of 70 °C,* which are

routinely achieved on a hot, sunny day.*
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Figure 2. Performance of devices composed of the triple cation perovskite operated at maximum power point at different temperatures. (a,b)
J—V characteristics of the devices aged at 20 and 75 °C, respectively: before, at the end of the 15 h aging experiment, and after 7 h of recovery
in the dark at 20 °C and under nitrogen flow. J—V curves are recorded at 20 °C and with a 10 mV s~ scan rate. (c,d) Evolution of PCE, Vypp,
and Jypp during aging at maximum power point. The values are normalized to the initial ones. See Scheme S1 for the explanation of the

experimental procedure.

Here, we investigate the stability of state-of-the-art perovskite
devices with PCEs above 20%. We show that operating devices,
employing a spiro-MeOTAD HTL and a Au or Ag back contact
(the most widely used architectures, currently yielding the
highest PCEs), at temperatures exceeding 70 °C causes
irreversible changes to the devices, which results in a dramatic
performance loss. By means of elemental analysis on aged
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devices, we observe that considerable amounts of Au from the
electrode diffuse across the HTL into the perovskite layer. We
pinpoint the diffused Au to cause the irreversible loss of open-
circuit voltage (V,.), fill factor (FF), and short-circuit current
density (J.) in the aged devices. We further show that
introduction of a Cr interlayer alleviates the problem of fast
device aging at elevated temperatures. This is an encouraging
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finding as it shows that neither perovskite nor spiro-MeOTAD
is the limiting factor for the high-temperature stability of PSCs.

RESULTS AND DISCUSSION

The PSCs were fabricated on fluorine-doped tin oxide (FTO)
glass and composed of a typical stack of compact TiO,/
mesoporous TiO,/perovskite/spiro-MeOTAD/Au as recently
reported by us.*’ The active layer of the device consists of a
perovskite-filled mesoporous TiO, scaffold and a solid
perovskite layer sitting on top of it. The chemical composition
of the perovskite precursor is a Cs-containing FA, gsMA, ;,Pb-
(Ip$3Bro17); formulation, referred to as “triple cation” perov-
skite in this work.'> Figure la shows the cross-sectional
scanning electron microscopy (SEM) image of the device with
a thin perovskite-infiltrated mesoporous TiO, layer (an
electron selective layer, ESL) of ca. 200 nm and a S00 nm
perovskite capping layer composed of large crystals. A 200 nm
layer of spiro-MeOTAD (as HTL) sits atop the perovskite
layer, and finally, a gold top electrode is deposited to contact
the device. With this architecture, we achieved very high PCEs
of up to 20.6% (stabilized at 20.0%; Figure 1b).

The aging experiments were conducted by keeping the
devices at controlled temperature (20 or 75 °C), in nitrogen
atmosphere and under 1 sun equivalent white light-emitting
diode (LED) illumination at maximum power point (MPP) for
over 15 h (see Scheme S1). Figure 2a shows the current—
voltage (J—V) curves of the device aged at 20 °C: before, at the
end of the aging experiments, and after 7 h of recovery (in dark,
under nitrogen flow and 20 °C; cf. Figure Sla for the evolution
of J-V parameters), while Figure 2c shows the evolution of
PCE, Vypp, and Jypp over the course of the experiment. The 20
°C device has shown very high stability overall, with V,_ being
the most stable parameter individually. The limited decrease in
PCE was mostly due to a small and temporary loss of J., and
the device regained its performance following 7 h of recovery
(Table 1).

Table 1. J-V Parameters of Aged PSCs”

PCE (%) V.. (mV) J.(mAcm™)  FF
initial 17.7 110S 233 0.69
after aging at 20 °C 16.5 1097 22.8 0.66
after 7 h recovery 19.7 1138 23.3 0.74
initial 19.4 1142 232 0.73
after aging at 75 °C 4.9 922 9.5 0.57
after 7 h recovery S.3 991 9.6 0.55

“The data were extracted from the backward scan of the devices
shown in Figure 2. J-V curves were all recorded at 20 °C and 10 mV'
1

s .

On the other hand, the degradation of the device aged at 75
°C was much more severe (Figure 2b,d and Figure SIb), and
no recovery was seen. All J—V metrics saw a substantial
reduction, with J,./Jypp suffering the most and the earliest into
the experiment. Additionally, a large, irreversible loss of V. was
observed. This pattern of small, reversible PCE loss for devices
aged around room temperature and a severe, permanent PCE
loss including a substantial reduction in V, after aging at 75 °C
is reproducible, and we confirmed this by repeating the
experiment several times (Figure S2). A similar pattern was
found for samples aged under the identical conditions but by
keeping the devices at V,, indicating that the degradation was
not primarily due to the load on the device (Figure S3).
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Moreover, a similar observation was made for devices aged at
75 °C in the dark (Figure 4c), confirming that light was only
partially responsible for the degradation. Hence, we concluded
that the heating is responsible for most of the degradation.

In order to investigate the effect of aging on perovskite, we
performed UV—visible absorption spectroscopy (Figure S4)
and X-ray diffraction (XRD) measurements (Figure S5) before
and after the aging experiments (Au electrode was removed).
No major difference was found in the material’s structural and
optical properties with the temperature treatment. The
absorption of aged devices was independent of the aging
temperature. Similarly, XRD analysis showed no correlation
between temperature of aging and perovskite degradation.
However, the peak indicating the presence of Pbl, (20 =
~12.8°; the devices are fabricated with a small PbI, excess) has
slightly increased in both devices aged at 20 and 75 °C.

Since the structural and optical changes of the perovskite are
not the main cause of the dramatic device performance loss, the
elemental composition of the aged devices was investigated.
Time of flight secondary ion mass spectroscopy (ToF-SIMS)
elemental depth profiling is a perfectly suited technique for this,
and it has been proven to work well to characterize perovskite-
based devices.””>* By rastering an energetic beam of ions
across a sample and analyzing the debris of those collisions,
spatially resolved elemental maps can be obtained. Figure 3a
shows a depth profile of an as-fabricated control device, which
has never been exposed to high-intensity light, electric field, or
temperature higher than room temperature. The Au™ ion trace
is indicative of the top electrode; the CN™ ion can be ejected
from either the spiro-MeOTAD HTL or the perovskite layer. I”
comes from the perovskite layer, TiO,” is from either the
mesoporous scaffold or the ESL; and SnO,” is from the FTO
electrode. The relative intensity of CN™ and I” from the HTL
to the FTO layer is beyond the scope of this publication and
will be the subject of future work. Further, these ions are
sensitive to diffusion and segregation at the surface because of
the primary ion bombardment/implantation, which can e?lain
their long diffusion tails in the FTO and the substrate.”> We
clearly see a sharp interface between Au and HTL; however,
roughness induced by the primary ion erosion explains the
sharpness decrease with the increased fluence. Moreover,
passing the TiO, mesoporous layer also affects the interface
evaluation.

When comparing the control device with the aged ones (see
Figure S6 for full SIMS profiles and the Methods section for an
explanation of how ToF-SIMS profiles can be compared), one
striking observation for the device aged at 70 °C is the
occurrence of a Au~ signal (in yellow) in the mesoporous TiO,
perovskite, which peaks close to the TiO,/SnO, interface. This
unexpected occurrence of the high Au peak is the first ever
reported direct evidence of metal migrating from the electrode
to inside the perovskite layer. This phenomenon, however, has
been observed previously in inorganic semiconductors for
several different metals such as Au, Ag, Ni, Cu, and Fe 30740
Figure 3b presents the 3D distribution of the ions shown in
Figure 3a across a 100 ym” region of the samples (see Movie S1
for an animated 3D reconstruction). One can clearly see that
the respective ions are distributed uniformly in the xy plane of
the device. At 70 °C, a considerable amount of Au has diffused
inside the perovskite layer and accumulated close to the TiO,/
SnO, interface.

Inductively coupled plasma mass spectrometry (ICP-MS)
was used to quantify the amount of Au diffused in the
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Figure 3. ToF-SIMS depth profiles of the aged PSC devices. (a) Profile showing the concentration of selected species across the control
device. The profile of Au™ is compared to that of the devices aged at 30 and 70 °C. (b) Reconstructed elemental 3D maps for the ions traced
in the depth profile. The xy dimensions of the analyzed area are 10 X 10 gm.
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Figure 4. Pinpointing the degradation to Au diffusion. (a,c) J—V curves of two identically prepared Au-contacted devices (two pixels fabricated
on the same substrate) heated in the dark at 75 °C in N, atmosphere for 16 h. (b,d) Step-by-step treatment of the respective devices. The
device in (a) had the electrode removed before the heating phase. For the device in (c), the original Au electrode remained in place during the
aging and was removed directly afterward. Both devices had the electrode redeposited subsequently. Devices were exposed to light only
during J—V measurements. The recovery of all devices was in the dark at 20 °C and nitrogen flow. J—V curves were recorded at 20 °C with a
10 mV s™' scan rate.

perovskite in one control device and one device aged at 70 °C. $2). The measurement found a large amount of Au in the
This was done by removing the Au electrode and dissolving the sample aged at 70 °C (72.8 ng), while the level of Au found in
active layers of the devices (for more information, see Scheme the control sample was below the detection limit of the
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ones.

instrument (~1 ng for the amount of solution used). This
translated to a concentration of 1.45 nM cm™ of Au (or 8.9 X
10" Au atoms cm™%; compared to ~10" Pb atoms cm™) in the
perovskite layer of the aged device.

Based on the evidence (ToF-SIMS, ICP-MS), it was
concluded that Au from the top electrode can diffuse across
the organic spiro-MeOTAD HTL and into the perovskite
before it is stopped at the TiO,/perovskite interface. Since
some Au was already found within the HTL of the control
device (Figure 3), it shows that spiro-MeOTAD is a very poor
barrier for the migration of Au. Therefore, even heat produced
during back contact evaporation is sufficient to cause Au
diffusion into the HTL. Subsequently, the Au~ signal in HTL
increases in the device aged at 30 °C. However, this does not
seem to have a detrimental effect on the performance of the
device. When the aging temperature is increased to 70 °C, Au
appears to easily pass through the HTL and accumulate within
the perovskite layer. It appears that only when inside the
perovskite, Au critically degrades the performance of PSCs.

Au diffusing inside the perovskite can have several
detrimental effects. First of all, it can produce shunts across
the device, reducing the FF.** Moreover, Au atoms can create
deep trap states within the semiconductor, which enhances
nonradiative recombination and consequently degrades V. as
well as J,.. Indeed, we observe a severe, irreversible reduction in
Voo Jio and FF in the devices aged at high temperature. The
phenomenon of Au creating mid-band-gap states for silicon
devices has been reported before.***’

In order to pinpoint the observed degradation to Au
diffusion into perovskite and to exclude possible influence of
interfacial or HTL degradation, we performed dark heating
experiments on two identically fabricated devices, one of which
had the Au electrode temporarily removed for the duration of
the heating phase (see Methods). We found that the device
heated without the Au electrode did not degrade significantly
and later recovered almost all of its initial performance (Figure
4a). On the other hand, the device aged with Au on top has
seen a severe degradation (Figure 4c) similar to that shown
above. While replacing the Au electrode of the degraded
devices with a fresh one helped to partially recover J, the loss
of V,. and FF was permanent. The reason for the recovered J.
is likely due to the partially reversible nature of degradation in
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PSCs when they are left in the dark. We note that the process
of replacing the electrode takes around 1.5 h. However, it may
also indicate degradation of the Au/spiro-MeOTAD interface.

Next, Au was compared to the other most widely used
electrode for PSCs, namely, Ag. The average initial efficiency of
Ag-contacted devices was 11.8% compared to 18.3% for Au-
contacted devices from the same batch. By heating the devices
to 75 °C in the dark and in a nitrogen atmosphere, we found
that devices with a Ag electrode degrade dramatically, as seen
for the Au analogues (Figure S7). While the loss of V. was
relatively lower, the increased degradation may come from the
fact that iodine can migrate through the HTL, reacting with Ag
and altering the electronic properties of the Ag/HTL
interface.”>”” A similar phenomenon has been also shown for
Al-contacted devices.”” This further confirms that metal
electrodes (Au and Ag) are intrinsically incompatible with
organic spiro-MeOTAD HTL-based perovskite devices such as
solar cells,"' = photodetectors,44746 lasers,” and LEDs.*® The
problem of metal-induced degradation cannot be simply
resolved by sealing the devices, and metal diffusion must be
stopped by an alternative HTL or an interfacial layer preventing
this phenomenon.

Several strategies were explored to resolve the issue of metal-
migration-induced degradation of PSCs. First, the HTL was
modified by mixing spiro-MeOTAD with Al,O; nanoparticles.
This approach has been proposed by Guarnera et al. to stop
metal diffusion across the HTL.>* While the stability of as-
prepared devices aged under MPP conditions and 75 °C was
improved significantly, the extent of degradation proved
unacceptable and a linear degradation component was observed
(Figure Sb and Figure S8).

Thin interlayers of Cr (10 nm) were deposited as diffusion
barriers between the spiro-MeOTAD HTL and Au. The initial
performance of these devices was 13.0%, which was lower than
that without a Cr layer and likely due to high series resistance
or work function mismatch of the Au/Cr/spiro-MeOTAD
stack. By subjecting the Cr/Au devices to realistic solar cell
operating conditions (75 °C, 1 sun illumination, and MPP
tracking), the stability was found to improve critically (Figure
Sc), and any degradation was reversible (due to an increase of
Vo the device outperformed itself following 9 h of recovery,
Figure S9a). After an early period of exponential decay, the
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PCE stabilized at 83% of the initial value. Importantly, no
degradation of V. in the aged devices occurred (Figure S9),
indicating that Au diffusion across the HTL into perovskite has
been hindered by the Cr interlayer. We have confirmed this by
performing ICP-MS spectrometry on the aged Cr/Au devices
and not finding any trace of Au or Cr inside the perovskite
layer. Furthermore, we imaged the fresh and degraded Au
electrodes of the three devices with different HTL/electrode
configurations (Figure Sb). While the Au electrode of the spiro-
MeOTAD + Au device became evidently porous following
high-temperature exposure, both devices with spiro-MeOTAD/
AlO; + Au and spiro-MeOTAD + Cr/Au architectures had no
visible evidence of electrode degradation or decomposition.
This finding suggests that it is plausible that the spiro-
MeOTAD layer cracks when heat-stressed, which in turn
creates pores and a point of contact between Au/perovskite.
This effect could be hindered by a Cr interlayer, or cracking of
spiro-MeOTAD could be considerably reduced by mixing it
with AL O;.

The high-temperature stability of Cr/Au devices is
unprecedented, and such behavior has never been observed
in devices using Au or Ag as contacts. In addition, deposition of
a thin Cr interlayer is industrially feasible as Cr can be
evaporated from Cr-plated W wires by sublimation. Finally, this
work brings to light the misconception that the perovskite
materials and HTLs are the main contributors to the long-term
degradation of device performance. Several reports of successful
employment of inorganic HTLs, inorganic interfacial layers, or
transparent conductive oxide electrodes have shown consid-
erable improvement of PSC stability.”>**7>%** Although not
directly acknowledged, the improvement in stability may have
come from hindering metal diffusion from the contact across
the HTL into the perovskite rather than more efficient
protection of perovskite from oxygen or humidity.

CONCLUSIONS

We investigated the stability of state-of-the-art, “triple cation”
perovskite devices with PCEs above 20%. We show that
operating devices employing a spiro-MeOTAD HTL and a Au
or Ag back contact at temperatures exceeding 70 °C causes
irreversible changes to the devices, which results in a dramatic
performance loss. By means of elemental analysis on aged
devices, we observe that considerable amounts of the Au from
the electrode diffuse across the HTL into the perovskite layer.
We pinpoint the diffused Au to cause the irreversible loss of V,,
FF, and J,. in the aged devices. We further show that insertion
of a thin Cr interlayer between the HTL and Au alleviates the
problem of severe device degradation at elevated temperatures.
This shows that neither perovskite nor spiro-MeOTAD is the
primary limiting factor for high-temperature stability of PSCs in
the current configuration, as it has previously been suggested.
Our study creates a roadmap for high-temperature stability
measurements of PSCs by taking into consideration metal
migration. Therefore, it is important for the field to investigate
other interlayer materials that can hinder this phenomenon.

METHODS

Device Fabrication. Perovskite Precursor Solution and Film
Preparation. Nippon sheet glass (10 © cm™) was cleaned by
sonication in a 2% Hellmanex water solution for 30 min. After being
rinsed with deionized water and ethanol, the substrates were further
cleaned with UV ozone treatment for 15 min. Subsequently, a 30 nm
TiO, compact layer was deposited on FTO via spray pyrolysis at 450
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°C from a precursor solution of titanium diisopropoxide bis-
(acetylacetonate) in anhydrous ethanol. After being sprayed, the
substrates were left at 450 °C for 45 min and left to cool to room
temperature. Then, a mesoporous TiO, layer was deposited by spin-
coating for 20 s at 4000 rpm with a ramp of 2000 rpm s, using a 30
nm particle paste (Dyesol 30 NR-D) diluted in ethanol to achieve a
150—200 nm thick layer. After the spin-coating, the substrates were
dried at 100 °C for 10 min and then sintered again at 450 °C for 30
min under dry air flow.

Li-doping of mesoporous TiO,, as described elsewhere,® s
accomplished by spin-coating a 0.1 M solution of Li-TESI in
acetonitrile at 3000 rpm for 10 s followed by another sintering step
at 450 °C for 30 min. After being cooled to 150 °C, the substrates
were immediately transferred in a nitrogen atmosphere glovebox to
deposit the perovskite films.

Perovskite Precursor Solution and Film Preparation. The organic
cations were purchased from Dyesol, the lead compounds from TCI,
and CsI from abcr GmbH. The triple cation perovskite precursor
solutions were prepared from a precursor solution containing FAI (1
M), Pbl, (1.1 M), MABr (0.2 M), and PbBr, (0.2 M) in anhydrous
DMF/DMSO 4:1 (v/v).SI‘52 Then Csl, which was predissolved in
DMSO, was added to this perovskite precursor to achieve the 5 mol %
triple cation composition. We note that this composition contains a
lead excess as reported elsewhere.'*

The perovskite solution was spin-coated in a two-step program at
1000 and 6000 rpm for 10 and 20 s, respectively. During the second
step, 100 uL of chlorobenzene was poured on the spinning substrate 5
s prior to the end of the program. Films with Cs-containing perovskite
turned dark immediately after spin-coating. The substrates were then
annealed (at 100 °C) for 1 h in a nitrogen-filled glovebox.

Hole-Transporting Layer and Top Electrode. After the perovskite
was annealed, the substrates were cooled for few minutes and a spiro-
MeOTAD (Merck) solution (70 mM in chlorobenzene) was spin-
coated at 4000 rpm for 20 s. Spiro-MeOTAD was doped with
bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma-Al-
drich), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tris-
(bis(trifluoromethylsulfonyl)imide) (FK209, Dynamo), and 4-tert-
butylpyridine (TBP, Sigma-Aldrich). The molar ratio of additive spiro-
MeOTAD was 0.5, 0.03, and 3.3 for Li-TFSI, FK209, and TBP,
respectively.

Finally, 70—80 nm of the Au top electrode was thermally
evaporated under high vacuum. The active area of the device, as
defined by the overlap of Au and FTO electrodes, was 0.26 cm™2 The
Cr interlayer between spiro-MeOTAD and Au was thermally
evaporated. The vacuum was not broken between evaporation of Cr
and Au.

J-V and Stability Measurements. The initial efficiency of the
record devices was measured under AM 1.5G illumination provided by
450 W xenon lamp (Oriel) fitted with a Schott K113 Tempax filter
(Prizisions Glas & Optik GmbH). The light intensity was calibrated
with a Si photodiode equipped with an IR cutoff filter (KG3, Schott).
All the other J—V curves were measured with a Biologic SP 300
potentiostat under a 1 sun equivalent white LED lamp. The light
intensity of the LED lamp was adjusted so that the stabilized J,. of the
devices matched their stabilized ], measured under aforementioned
calibrated xenon lamp setup. The devices were masked to 0.16 cm?,
cooled to 20 °C, and flushed with nitrogen with an in-house developed
sample holder. The stability measurements were performed by
tracking the maximum power point of the devices illuminated with a
white 1 sun equivalent LED lamp with a Biologic SP 300 potentiostat.
The MPP was updated every 60 s by a standard perturb and observe
method. The temperature of the devices was precisely controlled with
a Peltier element in direct contact with the films, and the temperature
was measured via a surface thermometer inserted between the Peltier
element and the film. Before the beginning of each experiment, -V
curves of the devices were measured (at 10 mV s™"). Additionally, J—V'
curves were taken every 15 min (at 100 mV s™'; only backward scan)
during the aging in order to track the evolution of J—V metrics. Finally,
several hours after the end of the experiment, the J—V characteristics
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of the devices were remeasured (the devices being stored in the dark,
at 20 °C, and under nitrogen flow between the measurements).

The experiment shown in Figure 4 with Au electrode removal was
performed in the following way. Two devices (pixels) were fabricated
on one substrate. J—V characteristics of both pixels were measured,
and subsequently, the Au electrode was removed from one pixel. The
devices were left in the dark under a nitrogen flow and at 75 °C
overnight. Subsequently, the pixel aged with Au was remeasured, and
then it had the electrode removed. Finally, the Au electrode was
redeposited on both pixels (the process took approximately 1.5 h), and
their J—V characteristics were remeasured immediately and then
measured again after 7 h or recovery in the dark, under nitrogen flow
and 20 °C.

ToF-SIMS Spectrometry. A dual-beam ToF-SIMS V (IONTOF)
was used with Cs* primary ions (1 keV, 65 to 72 nA, 250 X 250 ym?)
for the erosion and a Bi* pulsed primary ion beam for the analysis (30
keV, 1.2 pA, 100 X 100 ym?). The analysis area was centered inside
the cesium raster area. The noninterlaced mode was used, with 2.5 s
sputtering after each bismuth analysis cycle (128 X 128 pixels). The
gold electrodes were connected to the sample holder with carbon tape
for a better charge compensation using the electron flood gun. The
analyzer reflectron voltage was adjusted 25 V over the cutoff voltage
on the secondary ion image.

The depth profiles (Figures 3a and S7) were normalized to the
SnO,” signal (from the FTO substrate). The SnO,” interface of the
control devices was used as a reference for the fluence scale on each
batch of samples. Indeed, the deposited layer thicknesses are similar,
although small variations of the cesium sputtering current and of the
interface positions are expected in the same batch of measurements. It
is important to note that the relative fluence scale of the subsequent
layers does not reflect their actual thickness. The apparent thickness of
each layer depends on the erosion rate of the cesium primary ion beam
in different materials.

Although ToF-SIMS is a sensitive analytical technique, the relative
secondary ion intensities cannot be related to their relative
concentration/amount because it depends on their ionization
probability. For a given departing secondary ion, the ionization
probability depends on factors such as the surrounding chemical
element or the probability of neutralization when it escapes the
surface.*” Hence, a meaningful comparison can only be made for the
same element within the same layers for different devices.

ToF-SIMS analysis was performed on devices based on
FAg3MAg1,Pb(Ly43Bry 17);. However, the formulation of the later
devices used for aging experiments contained a small addition of Cs.
We found identical degradation patterns (Figure S10) for both types
of devices, and hence, we concluded that the addition of a small
amount of Cs to the perovskite blend does not affect the phenomena
of metal-induced degradation of PSCs.

ICP Spectrometry. The Au electrodes of complete devices were
removed from the samples with a piece of scotch tape. This step was
repeated three times using a fresh piece of tape each time.
Subsequently, the samples were cut into three pieces (the areas of
the electrodes were cut off the central piece), and only the central
region which contained the active area was taken for further
processing. Next, the samples were immersed in a bath of
chlorobenzene for S min in order to dissolve the spiro-MeOTAD
layer with any remains of Au. Then, each sample was rinsed with
chlorobenzene individually, dried, and, finally, placed in a vial
containing 10 mL of 4:1 HCI (37%)/HNO; (67%) aqua regia. The
vials were subsequently sonicated for 1 min, and the samples were left
overnight to dissolve. The ICP analysis was performed with
Shhimadzu ICPE-9000 on the aqua regia solution diluted in a 1:1
ratio with water. The detection limit for Au was ~1 ng in 20 mL of the
solution. The active area of the device, as defined by the overlap of Au
and FTO electrodes in the central part of the device, was 0.26 cm?.

SEM, XRD, and UV-Visible Absorption Spectrometry. A Zeiss
Merlin HR-SEM was used to characterize the morphology of as-
fabricated device cross sections. XRD and absorption measurements
were performed on complete devices, just prior to evaporation of the
Au contact. Following Au contact evaporation and subsequent aging,
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the Au electrode was removed from the devices with a piece of scotch
tape and XRD and absorption characterization were repeated. Hence,
the aging, absorption, and XRD data shown here were obtained
physically from the same devices. XRD analysis was performed using a
Bruker D8 Advance X-ray diffractometer using Cu Ka radiation (1 =
0.154178 nm) at a scanning rate of 2° min~" in the 26 range from 11
to 40° and separately with a rate of 0.5° min~" in the range from 12.5
to 15°. UV—visible absorption measurements were performed on a
Varian Cary 5.
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Scheme S1 Schematics of the program used to age the devices.
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region where main Pbl; and perovskite peaks are observed. An increase in the peak indicating the presence of
Pbl; was observed. However, since this effect is seen in both temperature experiments, it can be excluded that
this small amount of Pbl; is detrimental to device performance, given that the 20 °C sample did not degrade.
Moreover, there exist multiple reports that a small amount of Pbl. is actually beneficial for device
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Figure S6 Full ToF-SIMS depth profile of devices shown in Figure 3. a the control device. b the device aged at
30°C ¢ at 70 °C. d and e reconstructed elemental 3D maps of the device aged at 70 °C. The colour coding
corresponds to that in the depth profiles.
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Figure S7 J-V curves of 8 identically prepared devices made within the same batch with a, ¢, e,gAgorb, d, f, h

Au electrodes heated in dark at 75 °C and Nz atmosphere for 17 h. Devices were exposed to light only during J-V

measurements. The J-V curves were measured at 20 °C with 10 mV s scan speed.
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Figure S8 J-V characteristics of the device with Al203/Spiro-MeOTAD HTL and Au electrode aged at 75 °C: before,
at the end of the 59 h ageing experiment and after 10 h of recovery in the dark at 20 °C and under nitrogen
flow. d the evolution of PCE, Vo, Jsc and FF over the course of the ageing experiment for the Cr/Au device. The
values are normalized to the initial ones. The recovery was in dark at 20 °C and nitrogen flow. J-V curves in a
were recorded at 20 °C with 10 mV s scan speed.
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initial ones. The recovery was in dark at 20 °C and nitrogen flow. J-V curves in a were recorded at 20 °C with 10
mV s scan speed.
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Chapter 5 Incorporation of Rubidium Cati-
ons and PTAA Hole Transport Layer into
Perovskite Solar Cells Improves High-Tem-
perature Stability and Efficiency

Using a thin layer of chromium between Au electrode and hole transporting layer in
the previous work, | was able to stop Au diffusion — a trick commonly used in semiconductors
industry. However, chromium does not have suitable energetics to act as an effective electrode
material. Hence the high stability came at the expense of, at the time, record-breaking solar cell
efficiency. Another strategy was needed to achieve high-temperature stability without sacrific-
ing power conversion efficiency. | achieved this by replacing the state-of-the-art Spiro-MeOTAD

THE CONTEXT

hole transporting layer with a polymeric one — PTAA. This discovery was combined with a new
perovskite composition developed in our laboratory, which further improved the efficiency.*

This chapter is based on a peer-reviewed paper published in Science in October 2016 entitled:
Incorporation of Rubidium Cations into Perovskite Solar Cells Improves Photovoltaic Performance
authored by:

Michael Saliba, Taisuke Matsui, Konrad Domanski, Ji-Youn Seo, Amita Ummadisingu, Shaik M Za-
keeruddin, Juan-Pablo Correa-Baena, Wolfgang R Tress, Antonio Abate, Anders Hagfeldt and Mi-
chael Gratzel.

The version presented here is the accepted manuscript before the editorial changes.
My contribution:

Michael Saliba, Taisuke Matsui and | contributed to this work equally. In fact, this paper was realized
by combining Taisuke Matsui and Michael Saliba’s study on incorporation of Rb into perovskite solar
cells and my separate study on blocking Au diffusion into perovskite with polymeric hole-transpor-
ting layers, which enabled high-temperature stability, while retaining record-breaking efficiency of
the best-performing devices. Subsequently, | performed the stability studies, Voc tracking mea-
surements and contributed to electroluminescence measurements. | also participated in writing of
the manuscrint.
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Incorporation of rubidium cations into perovskite solar cells improves photovoltaic
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Abstract:

Inexpensive, highly efficient perovskite solar cells (PSCs) hold great promise towards a
sustainable energy future. While the academic interest is very high, the industrial development is
still hampered by poor stability in sunlight and at elevated temperatures. All currently used
perovskites abide by the tolerance factor where components that seemingly do not fit into the
perovskite structure are usually dismissed. Here, we introduce for the first time the small and
oxidation-stable Rb”™ into a “cation cascade” to create a new generation of perovskite materials
with superior material properties. We achieved efficiencies of up to 21.6%, an electroluminescence
of 4% and an outstanding open-circuit voltage of 1.24 V at a band gap of 1.63 eV entailing one of
the smallest loss-in-potential of 0.39 V ever measured for any solar cell material. Furthermore, we
report a breakthrough in stability at 85 °C for 500 h under full solar illumination and maximum
power point tracking (during which 95% of the initial performance was retained). This provides
the basis to realize 25% efficient and stable PSCs in the foreseeable future.

One Sentence Summary: The seemingly too small Rb" cation was successfully integrated into
perovskite solar cells resulting in remarkable electroluminescence, exceptional stability at 85 °C
and astonishing open circuit voltages close to the thermodynamic limit paving the way toward an
industrially deployable, new generation of perovskite photovoltaics.
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Emerging low-cost perovskite solar cells (PSCs) have surged to power conversion efficiencies
(PCEs) of a certified 22.1% (/) matching established photovoltaic technologies; thus holding great
promise toward a sustainable energy future. The organic-inorganic perovskites used for
photovoltaics (PV) have an AMX3 formula that is comprised of a monovalent cation, A = (cesium
Cs'; methylammonium (MA) CH3NH3'; formamidinium (FA) CH3(NH2)2"); a divalent metal M =
(Pb**; Sn**); and an anion X = (Br; I).

To date, most high efficiency perovskites are Pb-based with mixed MA/FA cations and Br/I halides
(2-4). Recently, Cs was used to explore more complex cation combinations, i.e. Cs/MA, Cs/FA
and Cs/MA/FA (5-9). These perovskites present more than the sum of their individual parts
exhibiting unexpected properties. For example, Cs/FA mixtures supress halide segregation
enabling band gaps for perovskite/silicon tandems (/0). The Cs/MA/FA based solar cells are more
reproducible and thermally stable than MA/FA mixtures (9).

In general, increasing the perovskite complexity is motivated by an improved stability due to the
addition of more inorganic elements and maximising entropy which can stabilize ordinarily
unstable materials (like the “yellow”, non-photoactive phase of FAPbI;3 that can be avoided using
small amounts of the otherwise unstable CsPbls) (6, 7). However, the field has now identified all
single, double and triple combinations given by Cs, MA and FA. These cations were selected with
the certainty that each of them forms a photoactive perovskite “black” phase dating as far back as
1893, 1978 and 1997, respectively (//-13). In order to progress further, we need a strategy to
extend the circle of available cations beyond the examples that have been used for decades and
centuries. Why is there such a dearth of cations?

Empirically, most monovalent cations are mismatched to sustain a photoactive APbIs perovskite

with an appropriate Goldschmidt tolerance factor (t = %; r are the respective ionic radii)
PbTT]

between 0.8 and 1.0 (/4) rendering almost all elemental cations too small for consideration. We

illustrate this point in Fig. 1A where we conduct tolerance factor calculations for the alkali metals

(Li, Na, K, Rb, Cs); and MA, FA.

We selected specifically the alkali metals due to their unique position in the periodic system, with
only one valence electron, providing oxidation-stable monovalent cations. This is a clear
advantage over oxidation-prone Pb/Sn mixtures that have distorted material electronic
properties (15).

The tolerance factor shows that only CsPbls (as well as MAPbI3 and FAPDI5) fall into the range of
“established perovskites” with a black phase. However, while Li, Na and K are clearly outside of
the range, RbPbls only misses by a small margin. The ionic radius of Cs and Rb is 1.67 A and
1.52 A, respectively. This small difference has a big impact with RbPbl3 and CsPbls drawing the
demarcation line between photoactive black perovskite and photoinactive yellow non-perovskite
phases. In Fig. 1B, we demonstrate this by heating CsPbls and RbPbIs films at different
temperatures. Both films are yellow at 28 °C. Upon heating to 380 °C, only CsPbls turns black
whereas RbPbls remains yellow. Finally, at 460 °C both films start melting irreversibly without
RbPbI3 ever showing a black phase which is consistent with the observations by Trots and co-
workers (/6). Thus, only CsPbls has a black phase explaining why Rb, despite its desirable
oxidation stability, has so far not been used for PSCs.
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Fig. 1. Tolerance factor and perovskites at different temperatures.
(A) Tolerance factor calculation of APbl; perovskite with the oxidation stable A = Li, Na, K, Rb, Cs; and
MA, FA. Empirically, perovskites with a tolerance factor between 0.8 and 1.0 (dashed lines) show a
photoactive black phase (solid circles) as opposed to non-photoactive phases (open circles). Rb (red open
circle) is very close to this limit making it a candidate for integration into the perovskite lattice. (B) (a-c)
CsPbl; (d-f) RbPbl; at 28 °C (a, d), 380 °C (b, e), 460 °C (c, f). Irreversible melting for both compounds
occurs at 460 °C. RbPbls never shows a black phase.

melting

In this work, we propose embedding the small Rb into a photoactive perovskite phase using
multiple A-cation formulations. Rb is particularly suited for this as it is only slightly smaller than
Cs. We retain FA as the majority cation because of the beneficial, red-shifted band gap. We
identify 4 hitherto unexplored combinations: 1 double (RbFA); 2 triple (RbCsFA, RoMAFA); and
1 quadruple (RbCsMAFA) cation doubling the 4 possible combinations given by Cs, MA and FA.

In Supplementary Note 1 (together with figs. S1 to S3), following the antisolvent approach
pioneered by Jeon et al. (2, 9), we present device data on a glass/fluorine-doped tin oxide/compact
TiO2/mesoporous TiO2/perovskite/spiro-OMeTAD/Au architecture (see fig. S4A for a cross
sectional scanning electron microscopy (SEM) image along with an image of typical devices (fig.
S4C)). All preparation details are given in the SI. For the rest of the manuscript, for convenience,
we use the nomenclature of RbFA, RbCsFA, RbMAFA and RbCsMAFA to denote the entire
perovskite compounds at the optimised values found in Supplementary Note 1 (usually achieved
with an addition of 5-10% RbD).

Reasonable device performances were reached with RbFA (14%), RbCsFA (19.3%), RoMAFA
(19.2%) comparable to CsFA (20%), CsSMAFA (19.2%), as shown in figs. S1-3. We note that the
CsFA result is the highest reported PCE to date on this compound showing that the devices
presented here are advances over state-of-art results and thus any impact of Rb is extending the
boundaries of the field. Importantly, the data reveals that the Rb can stabilize the black phase of
FA perovskite providing the proof-of-concept that Rb can indeed be integrated into PSCs despite
not being suitable as a pure RbPbI3 compound. This is particularly evident for the triple cations
using Rb. Surprisingly, as we go toward 4-cation mixtures (see fig. S3), we find that RoOCsMAFA
(with 5% of Rb) results in PCEs close to 21% with an open-circuit voltage (Voc) of 1186 mV
outperforming the CsMAFA triple cation controls (that are close to ~20%). Hence, in the
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remainder of this discussion, we focus on RbCsMAFA in order to substantiate and explore the
beneficial impact of our novel cation integration approach for PSCs.

As a first step, we investigate the starting condition of the crystallisation process for the
RbCsMAFA compound upon annealing at 100 °C, which is needed to fully crystallize the
perovskite films. In Fig. 2A, we present the UV-vis and PL data of the unannealed MAFA and
RbCsMAFA films. The PL reveals that MAFA shows several photoluminescence (PL) peaks with
maxima ranging from 670 — 790 nm, while the RbCsMAFA film has a narrow peak at 770 nm,
which is attributable to perovskite. The insets are fluorescence microscopy maps of the surface of
the unannealed films showing that the MAFA films are comprised of various emissive species
forcing the pre-annealed film to crystallise with inhomogeneous starting conditions. This is in stark
contrast to RbCsMAFA films, which are emissive in a narrow range and thus start crystallizing
from more homogeneous conditions. Thus, the addition of the inorganic cations enforces a
crystallisation that starts with a photoactive perovskite phase (close to the final emission after
annealing) instead of a mixture of varying emissions that need to converge towards the final
emission (see Fig. 2C). This is consistent with the high reproducibility and lack of yellow phase
in the RbCsMAFA films. Furthermore, in Fig. 2B, we collect the corresponding XRD data of the
unannealed films showing a pronounced perovskite peak for ROCsMAFA as compared to MAFA
films. In Fig. 2C and Fig. 2D, we show analogous data after annealing including UV-vis, PL and
XRD data revealing a RbOCsMAFA band gap of ~1.63 eV (which is slightly blue shifted compared
to MAFA at ~1.62 eV) containing neither a Pblz nor a yellow §-phase peak. The low-angle
perovskite peak for MAFA and RbCsMAFA occurs at 14.17° and 14.25°, respectively, revealing
that Rb indeed modifies the crystal lattice. In addition, the top view SEM images indicate large
crystals in the RbCsMAFA devices (see fig. S5), which has been shown to be beneficial for the
PV metrics (/7).
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Fig. 2. Characterisation of unannealed and annealed films.

(A) UV-vis (dashed lines) and photoluminescence (solid lines) of unannealed MAFA (black) and
RbCsMAFA (red) films.

The inset images show fluorescence microscopy measurements (image size ~26x26 pm?®) of MAFA (left)
and RbCsMAFA (right image) films. The image is an overlay of three emission ranges sampled from 640
— 650 nm, assigned as green; from 680 — 690 nm (blue); and 725 — 735 nm (red). The colors were chosen
to ensure easily discernible features. (B) XRD data of the unannealed MAFA and RbCsMAFA films.
(C) UV-vis (dashed) and photoluminescence (solid lines) of annealed (at 100 °C for 1 h) MAFA (black)
and RbCsMAFA (red) films. (D) XRD data of the annealed MAFA and RbCsMAFA films. The Pbl, and
yellow phase peak is denoted as # and 9, respectively.
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Hence, we proceed with collecting statistical data on RbCsMAFA devices (see fig. S6) which we
find to exhibit superior performance compared to CsMAFA. Remarkably, the average open-circuit
voltage (Vo) is increased from 1120 to 1158 mV and the fill factor from 0.75 to 0.78. In Fig. 3A,
we show the RbCsMAFA champion cell reaching a stabilized power output of 21.6% with a fill
factor of 81% and 1180 mV open-circuit voltage. The measured Jsc matches the incident-photon-
to-current-efficiency (IPCE) measurement in fig. S7. We also achieve a stabilized PCE of 19.0%
on a large-area 0.5 cm? device (see fig. S8).

To correctly determine the Voe, we investigate RbCsMAFA devices with the active area being
fully illuminated, held at room temperature and under an inert nitrogen atmosphere. This permits
for an accurate Voc value without heating or degradation effects (from moisture for example). In
Fig. 3B, for one of our highest performing devices, we measure an outstanding Voc of 1240 mV
confirmed by the inset that is tracking the Voc over time. The “loss-in-potential” (difference
between Voc and band gap) is only ~0.39 V, which is one of the lowest recorded for any PV
material, implying very small non-radiation recombination losses (/8). The high Vo is particularly
intriguing because this is the major parameter left preventing PSCs from reaching their
thermodynamic limit (since the Jsc and FF are already approaching their maximal values).
Theoretically, in very pure, defect-free materials with only radiative recombination, the loss-in-
potential can be as small as 0.23 (band gap of 1 e¢V) to 0.3 V (band gap of 2 eV). In particular
silicon, the main industrial PV material, cannot approach this limit because of its indirect band gap
and Auger recombination exhibiting a loss-in-potential of ~0.4 V for the most efficient devices
(18).

The non-radiative recombination losses can be quantified measuring the external
electroluminescence quantum efficiency (EQEEL), which is larger than 1 % at a driving current
that is equal to the short circuit current (see Fig. 3C). Following the approach in (/9-21) (see for
a more detailed discussion in Supplementary Note 2 together with fig. S9), we can use the EQEgL
and the emission spectrum to predict a Voc of 1240 mV confirming independently the value
measured from the JV curve.

Furthermore, for higher driving currents, the EQEEL in Fig. 3C approaches 4%, making the solar
cell one of the most efficient perovskite LEDs as well, emitting in the near IR/red spectral range
(see inset image). We also present a video in the SI showing a RbCsMAFA device mounted in our
custom-made device holder. As we tune towards maximum emission and back, we observe bright
electroluminescence in ambient light. This is particularly remarkable as efficient LEDs commonly
require specific architectures including thin active layers, which are not suited for efficient light
harvesting in solar cells (22). Our EQEEL is larger than for any (commercially) available solar cell
(e.g. for Si EQEgL~ 0.5%) (/8). This indicates that all major sources of non-radiative
recombination are strongly suppressed and the material has very low bulk and surface defect
density. These results are consistent with the improved crystallinity discussed in Fig. 2.

83



Chapter 5 Incorporation of Rb Cations and PTAA Hole Transport Layer into PSCs Improves High-Temperature Stability and Efficiency

— 1 L
{\"E T Al « B A C
S g S
< 18- 18 < 3
E < @ S
> -~ B it
3 121 2124 3
7] — = _1.2404 ® Lol
S |8 2 = E w
o |u o 2 e}
— 8 [a) 1.2402| w
GC) 61 16 maximum power point tracking €] == 0 Wavelength (nm)|
= 10 20 30 40 50 6 o | T
5 Time (s) = 750 800
o, 3o N L
00 02 04 06 08 10 00 02 04 06 08 10 12 00 05 10 15 20 25
Voltage (V) Voltage (V) Voltage (V)
— T T T T T T
£ D
G10F B
(=
sl 85°C continious illumination at max power point 95%
O 1 | L | L |
o 0 100 200 300 400 500
Time (h)

Fig. 3. Champion efficiency, open-circuit voltage, electroluminescence and high temperature stability.

(A) Current-density/voltage (JV) curve, taken at 10 mV s ! scan rate, of the best performing solar cell at
21.8% efficiency (Vo = 1180 mV, Jo = 22.8 mA ¢cm?, and a fill factor of 81%). The inset shows the scan
rate independent maximum power point (MPP) tracking for 60 s resulting in a stabilized efficiency of 21.6%
at 977 mV and 22.1 mA ¢cm? (displayed as the red triangles in the JV and MPP scan, respectively).

(B) JV curve of the highest open-circuit voltage device. The inset shows the V.. over 120 s resulting in
1240 mV (displayed as the red triangles in the JV and V. scan, respectively).

(C) EQE electroluminescence (EL) as a function of voltage. The left inset shows the corresponding EL
spectrum over wavelength. The image in the inset is a solar cell with 2 active areas. The left area is operated
as an LED displaying a clearly visible red emission even under ambient light. At the same time, the right
area can be operated as a solar cell or a photodetector underlining the versatility of the perovskite material.

(D) Thermal stability test of a perovskite solar cell. The device is aged for 500 hours at 85 °C under
continuous full sun illumination and maximum power point tracking in a nitrogen atmosphere (red curve,
circles). This aging routine exceeds industry norms. During the 85 °C step, the device retains 95% (dashed
line) of its initial performance.

With efficiencies close to 22% and an outstanding EL, this perovskite material has the potential to
be highly attractive for large scale industrial deployment. It already outcompetes most PV
materials and could very plausibly go above 25% if all the best performing parameters were
achieved in one device.

However, to make a real impact, the next mandatory breakthrough must be in the area of long-
term stability. Simply put, after having reached record efficiencies, Voc’s and electroluminescence,
we must aspire to reach high stability.

This is not a trivial task as from the very beginning, the hygroscopic nature of perovskite films,
phase instabilities and light sensitivity have raised major concerns (23). This is especially
disconcerting because industrial norms mandate prolonged testing at a) full sun illumination,
maximum power point tracking at 60 °C and b) at 85 °C in the dark, among others.

Interestingly, as we have realized recently the, Achilles’ heel of PSCs is not necessarily the
perovskite itself but rather the commonly used spiro-OMeTAD hole transporter material (HTM)
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that becomes permeable (at elevated temperature) to metal electrode diffusion into the perovskite
causing irreversible degradation (24, 25). This effect can be mitigated using buffer layers or by
avoiding the usage of metal electrodes (24-26). Alternatively, for the heating tests in this work, we
find a thin layer of PTAA (see SEM image in fig. S4B) to work equally well for high temperature
stability testing (27).

We impose the above protocols simultaneously aging devices for 500 hours at 85 °C under
continuous illumination with full solar intensity and maximum power point tracking in a nitrogen
atmosphere. This compounded stress test exceeds industrial standards (28). We show the result in
Fig. 3D (red curve, circles). The device started with > 17% efficiency at room temperature before
the aging protocol was applied. During the 85 °C step (in which the Vo is inevitably lowered), the
device retains 95% of its initial performance. To our knowledge, this is one of the industrially most
relevant reports on PSC stability to date providing concrete evidence that the Rb compositions
reported here are not only highly efficient but also compatible with the much “softer” industrial
aging protocols.

Our findings make a convincing case that the integration of the small, oxidation-stable Rb via the
multiple cation approach results in a new generation of perovskites with one of the smallest ever
measured loss-in-potentials 0f 0.39 V and a record electroluminescence. The new material is stable
under elevated temperature even exceeding standards imposed by industry. Hence, this approach
could enable a new generation of highly efficient (beyond 25%), highly emissive perovskites for
photovoltaics and photoemission applications (lasers and light emitting devices (LEDs)).
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Materials and Methods

Substrate preparation and Li-doping TiO,

Nippon Sheet Glass 10 Q/sq was cleaned by sonication in 2% Hellmanex water solution for
30 minutes. After rinsing with deionised water and ethanol, the substrates were further cleaned
with UV ozone treatment for 15 min. Then, 30 nm TiO2 compact layer was deposited on FTO via
spray pyrolysis at 450°C from a precursor solution of titanium diisopropoxide bis(acetylacetonate)
in anhydrous ethanol. After the spraying, the substrates were left at 450°C for 45 min and left to
cool down to room temperature. Then, mesoporous TiO2 layer was deposited by spin coating for
20 s at 4000 rpm with a ramp of 2000 rpm s™', using 30 nm particle paste (Dyesol 30 NR-D) diluted
in ethanol to achieve 150-200 nm thick layer. After the spin coating, the substrates were
immediately dried at 100°C for 10 min and then sintered again at 450°C for 30 min under dry air
flow.

Li-doping of mesoporous TiO> was accomplished by spin coating a 0.1 M solution of Li-TFSI in
acetonitrile at 3000 rpm for 30 s followed by another sintering step at 450°C for 30 minutes. After
cooling down to 150°C the substrates were immediately transferred in a nitrogen atmosphere glove
box for depositing the perovskite films.

Perovskite precursor solution

The organic cation iodide salts were purchased from Dyesol; the lead compounds from TCI and
the Csl and Rbl from abcr GmbH. The following formulations were composed by mixing
appropriate amounts of FAIL, MAI, CsI, Rbl, Pbl,, MABr and PbBro.

Rb perovskite
RbPbI; was prepared from a precursor solution containing 1.2 M RbI and 1.3 M Pbl, in anhydrous
DMF:DMSO 4:1 (v:v).

Cs perovskite
CsPbl; was prepared from a precursor solution containing 1.2 M Csl and 1.3 M Pbl in anhydrous
DMF:DMSO 4:1 (v:v).

MA/FA perovskite
The “mixed” perovskite precursor solutions were deposited from a precursor solution containing
FAI (1 M), Pblz (1.1 M), MABr (0.2 M) and PbBr2 (0.22 M) in anhydrous DMF:DMSO 4:1 (v:v).

Cs/FA perovskite

3 perovskite solutions were mixed; CsPbl; (containing 1.2 M Csl and 1.3 M Pblz in anhydrous
DMF:DMSO 4:1 (v:v)); FAPbI3 (containing 1.2 M FAIL 1.3 M Pbl; in anhydrous DMF:DMSO
4:1 (v:v)); and FAPbBr3 (containing 1.2 M FAI and 1.3 M FABr» in anhydrous DMF:DMSO 4:1
(v:v)). Then the 3 solutions are mixed to obtain the desired composition.

Rb/FA perovskite

3 perovskite solutions were mixed; RbPbl; (containing 1.2 M RbI and 1.3 M Pbl; in anhydrous
DMF:DMSO 4:1 (v:v)); FAPbI3 (containing 1.2 M FAI 1.3 M Pblz in anhydrous DMF:DMSO
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4:1 (v:v)); and FAPbBr3 (containing 1.2 M FABr and 1.3 M PbBr; in anhydrous DMF:DMSO 4:1
(v:v)). Then the 3 solutions are mixed to obtain the desired composition.

Cs/MA/FA perovskite
Then Csl, predissolved as a 1.5 M stock solution in DMSO, was added to the mixed perovskite
(MA/FA) precursor to achieve the desired triple cation composition.

Rb/MA/FA perovskite
This follows the same procedure as Cs/FA/MA except Rbl was added instead of Csl. Rbl was
predissolved as a 1.5 M stock solution in DMF:DMSO 4:1 (v:v).

Rb/Cs/FA perovskite

4 perovskite solutions were mixed: CsPblz (containing 1.2 M CsI and 1.3 M Pblz in anhydrous
DMF:DMSO 4:1 (v:v)); RbPbl; (containing 1.2 M Rbl and 1.3 M Pbl; in anhydrous DMF:DMSO
4:1 (v:v)); FAPDI3 (containing 1.2 M FAI, 1.3 M PbL in anhydrous DMF:DMSO 4:1 (v:v)); and
FAPDbBr; (containing 1.2 M FABr and 1.3 M PbBr; in anhydrous DMF:DMSO 4:1 (v:v)). Then
the 4 solutions were mixed to obtain the desired composition.

Rb/Cs/MA/FA perovskite
RbI, predissolved as a 1.5 M stock solution in DMF:DMSO 4:1 (v:v), was added to the Cs/FA/MA
triple cation perovskite to achieve the desired quadruple composition.

Perovskite deposition

The perovskite solution was spin coated in a two steps program at 1000 and 4000 rpm for 10 and
30 s respectively. During the second step, 200 puL of chlorobenzene was poured on the spinning
substrate 20 s prior to the end of the program. The substrates were then annealed (at 100 °C unless
stated otherwise) for 1 h in a nitrogen filled glove box.

Hole transporting layers

After the perovskite annealing, the substrates were cooled down for few minutes and a spiro-
OMeTAD (Merck) solution (70 mM in chlorobenzene) was spin coated at 4000 rpm for 20 s. Spiro-
OMeTAD was doped with bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma-
Aldrich), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)- cobalt(IIT)
tris(bis(trifluoromethylsulfonyl)imide) (FK209, Dynamo) and 4-tert-Butylpyridine (tBP, Sigma-
Aldrich). The molar ratio of additives for spiro-OMeTAD was: 0.5, 0.03 and 3.3 for Li-TFSI,
FK209 and tBP respectively.

PTAA. 1 ml of PTAA (EM-Index), dissolved in toluene at a concentration of 10 mg ml™!, was
mixed with 2.0 pl of tBP and 1.6 pl of 1.8M LiTFSI solution (dissolved in ACN). Then the
solution was spin coated at 4000 rpm for 20 s

Finally, 70-80 nm of gold fop electrode was thermally evaporated under high vacuum.
Photovoltaic device testing

The solar cells were measured using a 450 W xenon light source (Oriel). The spectral mismatch
between AM1.5G and the simulated illumination was reduced by the use of a Schott K113 Tempax
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filter (Prazisions Glas & Optik GmbH). The light intensity was calibrated with a Si photodiode
equipped with an IR-cutoff filter (KG3, Schott), and it was recorded during each measurement.
Current-voltage characteristics of the cells were obtained by applying an external voltage bias
while measuring the current response with a digital source meter (Keithley 2400). The voltage
scan rate was 10 mV s’ and no device preconditioning, such as light soaking or extended forward
voltage biasing in the dark, was applied before starting the measurement. The cells were masked
with a black metal mask to fix the active area and avoid artifacts produced by scattered light. The
devices for the statistical (champion) measurement was conducted without (with) antireflective
coating and on a 0.16 cm? (0.1225 cm?) mask. The large area device was measured on a 0.5 cm?
mask. The incident light intensity was adjusted to 1000 W/m? in accordance with standard AM 1.5
reporting conditions.

Stability measurements

Stability measurements were performed with a Biologic MPG2 potentiostat under a full AM 1.5
Sun-equivalent white LED lamp. The devices were masked (0.16 cm?) and flushed with nitrogen
for several hours before the start of the experiment in order to remove residual oxygen and water
from the environment of an in-house developed sample holder. Then, the devices were measured
with a maximum power point (MPP) tracking routine under continuous illumination (and
nitrogen). The MPP was updated every 10 s by a standard perturb and observe method. The
temperature of the devices was controlled with a Peltier element in direct contact with the films.
The temperature was measured with a surface thermometer located between the Peltier element
and the film. Every 30 minutes a JV curve was recorded in order to track the evolution of individual
JV parameters.

Voc and electroluminescence

Voc and electroluminescence measurements were performed using the above LED setup. The
devices were left unmasked, at room temperature and under constant nitrogen flow in order to
prevent degradation during operation.

Electroluminescence yield

Electroluminescence yield was measured by applying either constant current or by applying
varying potential to the device and by recording the emitted photon flux with a calibrated, large
area (1 cm?) Si photodiode (Hamamatsu S1227-1010BQ) placed directly on top of the sample. The
driving voltage or current were applied using a Bio-Logic SP300 potentiostat, which was also used
to measure the short-circuit current of the detector at a second channel.

UV-vis
UV-vis measurements were performed on a Varian Cary 5.

Scanning electron microscopy
Scanning electron microscopy (SEM) was performed on a ZEISS Merlin HR-SEM. Secondary
electron images were acquired with an EDX detector.

X-ray powder diffraction
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X-ray powder diffractions (XRD) were recorded on an X’Pert MPD PRO (Panalytical) equipped
with a ceramic tube (Cu anode, A = 1.54060 A), a secondary graphite (002) monochromator and a
RTMS X’Celerator (Panalytical) in an angle range of 26 = 5° to 60°.

Photoluminescence spectra
Photoluminescence spectra were obtained with Fluorolog 322 (Horiba Jobin Ybon Ltd) with the

range of wavelength from 620 nm to 850 nm by exciting at 460 nm. The samples were mounted
at 60° and the emission recorded at 90° from the incident beam path.

Confocal laser scanning fluorescence microscopy
Confocal laser scanning fluorescence microscopy (CLSM) images were captured using a confocal

laser scanning microscope (Leica TCS SP8) with a HC PL APO oil objective (63x/1.40). We used
a 440 nm pulsed diode laser (pulsed at 40 MHz) for excitation and a HyD detector for imaging.
Fiji was used for image processing.

Quantum yield measurements

Quantum yield measurements were conducted as reported elsewhere (35) using a 102 mm diameter
integration sphere (Horiba F-3018) and a Fluorolog 322 (Horiba Jobin Yvon Ltd.
Spectrofluorometer). The perovskite films were deposited on non-quenching substrates.

Intensity modulated photocurrent spectroscopy

Intensity modulated photocurrent spectroscopy (IMPS) was conducted with an Autolab
potentiostat (PGSTAT30) driven by NOVA software: Using a red LED, light intensity was
modulated while short-circuit current variation was recorded.

Goldschmidt tolerance factor calculations

Trg+Tyx
V2(ry+rx)’
with ra, rv and rx being the ionic radii as taken from (/4, 36). Table S1 provides all details.

The Goldschmidt tolerance factor for an AMX3 perovskite was calculated using t =

92



Current Density (mA cm™?)

Chapter 5 Incorporation of Rb Cations and PTAA Hole Transport Layer into PSCs Improves High-Temperature Stability and Efficiency

Supplementary Note 1.

We prepare Rb compounds using the antisolvent approach developed recently for CsSMAFA
triple perovskite (9). In that work, we abbreviated “Csx(MAo.17FAo.83)100-x)Pb(lo.83Bro.17)3” for

convenience as CsxM (X is in percentage), where M stands for “mixed perovskite”. i.e. CsoM

means no Cs, is the basic composition our state-of-the-art devices. We note that these
compositions refer to the precursor that also contains a lead excess as reported elsewhere (36).
Including Rb complicates a convenient way of writing down these compounds.

We chose the following conventions (denoting only the precursor solutions).

For double perovskites and triple perovskites that contain Rb and Cs at the same time, we use

stoichiometric ratios of the corresponding RbPbl; and CsPbls perovskites instead of simply

adding the salts.

We show these series in fig. S1. The optimum CsxFA00-x) ratio was reached at CsisFAsgs which
we call CsFA from here. The optimum for RbxFA 100-x) was reached for RbioF Ao which we call
RbFA. The optimum RbxCsyFA100-x-y) composition was reached at RbsCsioFAgs which we call

RbCsFA.
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1.0

1.2

perovskite | V,. (mV) | J,.(mA cm2) | FF | PCE (%)
MAFA | 1147 218 069 17.3
Cs1oFA% | 1164 22.6 074 195
CsisFAss | 1153 22.8 0.76] 20.0
Rb;oFAg | 1083 17.0 0.65| 12.0
Rb;sFAgs | 1083 15.9 0.64| 11.0
RbsCssFAq | 1145 22.2 072] 183
RbsCs;oFAgs | 1157 223 075 193
Rb;oCssFAgs | 1154 22.2 0.73] 187

Fig. S1. Optimization of the CsFA, RbFA and RbCsFA compounds.

The triple perovskites that contain both MA and FA are labelled according to the CsxM
formalism but we now write CsxMAFA instead of CsxM. Rb then simply replaces Cs, i.e.

RbxMAFA is the analogous triple perovskite to CsxsMAFA. We show this series in fig. S2.
Optimization of the CsSMAFA and RbMAFA. The optimum Rb concentration for RoxMAFA was

reached at RbsMAFA.
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.20
g perovskite | V.. (mV) | J,.(mA cm2) | FF | PCE (%)
<
LE; e MAFA | 1147 218 069 173
';g: CssMAFA | 1152 233 0.75| 20.6
10
5 s Rb,MAFA | 1463 216 070| 175
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§ 5 |——Rb,MAFA RbsMAFA | 1159 225 074| 192
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Fig. S2. Optimization of the CSMAFA and RbMAFA.
For the quadruple compounds, we chose to add the RbI to the CssM triple. We use the same
formalism as above and label the new series as Rbx(CssM)100-x). We refer to the series as
RbxCsMAFA as shown in fig. S3. Finally, the best performing devices were recorded at x=5
which we subsequently call ROCsSMAFA throughout the manuscript.
201
£
2 perovskite | V,. (mV) | J,. (mAcm2) | FF | PCE (%)
£ 154
S Rby(CssMAFA) 100 | 1138 23.0 0.75| 196
§ 10 Rb,(CssMAFA)gg | 1163 225 076 199
E {—=—Rb,(Cs,MAFA), Rb5(CssMAFA) o 1186 22.5 0.77| 20.6
3 5{* Rb,(CsMAFA),, Rbyo(CssMAFA) oo | 1179 21.9 0.78| 20.1
[—+—Rb,(Cs,MAFA),,
—v—Rb, (Cs,MAFA),,
0 ! T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Fig. S3. Optimization of the RbCsMAFA compounds.
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A gold electrode
4

hole transporter

perovskite {

meso TiO, + perovskite
compact TiO,, \

fluorine doped fin oxide (I/-‘-’I’O“) ¥,

perovskite solar cell with the hole transporter material (A) spiro-OMeTAD (thickness 200-
250 nm) and (B) PTAA (thickness 30-50 nm). The scale bars are 500 nm. (C) Image of typical
devices.
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Fig. S5. XRD of the RbxMAFA series.
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Fig. S6. Magnified view of RbxMAFA series.
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Fig. S7. RbxCSMAFA series together with a RbPbl; reference.
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Fig. S8. Magnified view of RbxCsMAFA series together with a RbPbl; reference.
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Fig. S9. Top view scanning electron microscope (SEM) images of RbxCsMAFA series with (A)
0% (B) 2% (C) 5% and (D) 10% Rb. The scale bars are 500 nm.
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Fig. S10. SEM image and energy-dispersive X-ray spectroscopy (EDX) mapping of I, Pb, Cs and
Rb.
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Fig. S11. Vg, Js, FF and PCE statistics of 12 CsMAFA and 17 RbCsMAFA devices measured
with a scan rate of 10 mV s™ without preconditioning, such as light soaking or long-term forward
voltage biasing. We note that the Vo improved from 1120 to 1158 mV, the FF from 0.75 to 0.77,
and the PCE from 18.9 to 20.2%. 2 RbCsMAFA devices showed fill factors of 81%.
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Fig. S12. External quantum efficiency of the champion device. The integrated short circuit
current density of 22.7 mA cm™ follows the JV scans from the solar simulator.
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Fig. S13. ]V curve, taken at 10 mV s! scan rate, for a RbOCSMAFA device showing 19.2% with
an active area of 0.5 cm?. The inset shows the scan rate independent maximum power point
(MPP) tracking for 60 s resulting in a stabilized efficiency of 19.0% at 949 mV and

20.0 mA cm? (displayed as the red triangles in the JV and MPP scan, respectively).
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Supplementary Note 2.

Electroluminescence and prediction of Vi

Using the emission spectrum (inset of Fig. 3C), the IPCE and the reciprocity relation (23), we
determine the theoretical radiative limit of the Voc (Voc,rad) to be ~1.34-1.35 V. Due to the sharp
emission peak and the concomitant low Urbach energy of ~14 meV, V. 1,4 comes very close to
what is expected from the Shockley Queisser limit for a band edge absorber with a band gap of
1.63 eV. However, in a real device additional non-radiative losses need to be considered
according to

kT
Voo = oc,rad _AVoc,nonrad = Voc,rad + ?ln EQEg, ~ Voc,rad + 60 mVlog EQEEL|T=3OO K

where EQEEL is the external quantum efficiency of electroluminescence (27, 23-25). From this
equation, we expect an EQEgL > 1% for a AVoc nonrad 0f ~0.10 V. We can measure EQEEL by
operating the solar cell as an LED, i.e. by applying a forward voltage and detecting the emitted
photon flux, which is then divided by the injected electron flux. In fig. S14, we show the current-
voltage (JV) curve, emitted photon flux and the calculated EQEEgL. In Fig. 3C, we present the
calculated EQEEL as a function of voltage (along with an electroluminescence spectrum showing
a peak at ~1.63 eV) with an emission that can be detected from ~900 mV. The EQEgL to match
the above equation is chosen such that the injection current equals the photocurrent of

~22 mA cm™. We measure an EQEgr of 1.4% resulting in AVo.a = 0.11 V and therefore in a
predicted Voc of 1240 mV confirming the value measured from the JV curve.
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Fig. S14. JV curve (black), emitted photon flux (blue) and the calculated EQEEL (red).
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Supplementary Note 3.
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Fig. S15. Imaginary component frequency spectra of the current response to the red LED light
modulated (10% of the stationary value) around 1 sun equivalent intensity for the CsMAFA and
RbCsMAFA based devices at short circuit condition. Data were normalized to the intensity of
12.11 kHz.

To give further insight to the charge transfer dynamics, we used intensity modulated
photocurrent spectroscopy (IMPS) within a working perovskite solar cell (38).

The photocurrent was allowed to settle for 300 s before the frequency scan. In fig. S15, we show
the imaginary component of the IMPS frequency spectra for CsSMAFA and RbCsMAFA devices.
The CsMAFA trace shows two features around 1E+4 and 6E+4 Hz. In our previous work, we have
assigned these to the resonant frequencies of the charge dynamics within the perovskite active
layer and the electron/hole charge selective materials, respectively (19, 39). Notably, the trace of
RbCsMAFA clearly shows only the low-frequency feature at 1E+4 Hz with no indication of any
other feature up to the instrument resolution at SE+5 Hz. This is consistent with an improved
charge transport within the RbCsMAFA perovskite layer compared to CsSMAFA which already is
much faster than MAFA (19). The feature at 1E+4 Hz is identical for CsMAFA and RbCsMAFA,
suggesting that the charge transport in the electron/hole charge selective materials is not affected
by the perovskite.
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Moving from higher to lower frequencies (below 1E+2 Hz), the trace of RbCsMAFA rapidly goes
to zero, while CsSMAFA displays a signal that persists up to 1 Hz. We associated this resonant
frequency window (1E-1 to 1E+3 Hz) with the migration of ionic defects within the perovskite
layer (40). The difference between CsMAFA and RbCsMAFA in this frequency region may be
interpreted two ways: i. RbCsMAFA has no apparent ionic defect as compared to CsMAFA
(detectable in this frequency range), ii. ionic defects within the RbCsMAFA lattice are less likely
to migrate. Both cases are highly desired to reduce the detrimental impact of the ion migration on
the device performance and long-term stability.
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Fig. S16. PCE, FF, Js, Voc, JMpp and Vpp of a PTAA-based RbCsMAFA device aged for

500 hours at 85 °C under continuous full sun illumination and maximum power point tracking in
a nitrogen atmosphere (red curve, circles). During the 85 °C step, the device retains 95% of its
initial PCE. The blue triangles indicate the device performance at room temperature (RT) before
and after the aging protocol is applied. A small rise in PCE of 0.3% can be observed within the
200 h which could stem from a reorganized polymeric PTAA under heat.
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rqgtr;
V2(rpp+rr)
(36) and r1 = 220 pm (36). The cationic radii for Li, Na, K, Rb, Cs were taken from (36); and for
MA, FA from (/4). The octahedral factor p = rpu/11 = 0.541 for all these compounds is within the
0.414 < <0.732 range for perovskite formation (4/).

Table S1. Tolerance factor calculations for APbl; calculated from t = withrp, = 119 pm

A-cation radius tolerance factor
(pm) for APbI3
Li 76 0.62
Na 102 0.67
K 138 0.75
Rb 152 0.78
Cs 167 0.81
MA 217 0.91
FA 253 0.99

Table S2. Open-circuit voltage (Voc), short circuit current-density (Jsc), fill factor (FF) and power
conversion efficiency (PCE) of the champion device in Fig. 3A. The curves were recorded at a
scan rate of 10 mV s~! from forward bias (FB) to the short circuit condition (SC), and the other
way around. No device preconditioning, such as light soaking or forward voltage bias applied for
long time, was used before starting the measurement.

Scan Jse Voc FF PCE
direction (mA cm?) (mV) (%)
FB to SC 22.8 1180 0.81 21.8
SCto FB 22.8 1173 0.80 21.3

Movie S1

Perovskite solar cell mounted in a custom-made device holder. A bright electroluminescence is
observed in day light conditions as the signal is tuned towards maximum emission and back.
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Chapter 6 High Temperature-Stable Perov-
skite Solar Cells Based on Low-Cost Carbon
Nanotube Hole Contact

With high efficiency and high stability, our perovskite solar cells were checking two
out of three components of the “holy grail of photovoltaics” (which additionally includes cheap
production on large scale). However, the resultant devices employed two very expensive mate-
rials: Au and PTTA, making them potentially very expensive to produce on a large scale (material
cost is significant and vacuum processing is required for depositing Au). In this work, | replaced
both materials by a combination of potentially inexpensive carbon contact impregnated with

THE CONTEXT

Spiro-MeOTAD (a significantly cheaper material than PTAA). This way, | achieved good high-
temperature stability with relatively inexpensive materials, which can be deposited inexpen-
sively, while sacrificing only around 25% (relatively) of the initial efficiency of similar devices
based on metal contacts.®?

This chapter is based on a peer-reviewed paper published in Advanced Materials in January 2017
entitled:

High Temperature-Stable Perovskite Solar Cell Based on Low-Cost Carbon Nanotube Hole Contact
authored by:

Kerttu Aitola, Konrad Domanski, Juan-Pablo Correa-Baena, Kari Sveinbjérnsson, Michael Saliba, An-
tonio Abate, Michael Gratzel, Esko Kauppinen, Erik MJ Johansson, Wolfgang Tress, Anders Hagfeldt
and Gerrit Boschloo.

My contribution:

Kerttu Aitola and | contributed to this work equally. | discovered the way to achieve high-tempera-
ture stable perovskite solar cells by using carbon back-contacted devices. | performed all mea-
surements presented in this work, analysed the data, plotted the figures and wrote about half of
the manuscript, while Kerttu Aitola wrote the remaining part of the manuscript and prepared the
carbon electrodes.
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Chapter 6 High Temperature-Stable Perovskite Solar Cells Based on Low-Cost Carbon Nanotube Hole Contact
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MATERIALS
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High Temperature-Stable Perovskite Solar Cell Based on
Low-Cost Carbon Nanotube Hole Contact

Kerttu Aitola,* Konrad Domanski, Juan-Pablo Correa-Baena,* Kdri Sveinbjérnsson,
Michael Saliba, Antonio Abate, Michael Gritzel, Esko Kauppinen, Erik M. J. Johansson,
Wolfgang Tress, Anders Hagfeldt, and Gerrit Boschloo

Mixed ion perovskite solar cells (PSC) are manufactured with a metal-

free hole contact based on press-transferred single-walled carbon
nanotube (SWCNT) film infiltrated with 2,2,7,-7-tetrakis(N,N-di-p-
methoxyphenylamine)-9,90-spirobifluorene (Spiro-OMeTAD). By means of
maximum power point tracking, their stabilities are compared with those
of standard PSCs employing spin-coated Spiro-OMeTAD and a thermally
evaporated Au back contact, under full 1 sun illumination, at 60 °C, and in
a N, atmosphere. During the 140 h experiment, the solar cells with the Au
electrode experience a dramatic, irreversible efficiency loss, rendering them
effectively nonoperational, whereas the SWCNT-contacted devices show only
a small linear efficiency loss with an extrapolated lifetime of 580 h.

Perovskite solar cells!l (PSCs) are a relatively new type of photo-
voltaic devices, which are based on light absorbing materials
with the general formula of ABX;, where A is a monovalent
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cation (methylammonium (MA), forma-
midinium (FA), Cs, or Rb), B is Pb or Sn,
and X is a halide.>*l PSCs have recently
attracted a lot of attention, owing to their
very high power conversion efficiency
(PCE; up to 22.1%),°! cheap starting mate-
rials, and ease of fabrication. However,
their poor stability, which has been linked
to the sensitivity of the organometallic
absorber toward humidity® and their
overall poor long-term thermal stability!”]
have been the major factors hindering
their fast commercialization. It has been
proposed that the Cs-containing “triple
cation” perovskites of the form Cs/FA/
MA are structurally more stable than the
MAPDI; and the mixed ion FAPbI;:MAPbBr; perovskites,
due to the smaller ionic radius of the Cs than those of the FA
and MA cations.P¥! This approach has been further advanced by
the incorporation of Rb into the mixture to form the so-called
“quadruple cation” PSCs.1?]

We have previously reported a crucial instability factor in
PSCs operating at elevated temperatures related to Au from
the back hole contact (HC) migrating through the entire solar
cell structure and interacting with the perovskite, causing dra-
matic loss of solar cell performance.”) Although the Au migra-
tion could be circumvented via the use of Cr interlayer between
the Au contact and the hole transporting material (HTM;
2,2,7,7-tetrakis(N, N-di-p-methoxyphenylamine)-9,90-spirobiflu-
orene, Spiro-OMeTAD), this came at the expense of a consider-
able efficiency decrease. In a subsequent work, we have shown
that the problem of Au migration can be also circumvented
by substituting Spiro-OMeTAD with the poly(triaryl amine)
(PTAA) HTM.!Z However, this approach still involves the use of
expensive Au contacts, and the PTAA polymer is currently also
considerably more costly than the Spiro-OMeTAD HTM.

Different carbon-based alternative materials have been
introduced as HTMs and HCs, such as carbon nanotube
films with'*12l and without"® additional metal layers and
carbon black composite contacts.'#1% In our previous study,
we demonstrated that a potentially cost-effective single-walled
carbon nanotube (SWCNT) film deposited directly onto the
FAPDI;:MAPDBr; perovskite layer and processed further with
a small amount of drop-cast Spiro-OMeTAD yielded high solar
cell efficiencies of around 15%.191 SWCNT-based contacts
offer also other important advantages, such as extremely high
flexibilityl”) (which is a prerequisite for industrial roll-to-roll
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Figure 1. a) Schematics and b) cross-sectional SEM image of the SWCNT-contacted device. The carbon nanotube “whiskers” in front of the SEM image
are due to sample preparation. c) Schematics and d) cross-sectional SEM image of the standard Au contacted device (with spin-coated Spiro-OMeTAD
HTM. e) The J-V curve of a device that yielded a 16.0% average efficiency (average of the backward and forward scans).

deposition processes) and semitransparency,’® which is
required in, e.g., bifacial solar cells. Snaith and co-workers
have also suggested that a SWCNT-poly(methyl methacrylate)
(PMMA) composite may protect the perovskite films from
ambient humidity even more efficiently than PMMA alone due
to the hydrophobic nature of SWCNTs.[!]

In this work, we show that PSCs employing a SWCNT-based
HTM-HC have superior long-term stability at elevated tempera-
tures (60 °C—temperature commonly used for solar cell sta-
bility testing!'?)), as compared to that of the standard configura-
tion with an evaporated Au contact with Spiro-OMETAD HTM.
We fabricated devices based on fluorine-doped tin oxide (FTO)/
compact TiO,/mesoporous TiO,/perovskite/Spiro-OMeTAD/
HC architecture, with Css5(MAg17FAqs3)9sPb(Iog3BT0.17)3 per-
ovskite as the active layer (from here on referred to as “mixed
ion perovskite”). Two types of HTM-HC configurations were
used: (1) spin-coated Spiro-OMeTAD and evaporated Au con-
tact and (2) SWCNT:Spiro-OMeTAD composite HTM-HC[!
manufactured by a simple press transfer of the SWCNT film
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on the perovskite layer and infiltrating the SWCNT film with
Spiro-OMeTAD (i.e., no additional Au or Ag contact or a sepa-
rate Spiro-OMeTAD layer is utilized in the structure; the latter
configuration is depicted in Figure 1a,b and the standard one in
Figure 1c,d).

In this study, both the short-circuit current density (Jsc) and
the open circuit voltage (Voc) were, on average, similar for the
both types of cells (cf. Figures 1c and 3a,b). While the similar
Voc is in line with our previous findings,/'! we note no mis-
match in Jscs of the Au and SWCNT contacted devices, as
we did in the previous study (where the Jsc was lower for the
SWCNT devices as compared to the Au devices). In this work,
the currents for the SWCNT devices are overall a bit higher
(21-22 mA cm™?) than in the previous study (=20 mA cm™).
This suggests that in the currently used perovskite films’ case,
the film absorbs most of the incoming light and Au back reflec-
tion does not contribute to the current generation. This is due
to the thicker perovskite film (500 nm)?% compared to what
was used in our previous work (300-400 nm).'% Finally, the
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relatively lower fill factor (FF) in the SWCNT devices (compared
to spin-coated Spiro-OMeTAD-perovskite interface) is most
likely related to the somewhat unoptimized contact between the
SWCNT-Spiro-OMeTAD composite and the perovskite layer.!'6)
The higher sheet resistance of the SWCNT-Spiro-OMeTAD
composite film (=15 Q 0! compared to <1 Q (™! for Au layer)
further reduces the FF. Nevertheless, high efficiency (>16%)
PSCs can be manufactured with the SWCNT-based HTM-HC,
without the use of costly metal electrodes.

The results from the 140 h maximum power point (MPP)
tracking of the Au and SWCNT-contacted devices under white
light-emitting diode (LED) illumination with an intensity equiv-
alent to 1 sun, carried out in N, atmosphere, can be seen in
Figure 2. A Au-contacted device yielding a PCE of 18.4% (18.0%
stabilized) and a SWCNT device yielding 15.0% PCE (14.3%
stabilized) were used in the stability testing. The lower per-
formance of the latter, as compared to the device in Figure 1c,
was due to its slightly lower V¢ (1.03 V) and FF (0.63). The
cells were kept at the temperature of 20 °C for the first 14 h of
the ageing experiment, and one can see that the Au-contacted
device has shown pronounced changes within this period. We
added also results from a 90 h MPP tracking of an Au device
conducted in 20 °C in Figure 2a to highlight the initial degrada-
tion of PSCs in lower temperatures, followed by a stabilization
period, which is not seen in high temperature experiments,
where Au devices undergo an irreversible degradation process.
We have previously shown that the changes occurring in 20 °C
experiments are due to slow cation migration in the devices
happening in the timescale of hours and they are mostly of
reversible nature and the cells recover most of their perfor-
mance if they are allowed to relax 7-8 h in the dark.’?! Curi-
ously, the SWCNT device exhibits only a small efficiency drop
in this region. According to our practical experience, this initial

a
184g 20°C 1Sun, MPP, N,
164
140 o0 o0,  60°C
124
2
w104
2
84
6
—o— Au, 20°C
49— Au, 20 °C -> 60 °C
[—o— SWCNT, 20 °C -> 60 °C
— Linear fit
T T T T T T T T
0 20 40 60 80 100 120 140
b Time /h
Loop for 14 h Loop for 126 h

L Measure __ Track MPP, _I L Measure __ Track MPP, J
v 1h — Vv 1h

[ 20°C | 60°C

Figure 2. a) The result of MPP tracking of Au and SWCNT-contacted
devices at elevated temperatures. b) The temperature of the devices was
changed from initial 20 to 60 °C after 14 h into the experiment. MPP
tracking of an Au device at 20 °C is shown for 90 h.
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efficiency loss phenomenon is not usually so pronounced for
lower efficiency (<18%) solar cells, like the SWCNT cells, and
we believe that in the lower efficiency cells’ case it is masked by
for instance initially higher series resistances.

After the temperature was increased to 60 °C, the degrada-
tion of the Au-based device accelerated dramatically. The device
showed an exponential decay, losing 20% of the remaining
PCE within only 8 h of ageing. This is expected and has been
shown by us to be due to Au migration-induced degradation of
the device.”) In contrast, the SWCNT-contacted device showed
a slow decay which can be approximated with a linear func-
tion yielding a slope of —0.005% h~!. Assuming that this trend
continues, we extrapolate a very conservative estimate of the
predicted lifetime (defined as the point, where 20% of initial
PCE is lost, T80) of 580 h. With a simplistic assumption that
the degradation rate is directly proportional to the light inten-
sity, this value corresponds to half a year of operation given an
average of three sun shine hours a day—typical value for cen-
tral Europe.??!

We further investigated the nature of degradation of the two
devices by tracking the evolution of the J-V curves and the J-V
metrics over the course of the ageing experiment (Figure 3).
The Au-based device degraded significantly including a signif-
icant worsening of all the main J-V parameters. Notably, the
considerable loss of Vo has been previously demonstrated to
be an indication of Au-induced degradation of the perovskite
layer.’) Importantly, the SWCNT device showed only a minor
decrease in V¢ and Jsc, which could be due to, e.g., perovs-
kite phase transition, slow degradation due to residual water
or oxygen in the perovskite film, light induced trap states or
ionic movement—degradation mechanisms of perovskite
films employed in photovoltaic devices are not well known yet
thus all the aforementioned reasons are so far only specula-
tive. However, our work shows that a carbon nanotube film,
deposited by simple nonvacuum means and with the use of
which the metal migration issue can be avoided completely, is a
promising option for hole contact in stable PSCs.

In this work, we have shown that perovskite solar cells
employing a mixed ion perovskite absorber and a single-walled
carbon nanotube-based hole-transporting material and hole
contact are good candidates for durable and efficient photo-
voltaic devices. During the experiment conducted at 60 °C in
N, atmosphere and 1 sun equivalent white LED illumination,
the devices showed only a modest linear efficiency loss (slope:
—0.005% h1), which led to an estimated lifetime (T80) of 580 h.
At the same time, the standard PCSs with a Au back contact
experienced a dramatic and rapid efficiency loss; likely due to
the Au ion migration in the structure.

Experimental Section

SWCNT Synthesis: The SWCNTs were synthesized by a floating
catalyst-chemical vapor deposition procedure described in ref. [18].
Shortly, ferrocene containing CO:CO, (99:1 ratio) carrier gas was
directed into a hot furnace reactor kept at 880 °C. The ferrocene
decomposed in the temperature gradient between the gas injector and
the reactor forming catalytic iron nanoparticles, that acted as catalysts
for the CO:CO, gas decomposition and SWCNTs started forming on the
nanoparticles. The formed SWCNTs were collected from the gas phase
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Figure 3. J-V curves of a) Au and b) SWCNT-contacted devices at the beginning of the experiment at 20 °C, at 60 °C after the temperature increase,
and at the end of the experiment (at 60 °C). ¢,d) The evolution of individual J-V metrics (PCE, Vo, Jsc, and FF) over the course of the experiment.

on a porous filter membrane at the reactor outlet and the formed film
could be transferred from the filter paper on the desired substrate.

Fabrication of Perovskite Solar Cells: FTO glass sheets (Nippon Sheet
Glass 10) were etched with zinc powder and HCl (4 w). Substrates
were ultrasonically cleaned by a sequential 15 min 2% Hellmanex
water solution, deionized water, ethanol, and acetone. Substrates were
treated under UV-ozone for 15 min to remove the last traces of organic
residues. A 30-50 nm thin compact TiO, layer was then deposited on
to the clean preheated substrates by spray pyrolysis from a precursor
solution of titanium diisopropoxide bis (acetylacetonate) in anhydrous
ethanol, using oxygen as the carrier gas on a hot plate set to 450 °C,
followed by annealing at 450 °C, for 30 min in air. A mesoporous TiO,
layer was deposited by spin coating for 20 s at 4000 rpm with a ramp
of 2000 rpm, using 30 nm particle paste (Dyesol 30 NR-D) diluted in
ethanol to achieve a 200 nm layer thickness (150 mg mL™"). After the
spin coating, the substrates were immediately dried at 100 °C for 10 min
and then sintered again at 450 °C for 30 min under dry air flow.

Li-doping of mesoporous TiO,#! was accomplished by spin coating
a 0.1 m solution of Li-TFSI in acetonitrile at 3000 rpm with a ramp of
1000 rpm for 10 s, followed by another sintering step at 450 °C for 30
min. After cooling down to 150 °C, the substrates were immediately
transferred to a nitrogen atmosphere glove box for depositing the
perovskite films.

The mixed triple-cation lead mixed-halide perovskite solution was
prepared from a precursor solution made of formamidinium iodide
(FAI) (1 m, Dyesol), Pbl, (1.1 m, TCl), MABr (0.2 m, Dyesol), and PbBr,
(0.22 m, TCl) in a 4:1 (V:V) mixture of anhydrous dimethylformamide:d
imethylsulfoxide (DMSO) (Acros). Then, a 1.5 m stock solution of Csl
(abcr GmbH) in DMSO was added to the above solution in 5:95 volume
ratio. The mixed ion perovskite solution was deposited through a two-
step spin coating program (10 s at 1000 rpm and 20 s at 6000 rpm).
During the second step, 200 pL of chlorobenzene was poured on the
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spinning substrate 5 s before the end of the procedure. The substrates
were then placed on a hotplate for annealing at 100 °C for 1 h in a
nitrogen filled glove box.

After the perovskite annealing, the substrates were cooled down for
a few minutes and a Spiro-OMeTAD (Merck) solution (70 x 107 m in
chlorobenzene) was spin coated at 4000 rpm for 20 s. Spiro-OMeTAD
was doped with bis (trifluoromethylsulphonyl)imide lithium salt (Li-TFSI,
Sigma-Aldrich),  tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine) cobalt(111)
tris (bis (trifluoromethyl-sulphonyl)imide) ~ (FK209, ~Dyenamo), and
4-tert-butylpyridine (TBP, Sigma-Aldrich). The molar ratio of additives
for Spiro-OMeTAD was 0.5, 0.03, and 3.3 for Li-TFSI, FK209, and TBP,
respectively.

In the reference “standard” solar cells case, an 80 nm thick gold top
electrode was deposited on the Spiro-OMeTAD layer as top contact
electrode by thermal evaporation under high vacuum.

The SWCNT solar cells were prepared by cutting the SWCNT film on
filter paper to around 5 mm x 10 mm size piece and transferred on the
perovskite substrate using some pressure, after which the filter paper
was peeled off the SWCNT film. The SWCNT film was “densified”['® with
a small amount of chlorobenzene. After that another SWCNT film was
transferred on the first film in order to reach lower sheet resistance than
with the single film layer.'®l Finally, 2 x 2 uL drops of Spiro-OMeTAD
solution were drop cast on the SWCNT film.

J-V Measurements: |-V measurements were performed with a
Newport Solar Simulator, model 91160, equipped with a Keithley 2400
source meter, and providing a 1000 W m=2 AM 1.5G illumination
intensity, as measured by means of a certified reference silicon solar cell
(Fraunhofer - Institut fiir Solare Energiesysteme ISE). A slow (10 mV s™")
scan speed was used in the initial J-V measurements.

Stability Measurements: Stability measurements were performed
with a Biologic MPG2 potentiostat under white LED lamp (Lumileds
LXM3-PW5T1) with 1 sun equivalent intensity. The devices were masked
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(0.16 cm?) and flushed with nitrogen for several hours before the start
of the experiment in order to remove residual oxygen and water from
the environment of an in-house developed sample holder. Then, the J-V
curves of the devices were measured at 100 mV s™' (high scan speed was
chosen to maximize the time that the devices spend at MPP) followed
by MPP tracking routine under continuous illumination (and N,). The
MPP was updated every 10 s by a standard perturb and observe method
and continued for 1 h before the procedure was repeated starting with
measuring the J-V curve again. The temperature of the devices was
controlled with a Peltier element in direct contact with the films. The
temperature was measured with a surface thermometer located between
the Peltier element and the film. While the initial temperature was set
to 20 °C, it was changed to 60 °C after 14 h into the experiment without
disturbing the ongoing data collection. The temperature equilibration
time was below 1 min. All devices were tested at the same time inside
one sample holder—hence being exposed to identical environmental
conditions: temperature, illumination, and atmosphere.

Electron Microscopy Analysis: Scanning electron microscopy (SEM)
characterization of the device stack was performed with a ZEISS Merlin
high resolution SEM.
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Chapter 7 Migration of Cations Induces Re-
versible Performance Losses over Day/Night
Cycling in Perovskite Solar Cells

While pursuing high stability for perovskite solar cells, | discovered that perovskite de-
vices degrade in a rather peculiar way, which is not necessarily typical for any other photovoltaic
technology. | observed that very often, when devices are left in dark following ageing, they re-
cover a large part of the lost performance. | identified two characteristic regimes of degradation:
aninitial, exponential one (mostly reversible) and a slower, linear one (mostly irreversible). After

THE CONTEXT

an in-depth analysis, | concluded that very slow cation migration in the perovskite is responsible

for this behaviour.'?¢

This chapter is based on a peer-reviewed paper published in Energy Environmental Science in Janu-
ary 2017 entitled:

Migration of Cations Induces Reversible Performance Losses over Day/Night Cycling in Perovskite
Solar Cells

authored by:

Konrad Domanski, Bart Roose, Taisuke Matsui, Michael Saliba, Silver-Hamill Turren-Cruz, Juan-Pa-
blo Correa-Baena, Cristina Roldan Carmona, Giles Richardson, Jamie M Foster, Filippo De Angelis,
James M Ball, Annamaria Petrozza, Nicolas Mine, Mohammad K Nazeeruddin, Wolfgang Tress, Mi-
chael Gratzel, Ullrich Steiner, Anders Hagfeldt and Antonio Abate.

My contribution:

| performed about half of the measurements presented in this work, prepared part of the figures,
coordinated part of the collaborations in this project and wrote about half of the manuscript. In-
deed, this work was a very large collaborative effort involving combination of many complimentary
techniques and involvement of many people with diverse expertise, which was coordinated mostly
bv Antonio Abate.
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Perovskites have been demonstrated in solar cells with a power conversion efficiency of well above 20%,
which makes them one of the strongest contenders for next generation photovoltaics. While there are no
concerns about their efficiency, very little is known about their stability under illumination and load. lonic
defects and their migration in the perovskite crystal lattice are some of the most alarming sources of
degradation, which can potentially prevent the commercialization of perovskite solar cells (PSCs). In this
work, we provide direct evidence of electric field-induced ionic defect migration and we isolate their effect
on the long-term performance of state-of-the-art devices. Supported by modelling, we demonstrate that
ionic defects, migrating on timescales significantly longer (above 10° s) than what has so far been explored
(from 107! to 102 s), abate the initial efficiency by 10-15% after several hours of operation at the maximum
power point. Though these losses are not negligible, we prove that the initial efficiency is fully recovered

Received 17th November 2016, when leaving the device in the dark for a comparable amount of time. We verified this behaviour over several
Accepted 10th January 2017 cycles resembling day/night phases, thus probing the stability of PSCs under native working conditions. This
DOI: 10.1039/c6ee03352k unusual behaviour reveals that research and industrial standards currently in use to assess the performance

and the stability of solar cells need to be adjusted for PSCs. Our work paves the way for much needed new
www.rsc.org/ees testing protocols and figures of merit specifically designed for PSCs.

Broader context

Perovskite solar cells have been recently demonstrated as a potential new photovoltaic technology. Better than any previous photovoltaic material, perovskite
combines the advantage of low processing and high power conversion efficiency. Furthermore, perovskite solar cells can be used in tandem with market
dominating silicon solar cells to increase their efficiency and thus to lower the price of solar energy. While there are no concerns about their efficiency, very little
is known about the stability of perovskite solar cells under illumination and load, i.e. under real working conditions. So far, discussion about stability has been
mainly focused on external factors, such as oxygen, water and UV light exposure, which are well-known causes of rapid performance degradation. However,
performance losses occur even ruling out any external source of degradation. This work provides a step improvement in our knowledge of this phenomenon
and it paves the way towards stable perovskite solar cells.
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Introduction

Perovskite solar cells (PSCs) have the potential to become a new
generation of photovoltaics with the shortest energy payback
time and the lowest CO, emission factor among the existing
technologies." In only a few years, unprecedented progress in
preparation procedures and material compositions has delivered
lab-scale devices that have now reached power conversion effici-
encies (PCEs) of up to 22.1%.> However, this impressive improve-
ment of the PCE has not been matched by an equal advancement
in the knowledge of the performance losses under standard
working conditions (illumination and load).>””

So far, discussion on the stability of PSCs has been mainly
focused on oxygen,® water® and UV light exposure® as causes of
rapid performance degradation in PSCs. These extrinsic factors
have been associated with a number of degradation mechanisms
that can be retarded using the sealing technologies industria-
lised for organic electronics, which provide oxygen and humidity
barriers and protection against UV light."™'" Conversely,
prolonged exposure to solar cell operational temperatures
(above 50 °C) can cause severe degradation, which cannot be
avoided by sealing the PSCs. These, so called intrinsic losses
have been mostly associated with the degradation of organic
materials and metal contacts within PSCs.>'*"? Indeed, signi-
ficant progress has been made by replacing the organic com-
ponents with their inorganic counterparts and passivating the
interfaces between the different layers composing the device.*™*
Nonetheless, temperature activated formation and migration
of ionic defects within the organic-inorganic ABX; perovskite
lattice remain potential sources of instability for perovskite
photovoltaics.'*>* Halide anion (X) vacancies have been calcu-
lated to show the lowest formation energies,*® with bromide
vacancies being favoured over iodide.** Correspondingly,
X vacancies (together with interstitial X) have been shown to
be the most mobile defects, followed by cation A and B
vacancies.”>?” Several studies indicated that, regardless of
particular architectures and constituents within the PSCs,
X defects migrate and reversibly accumulate within the perovskite
lattice in narrow Debye layers at the interfaces with the charge
selective contacts.'”*** Depending on voltage and light
bias conditioning, accumulation of ions (and their vacancies)
partially screens the built-in electric field and possibly creates
interfacial electronic trap states, which reduce the charge
extraction efficiency.>>**?"** Ton migration on timescales
from 10" to 10” s has been widely investigated to explain the
hysteresis of current density-voltage (J-V) curves.?¢:37:40:44748
However, the impact of X and potentially A and/or B defect
formation and migration on PSC performance on timescales
above 10° s, which are indicative of long-term stability, remains
unknown.*® Little experimental evidence exists on this subject
since separating reversible ion migration from any non-
reversible long-term degradation is complex under real device
working conditions, i.e. prolonged exposure to continuous light
and voltage bias.>*?%%0>%

In this work, we provide direct evidence of electric field-
induced ion migration and its effects on the long-term performance

This journal is © The Royal Society of Chemistry 2017
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of perovskite solar cells working under different loads. By
cooling in situ the active area of working PSCs, we are able to
inhibit thermally induced, non-reversible degradation, thereby
exposing fully reversible performance losses. Within several
hours of operation at the maximum power point (MPP), the
reversible losses decrease a significant fraction of the initial
PCE, which is followed be a period of stabilization. Supported
by modelling and elemental depth profiling, we correlate the
reversible performance losses in PSCs to the migration of ion
vacancies on timescales (above 10° s) that are significantly
longer than those explored so far (from 10" to 10> s). These
unusually slow dynamics reveal that academic and industrial
standards currently in use to assess the performance and
stability of solar cells need to be adjusted for PSCs, which exhibit
phenomena previously unknown to the photovoltaics commu-
nity. Importantly, we show that over natural day/night cycles,
PSCs that reversibly degrade during the day recover overnight to
“start fresh” every morning. Our work paves the way towards
developing specific testing protocols, definition of new figures of
merits and calculation of energy payback time that are needed to
characterize PSCs.

Results and discussion

To study the impact of the long-term ion migration on device
performance and stability, we prepared state-of-the-art PSCs, using
the mixed halide-cation perovskite composition CH;NH3/CH(NH,),
Pb Br/I and the antisolvent deposition method on mesoporous
TiO, substrates,”® which enabled the realization of power con-
version efficiencies above 20% (see device characterization in
ESIt). We tracked the maximum power output of 3 identically
prepared devices (device A, B and C in Fig. 1). During the
experiment, the devices were kept under 1 Sun-equivalent white
LED illumination at MPP (around 0.85 V) and under a N,
atmosphere. Devices A and B were continuously tracked for over
100 hours. As previously reported,>”'* the maximum power
output traces can be described with a double exponential decay
function showing an initial rapid (I in Fig. 1a) and a subsequent
slower decay regime (Il in Fig. 1a).>”'® We have previously
shown that the latter (regime II) is due to degradation involving
one or more device components, while the early decay (regime I)
remains unexplained so far and it will be the main object of this
study.>” We selected two devices exhibiting very different II
regimes: a rather unstable device A (residual power output
Jo = 25%, Table 1) and device B showing particularly good
stability (residual power output J, = 84%, Table 1). Since long-
term degradation is a convolution of several mechanisms that
may abruptly impact the performance,’” it is not surprising that
identically prepared devices age differently. However, it is
rather unexpected that they have identical time constants for
the decay regime I (¢, in Table 1). To isolate regime I from the
subsequent degradation (regime II), the maximum power point
tracking (MPPT) for device C was stopped after only 5 hours and
repeated periodically after leaving the device resting in the dark
for a varying number of hours (Fig. 1b). Surprisingly, the initial
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Fig. 1 Maximum power output tracking for 3 identically prepared perovskite

solar cells (device A, B and C) measured under UV-filtered 1 Sun equivalent

light. Devices were continuously kept at the maximum power point using the standard “perturb and observe” method. The efficiency of all freshly made

devices was above 20% (see ESIT) and it dropped to around 17-18% after 2-3

weeks, when the stability data were recorded. Data were normalized to the

maximum value, which was usually reached within several minutes of tracking. (a) Devices A and B were continuously tracked for over 100 hours.
(b) Device C was cyclically tracked 4 times for 5 hours and it was left in the dark at open circuit in between the consecutive measurements. (c) Experimental
data were fitted to an exponential decay (single or double) and the fitting parameters are reported in Table 1.

Table 1 Fitting parameters of the exponential decay functions used in
Fig. 1. The device A and B curves were fitted with a double exponential
decay function J = Ajexp(—x/t1) + A, exp(—x/t;) + Jo, where t is the time
constant, Jo is the residual power output and A is the pre-exponential
factor. The device C curves were fitted with a single exponential decay
function J = Ay exp(—x/t1) + Jo

t; (h) Jo (residual power %)
Device A 2.3 £0.2 25+ 1
Device B 2.3 +0.2 84 £2
Device C, cycle 1 2.1 £ 0.05 90 £+ 0.1
Device C, cycle 2 2.0 £+ 0.04 87 +£ 0.1
Device C, cycle 3 1.9 £ 0.04 85 + 0.1
Device C, cycle 4 2.0 £ 0.04 88 + 0.1

power output at each cycle was similar or even slightly higher to
the previous one, demonstrating that the initial performance
losses are fully reversible (regime I) and are thus separated
from the subsequent permanent degradation (regime II). The
decay traces and exponential fits of devices A, B and C are
summarized in Fig. 1c. The residual power output for device C

606 | Energy Environ. Sci, 2017, 10, 604-613

at each cycle (dashed line in Fig. 1c, J, in Table 1) lies between
0.85 and 0.9, similar to what was extracted for the more stable
device B after 100 hours of MPPT. This confirms that the
performance losses in device B are mostly reversible, with a
marginal contribution of permanent degradation. We repeated
this experiment for devices with planar and inverted architec-
tures, varying the electron and hole selective contact materials
(see ESIT), with similar conclusions. While we collected data for
PSCs prepared with mixed halide-cation perovskites, reversible
losses have been observed for a broad range of perovskite
compositions.'®*>">**% Therefore, we confidently conclude that
reversible losses are intrinsic to the perovskite as a photovoltaic
material and not to specific material composition or device
architecture.

It is worth noting that the characteristic times for the
reversible degradation/recovery are representative of the native
working conditions for solar cells, i.e. day/night cycles. Therefore,
a PSC producing energy during the day will have time to recover
during the night to “start fresh” every morning. This finding has

This journal is © The Royal Society of Chemistry 2017
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an important practical implication for establishing industrial
benchmarks for ageing and cost/operation time calculations
of PSCs.

Reversible performance degradation as a result of light
soaking has been previously investigated by Bag et al.>> and
Nie et al.>* In both the studies, the authors concluded that the
heat from sunlight is responsible for lattice strain and con-
sequent defect formation. In contrast to the existing literature,
we studied the reversible losses under real device working
conditions, ie. prolonged exposure to continuous light and
voltage bias around MPP. We postulated that the migration of
ions and ion defects is the cause of reversible losses. In order to
provide direct evidence of ion migration, we deposited a Pbl,
layer on top of a CH3;NH;PbBr; perovskite layer in capacitor-like
devices, as represented in the schematic in Fig. 2a. These
devices were heated to 70 °C in a nitrogen atmosphere and one
of the pixels was cyclically biased at +2 and —2 V every 30 minutes
(leakage current remained below +1 mA cm™?). After 16 hours,
we found that the biased pixel had changed its colour to black,
while the unbiased pixel (also kept at 70 °C) remained yellow,
as clearly visible in Fig. 2b. Notably, the colouring of the biased
pixel accurately follows the overlap between the top (gold) and the
bottom (FTO) electrodes. This suggests that, in response to the

CH;NH,PbBr;
Al,0,
FTO glass

Control

= = =3n0" reference

01

0.01

Intensity / normalized

0.001

- x10%

Fluence / ions m2
Fig. 2
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electric field, ions migrate between the yellow CH;NH;PbBr;
and Pbl, layers to form the black CH;NH;PbI,Br(;_) perovskite.
We made use of time of flight secondary ion mass spectrometry
(ToF-SIMS) to measure the effective elemental changes within
the layers.” From the I,” and Br,  elemental depth profiles
shown in Fig. 2¢ and d, we found that the iodine and bromine
distributions are significantly changed in the biased pixel com-
pared to the control one. In particular, we observe strong halide
mixing, which results in the formation of black CH;NH;PbLBr(z ).
This constitutes strong direct evidence that halides can indeed
migrate within the perovskite driven by an electric field and not due
to thermal activation or electric current.*>**™*

We also analysed the ToF-SIMS depth profiles looking for an
indication of organic cation diffusion (by tracing CN™ signal).
Unfortunately, the depth profiles did not qualitatively correspond
to the expected CN ™ distribution in the control sample (see figure
in ESIT) and hence we deemed the analysis inconclusive (we also
found a large amount of organic contamination on the surface
of the sample). Additionally, we performed energy-dispersive
X-ray (EDX) spectroscopy on the cross-section of the same device
(see figure in ESIT). However, again we could not conclude whether
the cations are mobile, largely due to the fact that the technique is
not suited for tracing lightweight elements constituting CH;NH;"

d Biased

ail % - - -SnO" reference
3
N
5
=
=
= 0014
G
s
=

0.001 - 2
0 2 4 6 8

Fluence / ions m2

(a) Schematics of the sample prepared for the biasing experiment, consisting of two electronically-separated pixels on the same substrate. Both

pixels were heated to 70 °C in a N, atmosphere. Only one pixel was cyclically biased at +2 and —2 V every 30 minutes for 16 hours (biased pixel). (b) Top
view image of the sample after biasing (scale in millimetre). Time of flight secondary ion mass spectrometry (ToF-SIMS) depth profiles of the control (c) and
biased (d) pixels showing the relative secondary ion intensity of iodine and bromine clusters across the film depth. The SnO™ signals coming from the fluorine
doped SnO; (FTO glass) are used as a reference, to which all traces in the respective graph are normalized.

This journal is © The Royal Society of Chemistry 2017
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ions (the fact that the devices had to be coated with C prior to the
analysis, made the analysis even more challenging). Given that it is
not trivial to provide direct evidence of organic cation migration,
we made use of electric measurements supported by modelling
to prove it indirectly.

We used intensity modulated photocurrent spectroscopy
(IMPS) to monitor ion migration during device operation at the
voltages highlighted in the J-V curve in the inset in Fig. 3a.®> The
photocurrent was allowed to settle at each voltage for 300 s before
the frequency scan. Fig. 3a shows the imaginary component
of the IMPS frequency spectra. The traces show two features in
the high frequency region, which we assign to the resonant
frequencies of the charge dynamics within the perovskite layer
(above 10° Hz) and the electron/hole charge selective materials
(between 10* and 10° Hz).** The spectra are similar in this
region, which suggests that charge transport is not significantly
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Fig. 3 (a) Imaginary component frequency spectra of the current response
to the light modulated (10% of the stationary value) ~1 Sun equivalent
intensity under different applied voltage biases. Data were normalized to the
maximum value corresponding to the peak between 10 and 100 kHz. The
inset shows the J-V curve recorded for the same devices at 100 mV s *
scan rate. (b) Model calculation of the capacitance per unit surface area at
the edge of the perovskite layer as a function of the forward applied voltage
bias, assuming the negative defects (cation vacancies) as non-mobile, slow
or fast, compared to the timescale of the spectroscopic oscillations in the
low frequency region (107*~10° Hz).
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affected by the voltage applied. An additional feature at around
10% Hz is clearly visible in the low frequency region. We have
previously associated the 107'-10% Hz (or 10 °-10 s) resonant
frequency window with the ion defect migration within the
perovskite crystal lattice.**® The migration and accumulation of
ionic defects at the interfaces with the charge selective contacts
result in the formation of two narrow Debye layers (DLs).** The
qualitative relation between the DL capacitance and the applied
voltage was recently derived from the drift diffusion model
proposed by Richardson et al** Different from the previous
report, here we are taking into account processes occurring on
both the relatively short timescale of the spectroscopic oscilla-
tions (10°-10 s) and on the longer settling time (300 s) before
the start of the frequency scan (Fig. 3b, see the ESIf for more
details). Based on the calculations of activation energies for
migration of different ionic defects in CH3;NH;PbI;, negatively-
charged cation vacancies show significantly lower mobility than
positively-charged halide vacancies.”***>**%*" Given that cation
vacancies are slower than the halide ones, three different
scenarios are possible: (I) only halide vacancies are mobile on
both spectroscopic (10 3-10 s) and settling (300 s) timescales,
while all the other defects remain effectively frozen; (II) cation
vacancies are sufficiently mobile to equilibrate within the DLs
during the settling time, but they are effectively immobile on
the spectroscopic timescale; and (III) both halide and cation
vacancies are sufficiently mobile to equilibrate within the DLs
on the spectroscopic timescale. We found that the experimental
trend in Fig. 3a was best reproduced by the model that accounts
for halide vacancy migration, but does not directly account for
the slowly moving cation vacancies even on the 300 s settling
timescale. This observation suggests that if cation vacancies are
effectively mobile, they should migrate over a timescale of hours.

To provide evidence that cation vacancies are effectively mobile
we measured the current transient dynamics at short circuit after
preconditioning the device at either forward (0.85 V) or reverse
(—0.3 V) bias (Fig. 4a). Under each biasing condition, we waited
for the current to stabilize for about 20 minutes at 20 °C, before
cooling the device to —20 °C and switching it abruptly to short
circuit conditions. By cooling down the device, we aimed to retard
ion migration and capture the transient dynamics resulting from
the initial non-equilibrium ion distribution. Following forward
bias preconditioning, the short circuit current (Js) rapidly
decreased from over 23 mA cm > towards a value of around
14 mA cm 2. In contrast, subsequent to preconditioning at reverse
bias, Js. increases from 4 mA cm 2 to around 13 mA cm 2
Notably, in these two experiments /. does not relax to the same
value over the 100 s over which the transient is measured; there
is a secondary slow timescale process which we attribute to
the slow motion of cation vacancies. In order to back up this
assertion, we calculate the short circuit current based on (I) a
model of the perovskite layer in which only halide vacancies are
mobile (Fig. 4b, left-hand panel) and (II) a model in which both
halide and cation vacancies are mobile (Fig. 4b, right-hand
panel) but where cation vacancies move 100 times more slowly
than halide vacancies (see the ESI{ for further details). It can be
seen from Fig. 4 that while the model with immobile cation

This journal is © The Royal Society of Chemistry 2017
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(a) Current transient dynamics collected from the same device pre-condition for about 20 minutes under forward (0.85 V) or reverse (—0.3 V) bias

and cooled to —20 °C before to abruptly switch to short circuit conditions. (b) Modelled current transient dynamics as predicted by the evolution of the
potential (left panel — considering only halide vacancy migration, and right panel — considering fast halide and slow cation vacancy migration). (c) The modelled
maximum power conversion efficiency (with fast halide and slow cation vacancy migration) over 4 cycles of light and dark shows similar (non-quantitative)

reversible performance losses to the experiment in Fig. 1.

vacancies is able to qualitatively predict the initial part of the
transients, it fails to capture the slow timescale decay. However,
the inclusion of slow moving cation vacancies into the model
(Fig. 4b, right-hand panel) gives a picture closer to the reality
(Fig. 4a) in which there is an initial rapid transient, over tens of
seconds, followed by a much longer timescale decay.

In order to investigate the conjecture that the reversible
decay in efficiency shown in Fig. 1 (which occurs over a time-
scale of around 1 hour) is due to the slow motion of cation
vacancies, we simulate the current produced by the device as
the light is switched on and off a number of times; the results
are shown in Fig. 4c and qualitatively reproduce the behaviour
seen in Fig. 1c for device C (plotted in red circles). We conclude,
by remarking, that slow cation vacancy motion thus provides a
theory that is capable of explaining both the slow timescale
decay in transient short circuit current measurements (Fig. 4a)
and the reversible decay in efficiency observed in PSCs after
prolonged exposure to light (Fig. 1c).

To summarize, we have observed that PSCs degrade reversibly
on the timescale of hours regardless of the device architecture. We
have also proven that both halide and cation vacancies are mobile
(albeit the latter are considerably slower than the former) and
their distribution in the perovskite layer can considerably affect
charge extraction and, in consequence, the PCE of the device.

This journal is © The Royal Society of Chemistry 2017

Fig. 5 shows a simplistic schematic to condense the results of the
experiments and model calculations discussed here. The images
represent the halide lattice within the perovskite with ionic
vacancies. The initial condition (a) describes a stoichiometric
amount of anion and cation vacancies, which are randomly
distributed in the perovskite lattice as proposed by Walsh
et al.* (b) Up to 10° s (i.e. minutes) after the device was exposed
to light and switched to MPP, halide vacancies migrate to form
a Debye layer at the interface with hole selective contact, leaving
the relatively immobile cation vacancies behind. (c¢) For time-
scales longer than 10° s (i.e. hours), cation vacancies form an
additional Debye layer at the interface with the electron selec-
tive contact, which in turn inhibits charge extraction from the
device. Hence we come back to the original experiment shown
in Fig. 1. When PSCs are exposed to real operating conditions,
slow cation migration is responsible for the reversible losses in
the device on the timescale of hours. However, when the device
is given several hours to recover in the dark, the ionic distri-
bution returns to the initial state and the device appears to be
“fresh”. The strong asymmetry in the activation energy for
migration of halide and cation vacancies implies that stabilization
times on the order of hours (not minutes as widely believed) are
required for PSCs to reach true steady-state working conditions.
This implies that traditional solar cell characterization methods,
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Fig. 5 Schematics of the evolution of the ion distribution within the perovskite layer sandwiched between the electron and hole selective contacts
under solar cell working conditions: (a) initial conditions, (b) non-stabilized conditions on the timescale of minutes and (c) the stabilized condition on the

timescale of hours.

such as measurements of standard J-V curves and incident
photon to current efficiency (IPCE) spectra, are usually performed
on non-stabilized devices. We propose the maximum power point
tracking for several hours as the most reliable method to deter-
mine the initial efficiency and the stability of PSCs.

Conclusions

In this work, we investigated the impact of the ionic defect
migration on the performance and stability of state-of-the-art
perovskite solar cells (PSCs). We provide direct evidence of
halide migration within the perovskite as a result of the applied
electric field. In line with previous reports, we found that halide
vacancies migrate and accumulate at the interface with the hole
selective contact on timescales between 10" and 10® s. The
accumulation of interfacial halide vacancies increases as the
applied voltage moves from forward to reverse bias, which
results in the occurrence of the well-known hysteresis in the
current density-voltage curves of PSCs. In addition to what has
been explored previously, we propose that cation vacancies
migrating on significantly longer timescales (above 10° s) than
halide vacancies play a key role in the long-term performance
of PSCs. We show that the accumulation of cation vacancies at
the electron contact induces reversible performance losses that
abate the initial efficiency of state-of-the-art PSCs by about
10-15% over several hours of operation at the maximum power
point. Although these losses are not negligible, the initial
efficiency is fully recovered when leaving the device in the dark
for a comparable amount of time. We verified this behaviour
for devices with different architectures over several cycles
resembling day/night phases. We show that PSCs recover their
initial efficiency during the night and deliver, every morning,
the same efficiency as freshly made devices. This unusual
behaviour reveals that research and industry standards currently
in use to assess the performance and the stability of solar cells
need to be reconsidered for PSCs. Our work provides indications

610 | Energy Environ. Sci., 2017, 10, 604-613

for the much needed new testing protocols and figures of merits
specifically designed for PSCs.

Methods section
General methods

All the chemicals were purchased from commercial sources and
used without further purification. All the solvents were anhydrous
and high purity grade.

Solar cells fabrication

Devices were fabricated on fluorine doped tin oxide (FTO)
coated glass substrates. The substrates were cleaned sequen-
tially with Hellmanex in an ultrasonic bath for 30 min, then
washed with acetone and isopropanol, and finally cleaned with
oxygen plasma for 5 min. An about 30 nm TiO, compact layer
was deposited on about 150 cm® of FTO via spray pyrolysis
at 450 °C from a precursor solution prepared with 0.4 mL of
acetyl acetone (Aldrich), 0.6 mL of titanium diisopropoxide
bis(acetylacetonate) solution (Aldrich, 75% in 2-propanol) and
9 mL of ethanol. After spraying, the substrates were left at
450 °C for 5 min, then they were slowly cooled down to room
temperature. A mesoporous TiO, layer was deposited by spin
coating for 10 s at 4000 rpm with a ramp of 2000 rpm s~ ', using
30 nm particle paste (18NR-T Dyesol) diluted in ethanol to
achieve about 150 nm thick layer. After spin coating, the sub-
strate was immediately dried at 100 °C for 10 min and then
sintered again at 500 °C for 30 min under dry air flow. Mesoporous
TiO, was doped with lithium by spin coating a 0.1 M solution of
Li-TFSI in acetonitrile at 3000 rpm for 30 s. After spin coating,
the substrate was dried at 100 °C for 10 min and then sintered
again at 500 °C for 30 min, under dry air flow. To minimize
water absorption from the atmosphere, after cooling down to
150 °C the substrates were immediately transferred to a nitrogen
filled glove box and then kept for further cooling down to room
temperature.

This journal is © The Royal Society of Chemistry 2017
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The perovskite films were deposited from a precursor solution
containing formamidinium iodide (1 M), lead iodide (1.1 M),
methylammonium bromide (0.2 M) and lead bromide (0.2 M) in a
mixture of anhydrous dimethylformamide : dimethylsulfoxide
4:1 (v:v). The perovskite solution was spin coated using a two-
step program at 1000 and 4000 rpm for 10 and 30 s, respectively.
During the second step, 100 puL of chlorobenzene was poured on
the spinning substrate 15 s prior to the end of the program. The
substrates were then annealed at 100 °C for 1 hour in a nitrogen
filled glove box.

After perovskite annealing the substrates were cooled down
for 1 minute and a spirofluorene linked methoxy triphenylamine
(spiro-OMeTAD, from Merck) solution was spun at 4000 rpm for
20 s. The spiro-OMeTAD solution was prepared in chlorobenzene
at a concentration of 70 mM, and doped with 50 mol% of
bis(trifluoromethanesulfonyl)imide (Li-TFSI, Aldrich) from a
stock solution of 1.8 M Li-TFSI in acetonitrile, 330 mol% of
tert-butylpyridine (Aldrich) and 3 mol% of Tris(2-(1H-pyrazol-1-yl)-
4-tert-butylpyridine)-cobalt(mn) Tris(bis(trifluoromethylsulfonyl)-
imide) (Co-complex, Dyesol) from a 0.25 M stock solution of
Co-complex in acetonitrile. Finally, 80 nm of gold was deposited
by thermal evaporation under high vacuum, using shadow
masking to pattern the electrodes.

Solar cell characterisation

The solar cells were measured using a 450 W xenon light source
(Oriel). The spectral mismatch between AM1.5G and the simu-
lated illumination was reduced by the use of a Schott K113
Tempax filter (Prézisions Glas & Optik GmbH). The light inten-
sity was recorded using a Si photodiode equipped with an
IR-cutoff filter (KG3, Schott) before each measurement. Current
density-voltage ( J-V) characteristics of the cells were obtained
by applying an external voltage bias while measuring the
current response using a digital source meter (Keithley 2400).
The cells were masked with a black metal mask (0.16 cm?) to
estimate the active area and reduce the influence of scattered
light. The devices were stored in dry air and under dark con-
ditions, and they were characterized two days after perovskite
film deposition.

The solar cell current transient dynamics (potentiostatic)
and the maximum power point tracking data were measured
under 1 Sun equivalent white LED illumination using an SP300
biologic potentiostat. Maximum point tracking was done using
a home-developed program, which would keep the devices at
the maximum power point by creeping oscillation in voltage
and which would measure a full /-V curve every 60 minutes.
The devices were placed inside an in-house-developed airtight
sample holder, which allowed them to be kept under an inert,
nitrogen atmosphere. Additionally, the backside metal electrode
of the devices was placed against a Peltier element, which with
the use of a PID controller would keep the actual temperature
of the device at 20 °C regardless of the illumination or ambient
temperature.

Intensity modulated photocurrent spectroscopy was performed
using Autolab PGSTAT302N according to the procedures reported
previously.®®

This journal is © The Royal Society of Chemistry 2017
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Time of flight secondary ion mass spectrometry (ToF-SIMS)

Samples were prepared with the following configuration: on top
of patterned FTO glass, 10 nm of a compact Al,O; layer was
deposited. Subsequently, a 500 nm layer of CH;PbBr; was
deposited by spin-coating and a 200 nm-thick layer of PbI,
was thermally evaporated. Finally, a 50 nm layer of MoO; and
the Au electrode were thermally evaporated. Two electronically
separated devices (pixels) were fabricated on each substrate.
Both pixels were heated to 70 °C under nitrogen atmosphere
and ambient light conditions. One pixel was cycling biased
(£2 V with 1 hour period) for 16 hours. During biasing the
currents flowing through the pixel remained below 1 mA em 2.
ToF-SIMS was performed on biased and control pixels according
to the method previously reported.'*

Drift diffusion simulations

The complete drift diffusion model was published by Richardson
et al. elsewhere.** The details of the calculation are reported in
the ESLT
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Perovskite solar cells performance parameters

Device | Voc Jsc FF PCE
(V) | (mA cm?) (%)
1134 23.4 0.75 ] 20.3
1140 233 0.76 | 19.8
1104 22.4 0.78 | 20.2
1117 22.8 0.76 | 20.1
1116 23.0 0.74 | 19.8
1117 22.8 0.76 | 20.2
1109 23.5 0.75 ] 20.2
1103 22.6 0.77 | 19.8
1083 22.2 0.74 | 18.8
1107 23.2 0.77 | 20.7
1106 23.0 0.76 | 20.4
1107 23.1 0.73 | 19.4
1092 23.3 0.75 | 19.7
1110 23.2 0.73 | 19.4
1097 23.2 0.73 | 19.3
1110 23.1 0.75| 20.0

I N I I e = N=l e BN T o V] BN (O S

We selected the best performing devices prepared over a period of 6 months following the same
preparation procedure described in the Experimental Section of the main text. Device open-
circuit voltage (Voc), short circuit current (Jsc), fill factor (FF) and power conversion efficiency
(PCE) were extracted from the current density-voltage (J-V) curves collected under simulated
solar light. The light source was a 450 W xenon lamp (Oriel) equipped with a SchottK113
Tempax sunlight filter (Praezisions Glas & Optik GmbH) to match the emission spectrum of
the lamp to the AM1.5G standard. Before each measurement, the exact light intensity was
determined using a calibrated Si reference diode equipped with an infrared cut-off filter (KG-
3, Schott). The J-V curves were recorded by scanning the voltage at 0.01 V s! rate from forward
bias to short circuit conditions with no preconditioning such as light soaking or holding the
device under forward voltage bias beforehand. The cells were masked with a black metal mask

(0.16 cm?) to estimate the active area and reduce the influence of the scattered light.
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Reversible losses in SnO2-based mesoporous and planar perovskite solar cells
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Similar to what reported in the main text for mesoporous TiOz-based device, the reversible
losses can be measured also for mesoporous and planar SnO».based perovskite solar cells.

Mesoporous and planar SnO:z-based perovskite solar cells preparation: aluminum doped
zinc oxide coated glass slides (Zhuhai Kaivo Optoelectronic Technology Co.) were cleaned by
sonication in deionized water for 15 minutes. After rinsing with ethanol the substrates were
again sonicated with isopropanol and rinsed with acetone. The substrates were treated with
UV-o0zone for 5 minutes and a 30 nm thick SnO> was deposited by spray pyrolysis at 450°C
from a precursor solution of butyltin trichloride (250 mM) in anhydrous ethanol. For planar
SnO> devices perovskite was spincoated directly on top of the SnO> compact layer.
Mesoporous SnO> electrodes were synthesized using a structure directing block-copolymer. A
tin oxide precursor sol was prepared by dissolving poly(1,4-isoprene-b-ethylene oxide) (25 mg,
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Polymer Source, Mn: PIp(50000)-PEO(12000), Mw/Mn: 1.05) in tetrahydrofuran (1 mL), after
which tin(IV) chloride pentahydrate was added (80 mg) and stirred for 30 minutes. The
resulting solution was spin-coated (4000 rpm, 10 s) onto the substrate. The films were annealed
on a programmable hotplate (2000 W, Harry Gestigkeit GmbH) using a 45 minutes ramp to 450
°C followed by a dwell time of 30 minutes to remove the block-copolymer template and
crystallize SnO». Perovskite films were deposited from a precursor solution containing FAI (1
M), Pbl: (1.1 M), MABr (0.2 M), PbBr2 (0.2 M) and CsI (0.075 M) in anhydrous DMF:DMSO
4:1 (v:v). The perovskite solution was spin-coated in a two-step program at 1000 and 6000 rpm
for 10 and 20 s respectively. During the second step, 100 uL of chlorobenzene was poured onto
the spinning substrate 5 seconds prior the end of the program. The substrates were then
annealed at 100 °C for 1 hour in a nitrogen glove box. Subsequently, the substrates were cooled
down for a few minutes and a spiro-OMeTAD (Luminescence Technology) solution (70 mM
in chlorobenzene) doped with bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI,
Aldrich), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)tris(bis(tri
uoromethylsulfonyl)imide) (FK209, Dyenamo) and 4-tert-butylpyridine (TBP, Aldrich) was
spun at 4000 rpm for 20 s. The molar ratios of additives for spiro-OMeTAD were: 0.5, 0.03
and 3.3 for Li-TFSI, FK209 and TBP, respectively. Finally, 80 nm of gold was thermally
evaporated under high vacuum on top of the device.
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Reversible losses in inverted perovskite solar cells
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Similar to what reported in the main text for mesoporous TiO»-based device, the reversible
losses can be measured also for so called inverted perovskite solar cells.

Inverted perovskite solar cells preparation: fluorine doped tin oxide (FTO) coated glass
slides (Sigma-Aldrich) were cleaned by sonication in 2% Hellmanex soap solution for 15
minutes. After rinsing with deionized water and ethanol the substrates were again sonicated
with isopropanol and rinsed with acetone. The substrates were then treated with UV-ozone for
5 minutes and brought into a nitrogen filled glovebox. A PTAA (EM Index, 15 mg/ml in
toluene) solution doped with bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Aldrich)
and 4-tert-butylpyridine (TBP, Aldrich) was spincoated on top of the FTO at 2000 rpm for 30
s. Perovskite films were deposited from a precursor solution containing FAI (1 M), Pbl> (1.1
M), MABTr (0.2 M), PbBr2 (0.2 M) and CsI (0.075 M) in anhydrous DMF:DMSO 4:1 (v:v). The
perovskite solution was spin-coated in a two-step program at 1000 and 6000 rpm for 10 and 20
s respectively. During the second step, 100 pL of diethyl ether was poured onto the spinning
substrate 5 s prior to the end of the program. The substrates were then annealed at 100 °C for
1 hour in a nitrogen glove box. Subsequently, the substrates were cooled down for a few
minutes and a PCBM solution (20 mg/mL in chlorobenzene) was spun at 2000 rpm for 60 s.
Finally, 80 nm of gold was thermally evaporated on top of the device.
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Organic cation depth profiles by time of flight secondary ion mass spectrometry (ToF-
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Time of flight secondary ion mass spectrometry (ToF-SIMS) depth profiles comparing traces
ofa Ir", b Bra', ¢ CNions for biased and control pixels of the sample shown in Figure 2 in the
main text. d and e show the same traces ploted in separate graphs for control and biased pixels
respectively. The SnO™ ions coming from the fluorine doped SnO> (FTO glass) are used as a
reference and all traces are normalized to their maxima.
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Energy dispersive X-ray spectroscopy (EDX) depth profiles

a b c Control
124 —o— Control, | - - - Sn Reference 1.24 —o— Control, C - - -Sn Reference 12{——Br - - —Sn Reference
—o— Biased, C
1.0 =
’
o u ‘ o
b 3 ' S
| 5 o8 3 )
E E \ g E
8 -] 1 -1
= s ' =
z z 3 z
£ E o ’ =
b= = O ‘ £
'
’
- et
i e e il - -
o 10 20 30 40 50 50
Depth /au.

d e f

Intensity / normalzed
[ntensity f normalzed
Intensity f normalzed

Energy dispersive X-ray spectroscopy (EDX) depth profiles showing the traces of a I, b Br, d
C and e N in biased and control pixels of the sample shown in Figure 2. ¢ and f show the same
traces plotted in separate graphs for control and biased pixels respectively. The Sn signal
coming from the fluorine doped SnO: (FTO glass) is used as a reference. The traces are
normalized to their maxima. Some of the traces from the biased pixel are interrupted. EDX
was performed with Zeiss Merlin. Prior to cutting the sample was coated with carbon to avoid
charging effect.
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Electrolyte Solution
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Layer Thickness, Porosity
Working Electrode Glass
Counter Electrode Type
Data File Name

IPCE Spectrum

Lock-in Freq.(Time Const), Gain

Calibration File

: Tue, Sep 13, 2016/10:31:14 AM
: Si diode

10.16 cm2 . . . .
: Xe 300W, Coaxial @ 4Hz, with 1% LED bias Intensity

: PT-ST-1JJ-1_ Sep 13, 2016#01
: From 350 nm to 800 nm in 10 nm steps

: 4 Hz (0.03s), x1000/500 mV

: MacIntosh HD:Igor Applications:DataScan Data:cal Mon 9 May 2016

L —

N~

500 600
Wavelength [nm]
IPCE @ 540 nm (init) is 99.7 %
IPCE @ 550 nm (meas) is 96.8 %
PCE @ 700 nm (meas) is 84.2 %

700
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At 0 mV bias, with 1% Light Bias the Integrated Current from 350 to 800 nm for:

Solar AM 1.5 G : 1000 W /m” is 22.09 mA/v;;m2
Xe lamp: 450W/113 : 1000W
Osram: 18W/T8/840 @5001x
Osram: 18W/T8/827 @5001x
Osram: 18W/T8/930 @5001x
White LED M111: 1000W

is 70.7 uA/cm2
2

is 53.1 pA/cm
2

is 55.6 pA/cm
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1. Equivalent circuit representation of the PSC based
on drift diffusion modelling

The purpose of this section is to predict the capacitance of the perovskite layer in a PSC,
based on three different hypotheses for ion vacancy motion, and to use the results to com-
pare to experimentally generated spectroscopy data. This comparison will, in turn, allow
a comparison of hypotheses for ion vacancy motion. Based on DFT calculations [3] it is
usually assumed that the most mobile vacancy species in the perovskite methylammonium-
lead-trihalide are the positively charged halide vacancies and it is suspected that the motion
of negatively charged methylammonium vacancies, though considerably less mobile than the
halides, may still influence processes occurring on timescales of the order of 1s-10000s. In
Richardson et al. [5] drift-diffusion models of vacancy motion are used to show that charge
resides in narrow Debye layers, of the width around 2nm, at the edge of the perovskite
layer and that away from these layers, in the perovskite bulk, there is almost exact charge
neutrality with a balance between positive and negative vacancies. Charge neutrality in
the perovskite bulk means that, with the exception of the Debye layers, the electric field is
uniform (but may vary in time) throughout the perovskite. Significant charge densities in
the Debye layers (caused by disparities in the concentrations of positive and negative ion
vacancies) lead to rapid changes in the electric potential within these narrow regions and
corresponding potential drops from one side of the Debye layer to the other. The behaviour
of the device is thus almost entirely controlled by ion vacancy motion into and out of the
Debye Layers.

If the mobile ion vacancies can redistribute themselves within the Debye layers more
rapidly than changes occur to the external conditions (e.g. the applied potential) then, to a
good approximation, the behaviour of the Debye layer can be characterised by a nonlinear
capacitance relation [5], of the form @ = Qg4 (Va), which relates the charge @ stored in the
layer to the potential drop Vg across it: defined as the potential in the perovskite, just inside
the Debye layer, minus the potential in the adjacent blocking layer. Denoting the potential
drop across the Debye layer at the interface with the electron transport layer (ETL) as V_
and that across the Debye layer at the interface with the hole transport layer (HTL) as V.
we see that the total potential drop across the two capacitances is V, — V_. If the charge in
HTL Debye layer is defined as () then charge conservation implies the charge stored in the
ETL Debye layer is —Q). In order to determine the capacitance of the entire perovskite layer
we need to consider the capacitance of both Debye layers in series. It follows that

Q= Qa(Vy), and —Q = Qu(V-)

By defining the inverse of the function Qg (V) as Vyg(Q) it is possible to see that the total
potential drop across both Debye layers V. =V, —V_ is

V(@) = Va(Q) — Va(—Q). (1)

The Debye layer capacitance C' is then given by C(Q) = 1/V.(Q), where the prime denotes
the derivative of the function V.(Q).
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The electrical behaviour of the cell can be described by the equivalent circuit shown in
figure 1. Here the lower branch of the circuit (in red) provides the description of the vacancy
motion within the perovskite and consists of a nonlinear capacitor (accounting for charge
accumulation within both Debye layers) in series with a linear resistor which accounts for
the resistance to vacancy motion within the perovskite.

Different capacitance relations are obtained depending on the assumptions made about
the vacancy mobilities. At one extreme the assumption made in Richardson et al. [5] (which
we term hypothesis (a)) is that, on the timescales of concern, the negatively charged methy-
lammonium ions are completely immobile while the positively charged halide vacancies redis-
tribute quickly within the narrow Debye layers into quasi-equilibrium configurations. These
assumptions are backed up by the estimates of Eames et al. [3] for the activation energies
required to move vacancies from one site on the perovskite crystal to an adjacent one (which
suggest a much higher mobility for halide vacancies than for methylammonium vacancies).
In [5] it is shown that this hypothesis leads to the following capacitance relation for a single
Debye layer:

_Va
Vr

AEVT . Va/V: 12 .
QuaVa) = sign(Vyg) |2 ( e”®/'T — 1 , Hypothesis (a) (2)

Lq
where Vy is the potential drop across the Debye layer, ¢ the permittivity of the perovskite,
Vr the thermal voltage, A the area of the cell and Ly the Debye length. In order to determine
the capacitance of both Debye layers in series this relation is inverted to obtain V(@) which
in turn is substituted into the relation (1) to obtain the total potential drop across both
Debye layers V. as a function of the charge () stored in them.

At the other extreme is the hypothesis that both sets of vacancies are sufficiently mobile
so that they can redistribute quickly in the Debye layers into quasi-equilibrium configurations
(which we term hypothesis (c)). This leads to a capacitance relation (as shown, for example,
in [4]) for a single Debye layer of the form

AV sinh < Va

=2v?2 e —
Qa(Var) V2 I, 2y

) , Hypothesis (c). (3)

Once again the total potential drop across both Debye layers V. can be determined as a
function of the stored charge @ by inverting this relation (to obtain Vy(Q)) and substituting
into (1).

The spectroscopy experiments conducted in this work require that both the external
illumination and the applied voltage are changed to their base values and then left for a
period of 300s, in order to allow the vacancy distributions time to settle to an equilibrium
within the PSC (it is somewhat doubtful whether 300s is sufficient to allow both sets of
vacancy distributions to fully equilibriate). After this settling period a small oscillatory
oscillation to the illumination is applied, with frequency in the range 10-10°Hz, and the
oscillatory response of the current flow to this perturbation in the illumination is measured
and used to infer the dependence of the capacitance of the device on the base applied voltage
V. The experiment is thus conducted on two very different timescales: the settling timescale
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Figure 1: (a) The full nonlinear equivalent circuit (with nonlinear capacitor). (b) The linear
equivalent circuit used to calculate the response to the addition of a small perturbation
isre(t) to the photovoltaic generated current. Potential drops across various segments of the
circuits shown by dashed lines with arrows.

of 300s and the spectrascopic timescale of less than 0.1s. This disparity in the experimental
timescales leads us to pose an alternative vacancy motion hypothesis that may be appropriate
to the spectrascopic experiments (we term this hypothesis (b)) and which is intermediate
between hypotheses (a) and (c). In this scenario it is assumed that both vacancy species
(halide and methylammonium) are sufficiently mobile so that they equilibriate within the
Debye layers within the 300s settling period, but that on the much shorter spectrascopic
timescale the methylammonium vacancies are effectively immobile (being frozen into the
configuration obtained after the 300s settling period) while the more mobile halide vacancies
are still mobile enough to equilibriate within the Debye layers, even on this short timescale.
This hypothesis leads to the following linear capacitance relation relating the charge @ stored
in the Debye layers to the total potential drop V. =V, — V_ across both layers

QV,) = 1@VC, Hypothesis (b). (4)
2 Ly

In figure 2(c) (main text) the total capacitance of both Debye layers, as defined by

C(Q) = 1/VQ), is plotted for all three hypotheses as a function of V' the potential drop

across the cell at steady-state (here V., the total potential drop across both layers, is equal

to the total drop across the cell so that V. = V,; — V). Notably hypothesis (a) gives a

capacitance that increases with V' while hypothesis (c) gives one that sharply decays with

increases in V.

1.1 Derivation of the linearised equations describing the spec-
troscopy measurements

In the light intensity modulated spectroscopy experiments conducted whose results are plot-
ted in figure 2(b) a steady source of illumination is applied to the cell at constant applied
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voltage V,, and only after the experiment has been running for 300s is a small oscillatory
perturbation to this light source applied. The aim of the following discussion is to predict
the small oscillatory response of the current I produced by the device in response to the
perturbation of the light source as a function both of the applied voltage V,, and of the
frequency w of the perturbation. In order to do this we first consider the response of the
device to the initial steady illumination source before linearising about this base state to
derive a set of linear equations that can be used to analyse the response of the device to the
oscillatory perturbation in light intensity.

A nonlinear equivalent circuit model for the PSC. An equivalent circuit description
of the device, which is based on the asymptotic solution of a charge transport model for
ion vacancy motion and electron and hole transport within a PSC given in [5], is shown
in figure 1(a). In this description there are three components in parallel (i) the current
source arising from photovoltaic generation, (ii) a diode that models recombination between
electron and holes within the device and (iii) two nonlinear capacitors in series with a resistor
that represent the flow of ion vacancies through the perovskite layer and in (and out of) the
Debye layers on its edge.! The resistor in series with these three components can be assigned
to the resistance of the contacts and the blocking layers. The total current I flowing through
the circuit is thus the the sum of the currents flowing through the 3 components in parallel

I = ISTC+]d+Ii0n7 (5)

where I,..(t) is the current source (a known quantity), /; the current flowing thorough the
diode and I;,, that flowing through the nonlinear capacitors and resistor in series. We
characterise the two nonlinear capacitors in series by a single capacitance relation, as in
(2)-(4) above, of the form

Q=09(V.)  orequivalently by its inverse V. = V(Q). (6)

Here () is the charge stored on the capacitors and V. =V, — [;, R; is the total potential drop
across the capacitors (in figure 1(a) a single capacitor with the properties of both capacitors
in series is shown). On denoting the potential drop across the components in parallel by V),
we obtain the following current voltage relations between I, and V,:

Vp = V(Q) + IionRi7 (7)
dQ
E [iona (8)

representing a sum of the potential drops across this arm of the circuit and conservation of
charge within the capacitors, respectively. The current-voltage relation for the branch of the

Tt is relatively straightforward to see how the first and third of these components ((i) and (iii)) can be
related to the asymptotic solution to the charge transport model give in [5], it is less clear that the electron-

hole recombination can be described by a single diode (as in (ii)) but this is the usual way to represent this
phenemenon in an equivalent circuit.
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circuit containing the diode we model with a standard diode equation, namely

=1, (exp (— A}’%) - 1) , ()

where here V7 is the thermal voltage, Zy is the reverse saturation current and N the ideality
factor of the diode. Finally we sum the potential drop across the series resistor (resistance
R,) and that across the components in parallel and equate this to the total potential drop
across the device V; — V' to obtain

V,+ IR, =V —V, (10)

where here Vj; is the built in voltage and V' the applied potential (this terminology follows
the convention in [5]). Equations (5)-(10) comprise five equations for the five unknowns V,,
Lion, 14, I and @ (here I, and V are specified).

The steady-state. We start by looking for a steady solution to the equivalent circuit
model (which we denote by a tilde) for the situation when both the voltage V' and the
photovoltaic generated current [,. are held constant before linearising about this steady
solution in order to model the situation in which there is a small sinusoidal perturbation is
added to the photovoltaic generation term. At steady state the ionic current flow through
the lower branch of the circuit is zero

Iion

0. (11)

The potential difference across the components in parallel f)p, and across the capacitor V,,
can be determined from (10) and (11), and are given by

V() =V =V —IR,, V.=V, (12)

It follows, from (5) and (9), that the steady-state current I is determined by the solution to

the following equation
; (1)
I =1I.—1 — -1 13
oo (542) 1) ®

The steady state charge on the capacitor Q, obtained from the capacitance relation (6), is

Q= 9(V,(1)). (14)

Linearising about the steady-state for small perturbations to the photovoltaic
generation. Linearising the governing equations (5)-(10) about the steady-state solution
leads to simplified equations for the perturbation induced by a small oscillation is,..(t) to the
photovoltaic generation term of the form

Isrc - fsrc + Z‘src(t) (15)
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This linearisation is achieved by writing the solution in the form

V(I _
[d = _ZO (exp (Az/)’i/')> B 1) + Z.da Iion = iion; I=1+ Ly
T

Q= Q(f)p(f)) +q; Vp = f)p(i) + Up,

where the quantities iq, %on, ¢, v, and ¢ (all denoted by small letters) are small perturbations
to the steady solution induced by i..(t). Substituting (16) into the equivalent circuit model
(5)-(10) and linearising about the steady solution leads to the model

L= Z'src + 7;ion + id7 Up + LRS = Ov Up = Z'de(f}p(I))’ (16)

Ri diiOn + ~1 = Z.ion - %
d oW, ) dt

This model is equivalent to the linear equivalent circuit depicted in figure 1(b). Here the
linear resistance R4 and the linear capacitance C' are both functions of the steady state
potential across the components in parallel V,(I) = Vj; —V — I R, and are defined by

RaVy() = 25 exp (‘jv(v”) . COMD) = (D) (19

where Q'(-) is the derivative of the function Q(-).

1.2 Solution of the linear model for sinusoidal perturbations to
the photovoltaic generation

In order to mimic the light intensity modulated spectroscopy experiments carried out in the
experimental part of this work we seek a solution to the linear equations (16)-(17) in which
the perturbation to the photovoltaic generation is sinusoidal with the form

isre(t) = ig exp(iwt).

Substituting this forcing term into (16)-(17) and solving leads to the solution

o = —ioM (w0, V) expliwt), vy = —io—2 B4 a0, V) explint),  (19)
R, + Ry
iy = —iojj:&l(l = MW, V) explit), 1= io(1 — M(w, V))Rj_dm exp(iwt), (20)
where
_ 22
M(wJ/) B (Rz +Ref) Refw C ; Rewa (21)

14 (R4 Rep)’w?C? 1+ (R + Rep)’ w2C?
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where the capacitance C' and the effective resistance Ry, as defined by

R,Ry(V,)

Ref(Vy) = ———P
f( p) Rs+Rd(Vp)

(22)

are both functions of V, = Vi; — V — I(V)R,, and thus of V.
The key part of the solution requited to compare to the experimental results (plotted in
figure 2(b)) is the imaginary part of ¢ exp(—iwt), which on using (20b), can be written

Im (cexp(—iwt)) = — [ — ) 23
exp(=i) (Rs) 1+ (R; + Rey)” w2C? (23)
This function has
i dulus of iRz f ! (24)
a maximum modulus of ————— for W= ————.
2R, (R; + Rey) C(Ri+ Rey)

The maximum of the imaginary part of the perturbation to the current only depends on the
applied voltage V' through R.y, via (12), (18) and (22). It is clear that as V' increases from
zero to the built in voltage Vj; so the linear resistance of the diode R4 decreases extremely
rapidly (as expected). Typically the linear resistance of the diode is very large near short-
circuit (V' = 0) but become comparable with the series resistance R, near open-circuit (close
to V' = V;). Thus for sufficiently small V' the effective resistance Ry ~ R, since Rq > R,.
As V increases there is then a small region of voltage in which Ry is comparable to R, and
then for larger applied voltages (where R; < Rjy) the effective resistance is approximated
by Res &~ Rq. The function R.¢(V) is thus a smoothed off step function which transitions
from values close to R,, for small enough V', to values close to zero, as V' increases beyond
a certain critical size. This type of behaviour is reflected in the experimental results plotted in
the main paper figure 3(a). Here the maxima at V' = —0.2, 0.2, 0.7 Volts are all very similar
(presumably because R.;~ R, for smaller values of V') however that for V= 0.9 Volts, which is
close to V= Vj;, is about a factor of 10 smaller which could be explained by a considerably
smaller value of R.sat this higher voltage. According to this theory the dependence of the
experimental results on the capacitance of the Debye layers C', as the applied voltage V is
changed, is reflected only through the position of the maximum as a function of frequency w.
In figure 3(a) of the main paper it can be seen that for the lower applied voltages (V= —0.2,
0.2, 0.7 Volts) the position of this maximum changes little but for V' = 0.9 Volts it is
considerably decreased below that of the other voltages. This suggest that C' must be an
increasing function of V' (since (R; + Res) decreases, albeit probably only marginally, with V).
The only hypothesis consistent with this is hypothesis (a), reflected in the capacitance relation
(2) and plotted in figure 3(b), which asserts that even on the long settling timescale of 300s
there is minimal movement of methylammonium vacancies.
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Model Poisson drift-diffusion equations

The model cell is made up of a n-type layer in x < —1, a perovskite layer in —1 < x < 1 and a p-type
layer in « > 1. The central assumptions used in the model will be: (i) that the blocking layers are sufficiently
highly doped that their Fermi levels are flat (this justifies the use of Ohmic boundary conditions on th hole
density at x = 1 and electron density at z = —1), and; (ii) that the electric field/potential is determined by
the solely by the ion distribution and not the electrons/holes (this justified by the observation that there are
orders of magnitude more ions than electronic charge carriers).

The ion problem: The equations that determine the distribution of positively charged defects (e.g. halide
vacancies), P, and the electric potential, ¢, are

oP 9 (0P _0¢
920 Ny—P
2= e @

where, Ny is the (fixed) density of the immobile negative vacancies (e.g. cation vacancies), A is a small (di-
mensionless) parameter whih we term the normalised Debye length and Dy is the (dimensionless) diffusivity
of negative defects.

Suitable boundary and initial conditions specify zero flux of positive defects at each boundary of the
perovskite layer, a specified change in potential across the perovskite layer and that the initial density of
positive and negative defects should be the same (thus ensuring net charge neutrality of the material). We
therefore write

oP 0
~Da <$ * Pﬁif) em— 141 0, 3)
Glo=—1= (Vo = V)/2, (€]
Alo=tr1=—Vos — V)/2, (@)
Pli—o = No. (6)

Here, V3; and V' are the built-in and applied voltages respectively, and (roughly speaking) 0 < V < V;;
corresponds to the power-generating regime.

The electronic problem: Once the ion problem, (1)-(6), has been solved we then determine the electronic
current by solving the following system for the electron, n, and hole concentrations, p. The electric potential
is, for the purposes of the solution of this system, taken to be a known function that was determined previously
by solving the ionic problem. Since we are primarily interested in the dynamics on the timescale of ionic
motion (much longer than the timescale for electron and hole motion), it is sufficient to solve only for the
steady-state distribution of charge carriers. The equations are

0 0

P (Fi*pﬁi)+G<x)—R<n,p,N,P>:07 )
0 0

- (aﬁ - ”a£> 1+ G(2) — R(n.p.N.P) =0, ®)
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where D and D_ are the (dimensionless) diffusivitities of holes and electrons respectively, R(n, p, P) is the
recombaintion rate (which we will specify later), and G(x) is the photo-generation rate. Suitable boundary

conditions are Ohmic conditions on n and p at * = —1 and & = 1 respectively, accompanied by no flux
conditions on n and p at 1 and x = —1 respectively:
n|z=—1 = no, ©))
dp o
Dy | — —— =0, 10
+ (636 +p8x> r=—1 (10)
pla=1 = po, an

=0. (12)

x=1

on ¢
P (% - “%)

The current, J, is then give by the hole flux minus the electron flux; that is

3 on  9¢ op 09

The sum of equations (7) and (8) implies that this current is constant through the perovskite layer, and so the
value of J may be determined by evaluating the right-hand side of (13) atany —1 < x < 1.

Recombination rate: The results shown here were computed for a recombination rate R(n,p, N, P) =
y1np + v2n N, where v, and ~» are constants. The model therefore accounts for two different recombination
pathways. The first corresponds to traditional bimolecular recombination, at a rate proportional to np, whilst
the second account for electron-dominated recombination via the cation vacancies at a rate proportional to
nN. It is worth noting that qualitatively similar solutions are obtained for any recombination rate has the
form R(n,p, N, P) = 4. R1(n,p) + 42nN, where Ry could he Shockley-Reid-Hall, bimolecular, or direct
recombination rates.

Computations: Solutions of the model equations were obtained using the chebfun software. More details
on the using this software to solve similar Poission drift-diffusion systems can be found in [Foster et. al.,
SIAM J. Appl. Math, 74(6):1935-1966 (2014)].

Results — short circuit current decay: The model results in figure 4 were obtained by first solving (1)-(6)
with: (i) the applied voltage V held fixed in either forward or reverse bias long enough for the P and ¢ to
reach a steady-state; (ii) V' was abruptly switched to zero and the resulting transients of P and ¢ were solved
for, then; (iii) the equations for the electrons and holes, (7)-(12) were then solved taking ¢ as predicted by
solving the transient problem in stage (ii). Finally; (iv) the current is computed (as a function of time) using
(13).
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Chapter 8 Mobile Ions Explain Workings of
Perovskite Photodetectors: Analyzing the In-
terplay between Photoconductivity and
Voltage-Driven Energy-Level Alignment

The discovery of mobile cations and reversible degradation added another perovskite-
specific feature alongside the already well-documented current-voltage hysteresis, which is
now widely believed to be caused mostly by mobile ions in the perovskite.'?>13% |n this work |
discovered that mobile anions, that migrate to the perovskite/FTO interface, can alter its ener-
getics allowing for a direct hole injection into perovskite under reverse bias. This behaviour en-
ables the devices to work as a photoconductive diodes with a high internal gain.*!

THE CONTEXT

This chapter is based on a peer-reviewed paper published in Advanced Functional Materials in No-
vember 2015 entitled:

Working Principles of Perovskite Photodetectors: Analyzing the Interplay between Photoconduc-
tivity and Voltage-Driven Energy-Level Alignment

authored by:

Konrad Domanski, Wolfgang Tress, Thomas Moehl, Michael Saliba, Mohammad Khaja Nazeeruddin
and Michael Gratzel.

My contribution:

| led the project, performed all measurements, prepared the figures, wrote the manuscript and
made most of the devices used for this study.
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Working Principles of Perovskite Photodetectors: Analyzing
the Interplay Between Photoconductivity and Voltage-

Driven Energy-Level Alignment

Konrad Domanski, Wolfgang Tress,* Thomas Moehl,* Michael Saliba,

Mohammad Khaja Nazeeruddin, and Michael Gritzel

Organic-inorganic lead halide perovskites have recently received significant
attention as active materials for high-performance photovoltaics and photo-
detectors. However, the understanding of their operation mechanism remains
limited. High-gain, low-voltage CH;NH;Pbl; photodetectors in various
architectures are demonstrated herein. Photomultiplication in all structures
with direct contact of fluorine-doped tin oxide (FTO) and perovskite with the
highest responsivity 208 A W~" corresponding to an incident photon-to-
current efficiency of 47 000% is observed. Studying the dynamics and temper-
ature dependence, a slow process with an activation energy of 420 £ 90 meV
in the time scale of seconds is found, which is essential to photocurrent
multiplication. A model based on ion migration to explain the observed tran-

conversion efficiencies of 20.1% have
been achieved within only five years of
development.””)  Recently, it has been
demonstrated that organic-inorganic lead
halide perovskites are also suitable candi-
dates for high-performance photodetec-
tors.'126) Photodetectors, which convert
incident optical signals to electrical sig-
nals, are key components for optical com-
munication, photography, environmental
sensing, medical analysis, astronomy,
and safety equipment!?’l An important
class of photodetectors are those exhib-
iting intrinsic photocurrent amplification

6936  wileyonlinelibrary.com

sients and the photomultiplication is developed. The accumulation of nega-
tive ionic charge at the FTO/perovskite interface under reverse bias lowers
the FTO work function allowing for direct hole injection into the perovskite
valence band. Under illumination, the conductivity of perovskite is increased

and the device behaves similar to a photoconductor.

1. Introduction

Solution-processable organic—inorganic lead halide perovskites
with the formula CH;NH;PbX; (where X is Cl, Br, or I) have
attracted significant attention as new optoelectronic materials
for photovoltaics,®l photodetectors,*'*) phototransistors, 32l
light emitting diodes (LEDs),?!) and lasers.?223]

The perovskite materials were shown to possess favorable
properties for photovoltaic applications,?l and electrical power
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(gain) meaning that an incident photon
triggers an electrical current flow provided
by numerous electrons. Gain increases the
sensitivity of the detector making it suit-
able for applications such as receivers in
optical fiber communication, high-resolu-
tion imaging, single photon counting, and
laser microscopy.?®!

Hu et al. demonstrated the first embodiment of a
CH;NH;PbI;-based photodetector by employing a lateral geom-
etry with a perovskite-filled channel between a pair of conduc-
tive contacts.>™ This photodetector architecture exhibited
gain of several tens under illumination and reverse bias. The
authors suggested that a modified Schottky barrier at the gold/
perovskite interface gave rise to electron injection resulting in
the observed gain.'2l More recently, Lee et al. presented a hybrid
perovskite—graphene photodetector employing field effect tran-
sistor geometry, which despite the slow dynamics and a non-
linear response, exhibited gain of several hundreds.'¥] Adding
further to this, Dong et al. introduced a vertical stack geometry
device and showed a high gain of =500 along with fast response
time.['!l The observed photomultiplication was suggested to
originate from trapped photogenerated holes inducing band
bending, which reduces the Schottky junction thickness at the
MoO;/perovskite interface and allows the electrons to tunnel
through the barrier.

While previous work has focused on the performance metrics
of perovskite photodetectors, the understanding of their oper-
ating principles is still limited. In this work, we present a ver-
tical stack geometry CH3NH;Pbl;-based photodetector operated
at a very low voltage (—0.6 V), which is characterized by a very
high average gain of 1300 and a peak incident photon-to-cur-
rent efficiency (IPCE) of 50 000%. We demonstrate that the
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Figure 1. a) Structure of the model device and b) schematic energy diagram of the hybrid perovskite photodetector.*® The work function of FTO is

not fixed, and it can be changed by interface modification as well as surface
HOMO: highest occupied molecular orbital. ¢) Dark and photocurrent den

different architectures. The ellipses represent standard deviation. Devices wi

treatments.Bg: work function, CB: conduction band, VB: valence band,
sity under 1 sun illumination as measured under —1 V for devices with
ith 11 different architectures and an overall more than 100 devices were

fabricated. BL: blocking layer; MP: mesoporous scaffold. The data can be found in Table S1 in the Supporting Information.

only prerequisite to obtain high gain in this type of devices
is a direct contact between CH;3;NH;3PbI; and fluorine-doped
tin oxide (FTO), which shows the versatility of perovskite as a
material for high-performance photodetectors.

We investigate steady-state and dynamic behavior of the
photodetector with respect to illumination and operating
voltage. We find that both, a reduction of the hole injec-
tion barrier at the FTO/perovskite interface under reverse
bias and an enhancement of conductivity of the perovskite
film under illumination (photoconductivity) are essential
for the working mechanism. By investigating the tempera-
ture dependent dynamics, we find a characteristic activa-
tion energy of 420 + 90 meV for the process dominating
the dynamics of the current response. Our findings are con-
sistent with the movement of ionic species alongside elec-
tronic charge carriers within perovskite. By assuming that
these ions modify the electronic properties of the FTO/per-
ovskite interface, we provide a model for the operation prin-
ciples of the photodetector.
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2. Investigated Architectures

We investigated devices with an architecture similar to our pre-
vious design (Figure 1a).%°l On top of FTO-patterned glass, a
TiO, blocking layer (BL) was deposited by spin-coating, spray-
pyrolysis or atomic layer deposition (ALD). This was followed by
deposition of a mesoporous (MP) metal oxide scaffold (conduc-
tive TiO, or insulating Al,O;). Optionally, TiCl, treatment was
employed at this stage of device fabrication. The CH3;NH;PbI;
film was deposited using several different methods: interdif-
fusion of two perovskite precursors (Pbl, and CH3;NH;I)*
orthogonal solvent quenching,@ or perovskite precursor coe-
vaporation.”” Finally, the hole transporting material (HTM),
Spiro-MeOTAD, was spin-coated and Au contacts were ther-
mally evaporated. Employment of a BL, an MP scaffold, or an
HTM was optional and devices in various configurations were
studied. A schematic energy diagram of the model devices is
shown in Figure 1b. We note that the work function of FTO is
not fixed. Depending on the on the surface treatment, or more

wileyonlinelibrary.com
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precisely, on the surface adsorbates/ dipoles values between
—4.4 eV and 5.1 eV are reported. We used a UV-ozone pre-
treatment of the FTO, which typically results in a work func-
tion of —5.1 eV.31 However, we show later in this report that the
work function can be further shifted as a result of ions accumu-
lated at FTO/perovskite interface.

We compared the devices by analyzing their current density—
voltage (J-V) characteristics. A standard procedure involved
measuring dark J-V characteristics of the devices from 0 to
—1V (reverse), to +1 V (forward), back to 0 V with 200 mV s!
scan rate. This was followed by an analogous measurement
under white, 100 mW c¢m= LED illumination. A desirable com-
bination of parameters for the photodetectors was low dark and
high photocurrent under reverse bias conditions. We used dark
and photocurrent density values at —1 V potential as bench-
mark parameters to compare fabricated devices and to select
the best performers for an in-depth analysis. The summary of
our findings is presented in Figure 1c.

The J-V studies showed that devices with pinhole-free com-
pact, spray-pyrolyzed, or ALD-deposited TiO, BL do not exhibit
photocurrent amplification under reverse bias and hence they
do not work as photodetectors with gain. We note that already
2 nm thick compact BL deposited on TiO, MP completely sup-
pressed photocurrent amplification under reverse bias condi-
tions. Thus, creating an interface between FTO and perovskite
proves critical for the photodetector to exhibit gain. We found
that replacing a compact BL with a porous one with the same
thickness (deposited via spin-coating) introduced photocurrent
amplification (gain) under reverse bias conditions. The gain
was further increased when the BL was removed completely,
which is consistent with an increased FTO/ perovskite con-
tact area. On the other hand, the dark currents also increased
when the compact BL was replaced with a porous one and
they further increased when the BL was removed completely
(Figure 2a). Interestingly, dark currents of devices with 2 nm
thick ALD-deposited BL were very similar to dark currents of
devices employing no BL despite the fact that the former did
not show photocurrent amplification. Correspondingly, the

oleres
M ViewS
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shunt resistance (calculated from the slope of the dark current
at 0 V) decreased from =1 MQ cm? for devices with a compact
BL to =50 kQ cm? for devices with a porous BL, to =10 kQ cm?
for devices with ALD or without BL. This indicates that the BL
is sufficiently thin for electrons to tunnel through while at the
same time a direct contact between FTO and perovskite is pro-
hibited (due to the pinhole-free, conformal BL obtained from
ALD even for very thin films). This underlines once again the
importance of the FTO/perovskite interface for photocurrent
amplification.

The TiCl, treatment, which creates a 1-3 nm thick porous
layer of TiO,, was found to considerably reduce both dark and
photocurrent under reverse bias when applied on samples with
a porous TiO, BL. However, when applied on devices without
a BL and with MP TiO,, it reduced dark currents while not
affecting the photocurrent significantly, which again is in line
with the FTO-perovskite interface being responsible for a func-
tioning photodetector.

Furthermore, we compared devices with TiO, or Al,0; MP
scaffolds. Both scaffolds showed very similar J-V character-
istics. However, devices without MP scaffold suffered from
much increased dark currents (=8 times increase at —1 V bias)
while still showing only slightly lower photocurrents. In order
to exclude that the photocurrent amplification phenomena
originates from the perovskite/HTM interface, devices without
Spiro-MeOTAD layer (and without BL) were fabricated. Such
devices still functioned as photodetectors with gain (albeit
the gain was much lower than that for devices employing an
HTM). However, they suffered from =13 times increased dark
currents as compared to the devices with an HTM, which can
be explained by increased shunting due to a direct contact of
MP TiO, with gold.

Thus, we conclude that as soon as an intimate contact
between FTO and perovskite is present, the device can be oper-
ated as a photodetector with gain, regardless of the device archi-
tecture or the perovskite deposition method.

We found large variation in photodetector performance
of the devices with the same architecture not only between
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Figure 2. a) Dark J-V characteristics of devices with no BL, 2 nm thick
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different batches of devices but also within each batch (the
standard error on the photocurrent density at =1 V of 30 model
devices was 30%). However, we have not observed any instances
of devices without a compact BL, which would not function as
photodetectors with gain. Devices employing CH;NH;PbI; can
suffer from low reproducibility, which has been a subject of an
intense discussion within the photovoltaic community.?? In
general, we observed the highest reproducibility with devices
employing no BL and no MP scaffold, although their photo-
detector performance was limited because of high dark cur-
rents from shunting.

Following these findings, we fixed our device architecture for
the remainder of this study to a stack of FTO/TiO, MP scaf-
fold/CH;NH;PbI;/Spiro-MeOTAD HTM/Au (Figure 1a). The
CH3NH;PbI; film was deposited via two-step interdiffusion
method. We note that this particular architecture yielded the
highest-performing devices, however the average performance
was not the highest.

3. Device Characterization
3.1. Basic Steady-State Characterization

Measured in the dark, the perovskite photodetector exhibits
rectifying behavior. A solar to power conversion efficiency of
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6.2% is achieved under 100 mW cm™ simulated solar radiation
(Figure 2b). However, when the device under illumination is
biased in reverse direction, a strong increase in photocurrent
is observed, which allows the device to work as both a photovol-
taic cell and a high-gain photodetector depending on the direc-
tion of the applied bias.

The spectral response of the detector was characterized under
0 and —0.6 V reverse bias. As shown in Figure 3a,b, the detector
exhibits high performance across the broad spectrum covering
near UV and stretching the entire visible range, while being IR-
blind. The IPCE of the device at short circuit conditions falls
from =60% under 350 nm to =30% under 550 nm and =20%
under 750 nm illumination, which follows the absorbance of
the perovskite film (Figure S1, Supporting Information).

Another important parameter for photodetectors is respon-
sivity, which describes the ability of a device to respond to
optical signals and it is defined as the ratio of the photogen-
erated current and the incident light power (Py,)

Tonoto _ Linuminated = Laark
R=——=—7—"—""— (1)
Py P

Under short-circuit conditions the detector is characterized
by low responsivity of 0.18-0.11 A W' in 350-750 nm region.
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Figure 3. Optoelectronic response of the perovskite photodetector. a) IPCE of the perovskite photodetector (the inset in logarithmic scale), b) respon-
sivity at short-circuit conditions and under —0.6 V reverse bias. The inset shows the gain spectrum of the photodetector. c) Photocurrent and respon-
sivity dependence on light intensity. The lines are fits to a power law. d) Dependence of saturation intensity and LDR on the operating voltage.
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To contrast this, when the detector is operated under —0.6 V
reverse bias, a peak responsivity up to 200 A W' and IPCE of
50 000% is observed under 500 nm illumination. The gain spec-
trum of the detector can be calculated as the ratio of respon-

sivity at —0.6 V bias and at 0 V (short-circuit condition) bias:

R.osv — Ry
—0V s Gain of 1 indicates that for every pair of

gain =
photogeneratséd carriers, there is one additional carrier injected
to the perovskite and the overall current flowing through the
external circuit is doubled. The gain of the photodetector is
found to increase steadily from =720 to =1600 between
350 nm and 750 nm. This can be attributed to the more homo-
genous carrier generation within the perovskite layer at longer
illumination wavelengths due to a larger penetration depth of
the light, which decreases the resistivity of the perovskite more
homogeneously.

Linear dynamic range (LDR) describes an illumination inten-
sity range within which the current response of the detector
scales linearly with light intensity. It can be obtained as

Lupper = L
LDR =20log 7 &% @

lower I dark

where Ipper is the current value at which the response of
the detector deviates from linearity and Iy, is the lower
resolution limit. For practical applications, it is desirable
for a photodetector to have high LDR. However, the device
can also be operated outside LDR if its behavior is well
characterized.

Below the onset for the photocurrent amplification
around —0.2 V, the response of the detector is linear from
0.5 pW cm™ (noise limited) up to at least 100 mW cm™,
which results in LDR of at least 106 dB (Figure S2, Supporting
Information). However, when the device is operated under
photocurrent amplification conditions, the signal starts to sat-
urate already below the mW cm™ regime (Figure 3c). Photo-
current saturation in photoconductors is known to be related
to filling of sensitizing centers.1*}l Sensitizing centers are local-
ized states that are empty in the dark and that can capture
one type of photogenerated charges, which at low light inten-
sities, increases the overall conductivity of the semiconductor.
Under saturation (at higher light intensities), all sensitizing
centers are effectively filled. However, the saturation may not
be complete either due to the finite lifetime of charges gener-
ated above the saturation, or because recombination centers
are able to additionally capture some of the photogenerated
charges.?®l The saturation intensity of our detector was found
to increase substantially under higher operating bias (red line
in Figure 3d). Consequently, since the noise limit on the lower
end of the linear region (=0.5 pW c¢m™2) does not considerably
vary with operating voltage, LDR increases when the device is
operated under higher reverse bias showing an approximately
linear scaling with reverse bias (blue line).

Under —0.6 V reverse bias, we have measured a responsivity
of 208 A W1 (IPCE of 47 000%), which is among the highest
values reported for perovskite photodetectors.11131920 The
current response of the device was found to be linear with
irradiance up to 80 pW cm™ resulting in a LDR of 44 dB.
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We note a broad variability for the saturation intensity from
20 to 110 pW cm™2 with an average value of 58 pW cm™2 meas-
ured for six identically fabricated devices under —0.6 reverse
bias. The average responsivity of those devices was found as
135 £ 55 A W', The high variation in the performance of the
detectors is not unusual for optoelectronic devices employing
CH;3NH;3PbI; and it shows that a robust method to fabricate
perovskite photodetectors is still subject to ongoing research.

3.2. Transient Light Ir
Response

ity and Scan-Rate-Depend

P

The transient photocurrent response of the device was investi-
gated by biasing the device in reverse direction and exposing it to
60 s long pulses of 550 nm monochromatic light. Below the onset
for photocurrent amplification (also at J. and under forward bias),
the transient response of the detector is relatively fast (<10 ms) and
thus not resolved in the investigated timescale of seconds. When
the device is biased beyond the photocurrent amplification onset,
i.e. when the device is operated under photocurrent amplification
conditions, the dynamics become considerably slower and an ini-
tial overshoot in current is observed when the light is switched-
on (Figure 4a,b). This overshoot becomes less pronounced and it
peaks later when the voltage is further increased in reverse direc-
tion. Although we have observed this overshoot under any bias
past the amplification onset, at higher reverse bias the overshoot
may not be distinct enough to be identified easily. Subsequently,
when light is switched-off, the current decay is composed of two
components—a very fast one (not resolvable on the investigated
timescale of 10 ms) and a very slow one (on the order of seconds).
The nature of these two components is likely to be fundamentally
different and we hypothesize that the slow component arises due
to the movement of ionic species in the perovskite.** This tran-
sient behavior is fully reproducible (Figure S3, Supporting Infor-
mation) and the bandwidth of the detector is determined to be in
the sub-Hz region due to the very slow dynamics.

The current decay is slower when the light is switched-off
and the devices are operated under higher reverse voltage. The
amount of charge flowing through the device, after light is
switched-off can be calculated by fitting the decay curves and
integrating the area under them. We determine the charge to
be in the range of =mC cm™ (Figure 4c). This is significantly
higher than can be expected from the extraction of trapped
photogenerated electronic carriers (the trapped charge carrier
density would exceed the atomic density of the material) and
it implies a photoinduced long-lived rise in injection current
from the contacts, which decays on the timescale of seconds
after the light is switched-off. These slow transient phenomena
are due to a slow change either of the conductivity of the per-
ovskite or of the charge carrier injection rates at the contacts (or
a combination of both), which can be interpreted as a signature
of movement of ionic species within the perovskite layer and
will be analyzed later in this work.

The photodetector exhibits gain and can be operated as
such under any reverse bias greater than the photocurrent
amplification onset. However, the responsivity of the device is
highly dependent on the operating voltage. Figure 4d shows
that below the photocurrent amplification onset at around
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Figure 4. Light-transient response of the perovskite photodetector. a) Transient current response to 60 s long 0.53 mW cm™2 pulses of 550 nm light
under different reverse bias. The steady-state dark currents are subtracted for each bias; b) transient current response normalized to the steady-state
value at 60 s; c) integrated charge flowing after light is switched-off and d) dependence of responsivity on operating bias: under 0.53 mW cm2illumi-

nation and under illumination within LDR the inset in logarithmic scale.

—0.2 V, the responsivity of the device remains very low, which
translates to IPCEs below unity. Under higher reverse bias,
the responsivity measured within the LDR peaks at —0.6 V
before decreasing slightly. The decrease is due to the larger
relative contribution of the dark current under higher reverse
bias. Under higher illumination intensities (=0.1 mW cm™)
the decrease is not observed since the relative contribution
of the dark current is lower. Interestingly, the responsivity of
the device and the total charge flowing through it after light is
switched-off follow a very similar trend as a function of oper-
ating bias. This may suggest that a photoinduced long-lived rise
in injection current is the common origin of both photocurrent
amplification and the large amount of post-illumination charge
flowing through the device.

The onset of photocurrent amplification at around —0.2 V
is found to be independent of light intensity, light spectrum,
scan rate, or temperature. However, under reverse bias, past the
onset for photocurrent amplification, the slope and the shape of
the J-V curves are heavily dependent on the illumination inten-
sity (Figure 5), scan rate (Figure 6), and temperature (Figure 7),
as will become clear further down.
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dJ/dV is found constant between -1V and —0.6 V in forward scan d) dJ/dV

in the linear region as a function of illumination intensity when the detector is preconditioned at -1 V for 60 s. The linearity of conductivity with light

intensity indicates photoconductive behavior.

When scanning in backward direction, past the amplifica-
tion onset, the photocurrent increases sharply with voltage.
As the voltage is increased further, the photocurrent saturates
and starts to decrease. Scanning beyond this point results in
a large J-V hysteresis when the scan is then continued in for-
ward direction (cf. curves for intermediate light intensities in
Figure 5). In general, the further past the current peak the scan
is performed, the larger the hysteresis becomes. The trend was
found to hold for all of the devices tested and it is also observed
in the dark scans suggesting the independence of the phe-
nomena from light. On the other hand, the point at which the
photocurrent starts to saturate is dependent on the illumina-
tion intensity. In general, the higher the light intensity, the fur-
ther the saturation voltage shifts towards reverse bias direction
(Figure 5).

The slow photocurrent transients and the hysteresis in
the J-V curves of Figure 5 anticipate a strong dependence on
voltage sweep rate. Thus, we measure the J-V curves at dif
ferent scan rates and following a defined preconditioning point

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(0 V). Figure 6a shows J-V curves measured from 0 V to -1 V
and back. When the scan rate is varied, large differences in J-V
characteristics of the devices are observed. Again, the most pro-
nounced differences are observed when the device is operated
under reverse bias. When very high scan rates are employed
(order of tens to hundreds V s7!) the photocurrent amplifica-
tion under reverse bias is almost completely suppressed. Cor-
respondingly, the observed hysteresis is very low. We observe
a substantial increase in photocurrent amplification and even
higher increase in hysteresis for slightly lower scan rates
(several V s7!). The highest photocurrent amplification as well
as the lowest hysteresis is obtained when intermediate scan
rates are used (30-100 mV s7!). Decreasing the scan rate fur-
ther to 10 mV s~ results in both lower photocurrent amplifica-
tion and higher hysteresis. Overlaying these results with steady-
state current values (dashed) reveals that even lower scan rates
would be required to achieve hysteresis-free curves.

These seemingly anomalous results of the light inten-
sity and scan rate influence on the J-V characteristics can
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160



Maleses

N

www.MaterialsViews.com

a) ta Temperature:
9 . dark, ——10°C
gl l Vo —=>-1V e 0°C
4 I\ +— 10°C
6] —— 20°C

30°C
+— 40°C

Normalized current
w
i

) 1000

® 0.53mWcm?
® dark

1004

104

Decay time constant / s

0.1
0.0030

0.0034 00036 0.0038

T'/K'

0.0032 0.0040

www.afm-journal.de

b) 3.0
0.53 mW em® Temp':':‘:‘ée'
Vo1V e
254 | Ve
[ —— o:c
a0l | —— 10°C
£ \ —— 20°C
3 1.5 \ 30°C
E g MT
(1] o
g 1.0+
=
0.5
0.0 . . . .
0 10 20 30 40
Time/s
d) 100
o 104
g 1
< ]
g
~
£ 014... 20,3V’
3 o 20°C,03Vs"
g 0.01-”.7 OOC,'IVS" g
2 —o— 0°C,0.1Vs’ i
3 B3 20c03vst 1]
—+—-20°C, 0.03Vs" i
1E-41+ ; ! ' '
1.0 0.5 0.0 05 10
Potential / V

Figure 7. The effect of temperature on the behavior of perovskite photodetector. Transient response of the device when the potential is step-changed
from V,,. to =1 V at different temperatures normalized to current value at 40 s a) in the dark, b) under 0.53 mW cm=2 illumination, and c) the cor-
responding decay time constants (Ty.,) of the transient data fitted to Equation (3). d) Scan rate and temperature dependent J-V characteristics of
the detector under 1 mW cm~2 illumination. Scan rates are selected to visualize the similarity of J-V curves measured at an approximately three times

lower rate when the temperature was decreased by 20 K.

be explained by investigating the transient behavior of the
detector. Figure 6b shows the response of the device when it
is subjected to a potential step-change from V,. under corre-
sponding light intensity to —1 V (V,, of the devices was found
between 90 mV for 530 pW cm™2 and 0 mV in the dark). Inter-
estingly, immediately after the bias is changed to —1 V, almost
no current flows through the device neither in the dark nor
under light. A relatively slow process is responsible for ena-
bling the current to flow and for photocurrent amplification.
However, the same process seems to be responsible for the
subsequent overshoot in current, which is followed by a slow
decay to a saturation value. The dynamics of this behavior
are light intensity dependent and slow down at higher light
intensities.

It is possible to model the response of the device to a poten-
tial step with two exponential terms, a positive and a negative
one

J)=A(1-e =)+ A 4B )
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The negative term gives rise to the overshoot in current,
while the positive term is responsible for the subsequent decay.
By fitting the data to this model (Figure S4, Supporting Infor-
mation) and by analyzing the time constants of the two pro-
cesses, we have found that light intensity has no apparent influ-
ence on the current rise time, which remains below 0.01 s. At
the same time, the time constant for current decay decreases
from =20 s at 1.6 mW cm™ to =4 s at 0.53 pW cm following
closely a power law relationship (Figure S5, Supporting Infor-
mation). The observed time scale for current decay is compa-
rable to time scales for hysteresis as reported for CH;NH;PbI;-
based solar cells.3¢37)

The inset in Figure 6a explains how photocurrent amplifi-
cation and hysteresis are related to the transient behavior pre-
sented in Figure 6b. We note that the device does not have suf-
ficient time to establish photocurrent amplification when per-
forming a very fast J-V scan. The hysteresis is low since the
time interval between forward and reverse scans is very short,
which does not permit for significant changes of device’s elec-
tronic properties; higher current is measured during forward
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scan (from —1 V to 0 V). At slower scan rates there is more
time to establish photocurrent amplification but consequently
the hysteresis increases since the time between backward and
forward scans is larger. We “probe the tip” of the transient over-
shoot by choosing the appropriate scan rate. This way it is pos-
sible to achieve nearly hysteresis-free J-V curves. When J-V
scans are performed at a lower rate, the device has sufficient
time to reach the “postovershoot” region. Hence the hysteresis
becomes higher and now, contrary to the faster measurements,
the backward scan yields the higher current value. Based on
this, we can explain the shape of the light intensity dependent
J-V curves presented in Figure 5 under reverse bias and slow
scan rates. We have shown that the response of the device to
the varying voltage becomes slower when the intensity of the
incident illumination is higher. Thus, the hysteresis is lower for
larger intensities analogously to the lower hysteresis for inter-
mediate scan rates. This behavior is a consequence of the effect
of photogenerated charges on the slow process in the device.

Finally, in Figure 6¢c, we measured J-V characteristics of the
device following 60 s of preconditioning at different potentials.
Clearly, during a very fast scan, the device cannot respond
quickly enough to establish photocurrent amplification. Thus,
suppressing the dominance of the slow process for the device
response can be achieved by employing a fast 100 V s7! scan
rate (40 ms for the complete scan). When the scan is precondi-
tioned at —1 V for 60 s, we observe high photocurrent amplifica-
tion under reverse bias conditions. Since the contribution of the
slow process on the 40 ms timescale is still not negligible, the
forward and backward scans do not overlap. Scanning in for-
ward direction, the J-V curve is linear between —1 and —-0.6 V,
which is an indication of photoconductivity as the mechanism
responsible for photocurrent amplification. Figure 6d shows
how the dJ/dV slope in this linear regime depends on light
intensity. The conductivity of the sample is found to be directly
proportional to light intensity which is another indication of
photoconductivity. However, when plotted in logarithmic scale
the relationship is evidently linear only when constant, dark
conductivity is subtracted. We note that the response of the
detector saturates beyond 0.72 mW cm™2 illumination intensity,
which is consistent with the value shown in Figure 3 for corre-
sponding operating conditions (0.53 mW cm™2).

3.3. Temperature Dependence

To further analyze the origin of the slow response times, we
perform J-V and transient measurements as a function of tem-
perature. Figure 7a,b show how the response of the device to a
potential step from V,. to —1 V varies at temperatures between
—10 and 40 °C (V,. under 0.53 mW cm2 illumination varied
with temperature from 150 mV at =10 °C to 50 mV at 40 °C).
We investigated the effect of temperature on the dynamics of
the device by again fitting the data with the two exponentials
model as presented in Equation (3) (Figures S6 and S7, Sup-
porting Information). While the influence of temperature on
the current rise time constant was not fully conclusive, we have
found that the current decay becomes considerably slower at
lower temperatures both in the dark and under illumination
(Figure 7c).
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Combined analysis of three independent datasets has
revealed an Arrhenius-type relationship. Independently of illu-
mination, we derived an activation energy of 420 = 90 meV for
the slow process responsible for the current decay. This value is
consistent with the recently reported activation energy for the
movement of iodine defects in CH;NH;PbI;.3+3%38]

Subsequently, we observed a strong temperature effect
on the J-V characteristics of the perovskite photodetector
(Figure S8, Supporting Information). In reverse bias direction,
photocurrent amplification is found to be heavily dependent
both on scan rate and temperature. On the other hand, while
the J-V characteristics in forward direction are less influenced
by the scan rate, the influence of temperature is even more
pronounced. The latter is likely due to the reduced conduc-
tivity of Spiro-MeOTAD at lower temperatures (Figure S9, Sup-
porting Information). Interestingly, in reverse direction almost
identical (rate dependent) J-V curves can be obtained when
simultaneously changing the scan rate and the temperature
(Figure 7d). We have found that decreasing the temperature by
20 K is equivalent to performing the J-V scans approximately
three times faster (see Figure S8 in the Supporting Informa-
tion for more examples). This proves once again that the shape
of the reverse J-V curve describing photocurrent amplification
is mainly governed by a temperature-activated slow process.
This observation is consistent with the effect of temperature
on the transient behavior. Using a first order approximation
rate ocexp(—E,/kT), we determine the activation energy to be
between 300 and 400 meV, which is remarkably close to the
value found above.

In summary, we have found that:

e Direct contact between FTO/perovskite is essential for the
device to exhibit photomultiplication.

o Photomultiplication is enabled by slow processes with time
constants on the order of seconds established by biasing the
device in reverse direction.

e Photomultiplication is a consequence of photoconductivity
of CH;NH;Pbl;. The response of the device becomes slower
under illumination.

o The device reacts slower at lower temperatures. Matching
J-V curves can be obtained by either changing the scan rate
or temperature in a controlled way.

4. Results and Discussion

The characteristics of the photodetector are dominated by pro-
cesses that occur on the time scale of seconds and that are
strongly temperature activated. These observations coincide with
results from studies on the J-V hysteresis in perovskite solar
cells. Recently, clear evidence has been presented linking hyster-
esis with the relatively slow movement of ionic species within
the material>*35373 Jodine defects (interstitials and vacancies)
were shown to have the lowest formation and activation energies
for ionic point defects which are suggested to be the mobile spe-
cies in CH3;NH;PbI3.% Guided by these results, we propose a
model explaining the photomultiplication effect in our system.
Figure 8 visualizes how the transient current response to a
step-change in potential (from 0 V to negative voltages) arises
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Figure 8. The emergence of transient behavior when the device is kept in dark and it is subjected to a step-change in potential. a) Immediately after
applying reverse bias, no current flows through the device since the work function of FTO is too low for hole injection. b) lons travel to FTO/per-

ovskite interface downshifting FTO work function and enabling hole injectiol

n into perovskite. c) As ions accumulate at the interface, they screen the

electric field, which results in the decrease of the current. Dark grey charges represent the electric charges on electrodes, light grey mobile ions (in the
perovskite), and grey with circle represent the holes injected from FTO. The current-time as well as the distribution of the ions plots are schematic.

due to the movement of mobile ionic species. When the device
is kept in the dark, immediately after reverse bias is applied, an
(additional) electric field is established across the device but cur-
rent does not flow due to the unfavorable alignment of FTO work
function and CH;NH;Pbl; valence band (Figure 8a). Mobile
ionic species in CH3;NH;PbI; respond to the established elec-
tric field and travel towards the respective interfaces where they
“pile up.” The accumulation of negative ions at CH;NH;PbI3/
FTO interface causes a downshift of the FTO work function,
which enables hole injection into CH;NH;Pbl; and results in a
flow of dark current across the device (Figure 8b). However, as
large amount of ions accumulate at the interfaces, they screen
the electric field in the perovskite, which results in the decrease
of dark current until equilibrium is reached (Figure 8c).

The effect of temperature on the transient behavior of the
detector expresses itself as a modulation in dynamics. We have
shown that the time constant of the current decay increases
with temperature following an Arrhenius-type relationship
(Figure S7, Supporting Information). This is caused by faster
diffusion of ionic species at higher temperatures.

Under illumination additional screening effects and interac-
tions of ionic defects with photogenerated charges have to be
taken into account. This additional charge can effectively reduce
the electric field in the perovskite layer and hence the driving
force for ionic species to move; therefore, resulting in slower
response times with increased light intensity (Figure 6b). Alter-
natively, photogenerated charges can compensate the ionic
charge accumulated at the interfaces. When the device is kept
under constant, reverse bias (past the photocurrent ampli-
fication onset) and the light is switched-on, photogenerated
charges are attracted to the respective electrodes by the electric
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field, which is largely screened by the accumulated ions. The
transit time of electrons is assumed to be longer than that of
holes,*! which results in fast hole collection and multiple rein-
jection before the electrons are collected. This way photomul-
tiplication is obtained and thus the device behaves similar to a
photoconductor. Additionally, photogenerated charges establish
an electric field, which is opposite to the field applied across the
device. This induces the diffusion of ions away from the inter-
face, which reduces the screening and results in a slow current
increase. Under low reverse operating voltage, a large amount
of ions is able to diffuse away from the interface, which in turn
results in unfavorable conditions for hole injection.

When the light is switched-off, the relatively low density
of ions at the interfaces leads to lower screening and a long-
lived rise in injection current from the contacts as compared
to the preillumination state (Figure 4c). Essentially, the mecha-
nism responsible for the remnant large injection injection cur-
rent after light is switched-off is the same as the one shown in
Figure 8. The effect is even more pronounced when the device
is operated under higher reverse bias, since the electric field
remains largely unscreened and hole injection is more efficient.

5. Conclusions

We have fabricated high-gain, low-voltage CH;NH;PbI;
photodetectors in various architectures. We observed photo-
multiplication in all structures having direct contact of
FTO and perovskite, i.e. devices with either a porous or
without any TiO, hole BL. Devices based on FTO/TiO, MP
scaffold/CH;3;NH;3PbI;/Spiro-MeOTAD HTM/Au showed the
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highest responsivity of 208 A W' under 550 nm illumination,
which corresponds to an IPCE of 47 000%. These high values
of photomultiplication were reached for light intensities in the
range of 0.5-80 pW cm? when the device was biased in reverse
(<0.6 V).

During J-V scans in the potential range of -1 V and 1 V a
strong dependence of the current response on scan rate and pre-
conditioning was observed, showing the highest current values
with least hysteresis at moderate scan rate (30 mV s7). This
observation is explained by a slow process in the time scale of
seconds found when studying the transient current response
upon changing illumination intensity or applied voltage. Having
performed temperature dependent studies, we observed a strong
dependence of the response time on temperature, yielding an
activation energy of 420 £ 90 meV for the slow process. As the
values for activation energy and response time are characteristic
for ionic motion in these perovskite materials, we develop a model
based on ion migration that can explain the observed transients
and the photomultiplication. Essential is the pile-up of negative
ionic charge at the FTO/perovskite interface under reverse bias.
This charge lowers the FTO work function allowing for direct
hole injection into the perovskite valence band. Due to an overall
increase in conductivity, the hole current is enhanced upon illu-
mination, and the device behaves similar to a photoconductor.

These results on the performance of our photodetector
encourage the application of CH3;NH;3PbI; for low-cost, and
highly sensitive photodetectors with high gain. The proposed
working principle leads to a better understanding of phenomena
such as hysteresis in perovskite-based optoelectronic devices in
general and the perovskite interface formation in particular.

6. Experimental Section

Blocking Layer: FTO-patterned glass (Nippon sheet glass, NSG 10 Q)
was cleaned in an ultrasonic bath containing Hellmanex solution for
20 min, and subsequently in isopropanol. This was followed by a UV
ozone treatment for 10 min. For devices employing a spin-coated BL,
a 0.15 w titanium diisopropoxide bis(acetylacetonate) (TAA) solution
(in ethanol) was spin-coated on the FTO at 1000 rpm for 10 s and
2000 rpm for 30 s. This was followed by drying at 125 °C for 5 min and
then annealing at 500 °C for 15 min to produce a layer of about 30 nm
in thickness. The 30 nm thick TiO, compact BL was deposited by spray-
pyrolysis of diluted TAA solution (Sigma-Aldrich) at an FTO substrate
at 450°C. The solution for spray-pyrolysis was prepared by mixing T mL
of TAA (30% in 2-propanol) and 25 mL of ethanol. -3 nm thick TiO,
compact BL was deposited by ALD on top of MP TiO, scaffolds.

Mesoporous Scaffold: The TiO, and Al,O5 solutions were prepared by
dispersing 1 and 2 g of paste (Dyesol) respectively in 10 mL ethanol
and stirring them overnight before use. The solutions were sonicated
for 5 min and then spin-coated on the substrates at 2000 rpm for 10 s.
The films were dried at 125 °C for 10 s and then annealed at 550 °C for
30 min. This resulted in scaffold thickness of around 100 nm.

TiCl, Treatment: An optional TiCl, treatment was performed by
immersing the as-prepared scaffolds in a 0.15 m aqueous TiCl, solution
at 70-80 °C for 30 min and then washing them with deionized water and
drying. The films were then annealed at 500 °C for 20 min.

CH3;NH;Pbl; Layer: CH3;NH;3Pbl; films were deposited via several
different methods:

Two-step spin-coating: The films were prepared under ambient air
atmosphere. 1 m Pbl, solution was prepared by dissolving 462 mg of
Pbl, (Sigma-Aldrich) in 1 mL N,N-dimethhylformamide (DMF) under
stirring at 70 °C. The hot solution (30 L) was loaded onto the substrate
(10 s loading time) and then spin-coated at 3000 rpm. for 5 s and

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

oleres
M ViewS
www.MaterialsViews.com

6000 rpm for 5 s. Subsequently, the films were transferred to a hotplate
at 100 °C for 10 min. After cooling down to room temperature, 200 pL
of 0.044 m CH3;NH;l solution (in isopropanol) was loaded onto the
substrate (30 s loading time) and spun at 3000 rpm for 20 s and dried
at 100 °C for 5 min.

One-step orthogonal spin-coating: The films were deposited in a
nitrogen-filled glove box. A 1.1 m precursor solution of CH;NH;Pbl; was
prepared by dissolving stoichiometric amounts of Pbl, and CH3NH;Pbls
in dimethylsulfoxide (DMSO). The precursor solution was spin-coated
on MP TiO, scaffold at 1000 rpm for 10 s, immediately followed by
6000 rpm for 30 s. 10 s before the end of the spin-coating program,
chlorobenzene was dropped on the spinning substrate. The substrate
was then heated at 90 °C for 1 h.

Evaporation: The evaporation was performed in a vacuum chamber.
The perovskite film was coevaporated from Pbl, and CH3NH;l sources
through a shadow mask. Both precursors were heating simultaneously
to their corresponding sublimation temperatures and the perovskite film
was deposited at a substrate placed above the sources.

Hole Transporting Layer and Backside Electrode: A 70 x 107 m spiro-
MeOTAD solution was prepared by dissolving 72.3 mg of spiro-
MeOTAD in 1 mL of chlorobenzene to which 28.8 pL of 4-tert-butyl
piridine and 17.5 pL of 1.8 m lithium(trifluoromethanesulfonyl)imide
(Li-TSF1) solution in acetonitrile were added. The hole transporting layer
was prepared by spin-coating the as prepared spiro-MeOTAD solution
at 4000 rpm for 30 s. Finally, 80 nm of gold was thermally evaporated
through a shadow mask to complete the device.

Device Characterization: The absorption spectrum of the devices
was measured using a Hewlett Packard HP 8453 spectrometer.
Current-voltage characteristics of the devices were recorded using
BioLogic SP200 potentiostat. The source of monochromatic light was a
monochromator-filtered xenon lamp. Neutral density filters were used to
attenuate the light and a mechanical chopper was used to control the
sample illumination. The 100 mW cm™2 white light was generated by
an array of white LEDs. A heating/cooling sample holder employing a
Peltier element was built in order to control the temperature of devices.
A thermocouple was used for temperature feedback. The geometry
was arranged so that the thermocouple was placed between the Peltier
element and the backside of the device. A 0.5 mm thick thermal pad
separated the device and the thermocouple.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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CH;NH;PbI; is shown to possess a broadband absorption spectrum stretching the entire
visible range with the absorption edge around 780 nm (1.59 eV; Supporting Figure 1). The
contribution below the absorption edge is caused by strong scattering by the rough perovskite
film.
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Supporting Figure 1. Transmittance spectrum of the perovskite photodetector. The absorption edge of the detector is found
around 780 nm (1.59 eV).
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The response of the detector at short circuit conditions was found to be linear with respect to
illumination intensity within the range of interest (Supporting Figure 2). The variation in
photoresponse caused by using light of different wavelengths is reflected in respective
responsivity values obtained under illumination with different wavelengths.
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Supporting Figure 2. Photoresponse of the photodetector at short circuit conditions under different illumination
wavelengths. The measurement at 100 mW cm™ was done under white LED light.
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The on-off behavior of the photodetector was examined by shining 120 s - long pulses of 0.53
mW cm™, 550 nm monochromatic light (Supporting Figure 3). The time between the pulses
was 60 s. The time that it takes the device to switch between 10% and 90% of the saturation
current (with dark current subtracted) after light is switched-on is termed rise time, tr.
Consequently, fall time, tg; describes the transition from 90% to 10% of the response after the
light is switched-off.

The photodetector is characterized by rise and fall times on the order of several seconds,
which result in sub-Hz bandwidth. The pattern consists of a fast response, which is followed
by a slow saturation or decay. The unusually slow response of the device is ascribed to slow
processes within the perovskite, which is consistent with the idea of the movement of ionic
species.
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Supporting Figure 3. On-off dynamics of the perovskite photodetector. lllumination: 0.53 mW c¢m™, 550 nm monochromatic
light.
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The current response of the device when it is subjected to a potential step change from V. to -
1 V was modelled with two exponential terms:

_t
J= —Ale_t/frise + A,e /Tdecay +B (Sl)

The negative term is responsible for the initial rise in current, while the positive term is
responsible for its subsequent decay. Supporting Figure 4 shows how the model fits the
experimental data and Supporting Figure 5 shows how the current decay and rise time
constants depend on the illumination intensity. One can see that at higher illumination
intensities, the current decay becomes slower. The decay time constant is related to the
illumination intensity through a power law, while no apparent influence of illumination
intensity on the current rise time constant was found.
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Supporting Figure 4. The response of the device when the potential is step-changed from V,. to -1V for different light
intensities. Normalized to the steady-state photocurrent. Recorded data and fits to the Supporting equation (1) are
presented.
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Supporting Figure 5. Time constants of current rise and decay (Supporting equation (1)) as a function of illumination
intensity.
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Supporting Figure 6 shows the transient current response of the device when it is subjected
to a potential step change from V. to -1 V. The recorded data is fitted to the model presented
in Supporting equation (1).
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Supporting Figure 6. The transient response of the device when the potential is step-changed from V,.to -1 V at different

temperatures. a) in the dark, b) under 0.53 mW cm™ illumination. Recorded data and fits to the Supporting equation (1) are
presented.
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Supporting Figure 7 shows how the current decay and rise time constants depend on
temperature. One can see that at lower temperatures the current decay becomes slower. The
decay time constant is related to the temperature through an Arrhenius-type relationship. No
apparent influence of temperature on the current rise time constant was found.
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Supporting Figure 7. Time constants of current rise and decay (Supporting equation (1)) as a function of temperature.
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Supporting Figure 8 present the simultaneous temperature and scan rate dependence on J-V
characteristics of photodetector. With respect to the behavior under reverse bias conditions, it
is found that decreasing the temperature by 20 K is equivalent to increasing the scan rate by
approximately 3 times.
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Supporting Figure 8. Scan rate- and temperature- dependent J-V characteristics of the detector under 1 mW cm”
illumination. Scan rates are selected to visualize the similarity of J-V curves measured at an approx. 3 times lower rate when
the temperature was decreased by 20 K.
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Supporting Figure 9 presents the specific conductivity of Spiro-MeOTAD film sandwiched
between FTO and gold electrodes.
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Supporting Figure 9. Specific conductivity of Spiro-MeOTAD as a function of temperature. The thickness of the film was
unknown.
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Supporting Table 1 Experimental conditions and dark and photocurrent densities measured under -1 V potential for samples
shown in Figure 2. Photocurrent measured under 100 mW cm™ white LED light. Scan rate: 200 mV s™.

Device type as Mesoporous TiCl, Spiro- | Perovskite | Dark current density at - | Photocurrent density at
in Figure 2 | Blocking layer scaffold treatment | MeOTAD | deposition | 1V potential [mA cm?] |-1V potential [mA cm?]
1|porous TiO2 TiO2 2step 0.105 98.95
1|porous TiO2  |TiO2 2step 0.116 74.74
2|porous TiO2 TiO2 2step 0.021 29.47
2|porous TiO2 TiO2 2step 0.032 24.21
2|porous Ti02 TiO2 2step 0.084 24.21
2|porous TiO2 TiO2 2step 0.011 24.21
2|porous Ti02 Tio2 2step 0.011 22.11
2|porous TiO2 TiO2 2step 0.011 18.95
3|no TiO2 2step 0.147 161.05
3|no Ti02 2step 0.116 145.26
3|no Ti02 2step 0.137 136.84
3|no Ti02 2step 0.179 130.53
3|no Ti02 2step 0.084 109.47
3|no TiO2 2step 0.126 109.47
3|no Ti02 2step 0.053 96.84
3|no TiO2 2step 0.053 94.74
4[no TiO2 2step 2.947 211.66
4|no TiO2 2step 0.811 202.17
4[no TiO2 2step 3.895 171.58
4|no TiO2 2step 8.000 169.47
4|no TiO2 2step 2.807 166.67
4|no Ti02 2step 2.211 160.00
4|no TiO2 2step 2.737 160.00
4|no Tio2 2step 3.509 157.89
4|no TiO2 2step 4.211 154.39
4|/no TiO2 2step 2.456 152.63
4|no Tio2 2step 3.158 142.11
4|no TiO2 2step 4.035 140.35
4|no Tio2 2step 2.105 131.58
4|no TiO2 2step 2.281 129.82
4|[no TiO2 2step 2.982 129.82
4|no TiO2 2step 1.246 121.05
4[no TiO2 2step 6.491 112.28
4|no TiO2 2step 5.789 108.77
4|[no TiO2 2step 3.684 101.75
4|no TiO2 2step 0.491 96.49
4[no TiO2 2step 0.684 96.49
4|no TiO2 2step 0.579 94.74
4[no TiO2 2step 0.228 84.21
4|no TiO2 2step 0.316 84.21
4[no TiO2 2step 0.368 82.46
4|no TiO2 2step 0.807 80.70
4|no TiO2 2step 0.281 78.95
4[no TiO2 2step 0.281 77.19
4|no TiO2 2step 0.263 71.93
4|no TiO2 2step 0.912 64.91
5/no TiO2 no yes 1step 4.400 169.01
5|no Tio2 no yes 1step 3.080 164.96
5/no Ti02 no yes 1step 3.840 165.21
5|no Tio2 no yes 1step 5.544 119.47
5/no Ti02 no yes 1step 3.088 119.12
5|no Tio2 no yes 1step 3.702 114.56
5|no TiO2 no yes 1step 2.930 112.28
5/no Ti02 no yes 1step 2.509 107.72
5|no Tio2 no yes 1step 1.930 92.98
5/no Ti02 no yes 1step 2.105 91.23
5|no Tio2 no yes 1step 1.930 82.46
6|/no TiO2 no no 1step 58.246 131.58
6|/no TiO2 no no 1step 67.368 128.95
6|/no TiO2 no no 1step 21.930 124.21
6|/no TiO2 no no 1step 40.000 102.28
7|no TiO2 no no 2step 42.982 85.96
7|no TiO2 no no 2step 18.772 75.44
8|no Al203 no yes 2step 1.684 131.12
8|no Al203 no yes 2step 1.368 122.78
8|no Al203 no yes 2step 1.895 122.02
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8[no Al203 no yes 2step 2.211 108.38
8|no Al203 no yes 2step 1.895 106.11
8[no Al203 no yes 2step 1.474 102.32
9(no no no yes 2step 1.404 140.35
9|no no no yes 2step 11.228 126.32
9(no no no yes 2step 3.509 124.56
9|/no no no yes 2step 5.439 107.02
9|no no no yes 2step 12.982 103.51
9|/no no no yes 2step 6.667 98.25
9|no no no yes 2step 4.561 92.98
10{no no no yes 1step 1.579 61.40
10{no no no yes 1step 1.754 56.14
11|no no no yes 1.316 122.81
11|no no no yes 0.930 115.79
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Chapter 9 Towards Consensus on How to
Age Perovskite Solar Cells

Having aged numerous devices, | realized that stability of perovskite solar cells can be
rather sensitive to the way the experiment was conducted. Unfortunately, the way perovskite
solar cells are measured by different groups is by no means standardized and the results are
hardly comparable at the time this thesis is being submitted. | decided to systematically inves-
tigate the effect of different factors such as illumination, temperature, atmosphere and electric
load on stability of state-of-the-art perovskite solar cells. Having identified the parameters that
have to be precisely controlled, | comment on my perceived relevance of the ways PSCs are aged

THE CONTEXT

now. | also demonstrate how | implement stability measurements in our laboratory, as the first

attempt to initiate discussion on how perovskite solar cells should be aged.**?

This chapter is based on a peer-reviewed, paper accepted for publication (November 2017) in Na-
ture Energy entitled:

Systematic Investigation of the Impact of Operation Conditions on the Degradation Behaviour of
Perovskite Solar Cells

authored by:

Konrad Domanski, Essa Alharbi, Anders Hagfeldt, Michael Gratzel and Wolfgang Tress.
The version presented here is the accepted manuscript before the editorial changes.
My contribution:

| designed and led the study, performed all measurements presented in this work, analyzed the
data, prepared the figures and wrote the manuscript. | also designed and built the stability setup,
which is the centerpiece of this work. | consider this work to be a summary of my entire research
into stability of perovskite solar cells and a synopsis of my experience gained alongside.
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Abstract

Perovskite solar cells have achieved power-conversion efficiency values approaching those of
established photovoltaic technologies, making the reliable assessment of their operational stability
the next essential step towards commercialization. Whereas studies increasingly often involve a form
of stability characterization, they are conducted in non-standardized ways, which yields the data
effectively incomparable. Furthermore, stability assessment of a novel material system with its own
peculiarities might require an adjustment of common standards. Here, we investigate the effects of
different environmental factors and electrical load on the ageing behaviour of perovskite solar cells.
Based on this, we comment on our perceived relevance of different ways these are currently aged. We
also demonstrate, how the results of the experiments can be distorted and how to avoid the common
pitfalls. We hope this work will initiate the discussion on how to age perovskite solar cell and facilitate
the development of consensus stability measurement protocols.
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Introduction

The main parameters when talking about commercialization of an emerging photovoltaic (PV)
technology are the performance measured in terms of a solar-to-electric power conversion efficiency
(PCE), long-term stability (lifetime) and the production costs. These parameters paired with the
operation conditions (e.g. location of installation) of the solar module define the costs per kWh of
electricity provided. The recently emerged perovskite solar cells (PSCs) with efficiencies larger than
22%" show potential for low-cost production. For a novel material system in research maturing to a
technology, scalability under technological, economical and regulatory restrictions needs to be
demonstrated. This is currently under investigation for PSCs with promising results.>* On the other
hand, a certain lifetime is required for a final product. Prerequisite for this is the demonstration of a
certain stability of the components employed. As the employed perovskite materials are considered
to be rather instable,® research has been addressing the questions of stability and a shift from
focussing on efficiency values towards stability can be observed. Performed stability tests range from
leaving unencapsulated devices in the dark under uncontrolled ambient conditions and periodically
measuring their PCE,® to studies under controlled atmosphere, illumination, temperature and load.”?
As these ambient conditions influence the ageing behaviour considerably, comparability of results is
hardly given. Therefore, the term stability should be used with caution and only with a clear
specification of the conditions and the criteria it refers to (e.g. thermal, ambient, operational stability).
Otherwise, the credibility into the complete research area suffers —an issue that has been experienced
by the PSC community regarding measuring power-conversion efficiencies,® where the standard way
of performing a current-voltage (J-V) sweep turned out to be unreliable due to a strong hysteresis in
the J-V curve!®! leading to erroneous efficiency reports.

For commercial PV panels, rigorous industrial standards exist to describe pass-fail qualification tests
(IEC 61215), as outdoor testing under real operation conditions is not feasible due to the long times
required (>20 years). All these protocols are designed for the product “PV panel”, which is exposed to
accelerated stress tests targeting mainly design and material errors, which would lead to field failures
(Supplementary Table 1). Thus, such tests (although required for any type of solar panel to be installed
outdoors), are not the best choice to assess the stability of a novel material system and identify wear-
out and failure mechanisms. On the other hand, to guarantee comparability and relevance of reported
stability results, the perovskite research community should follow common protocols or even reach a
consensus on how to report stability data similarly to the organic photovoltaics (OPV) community
releasing specific testing protocols (ISOS, Supplementary Table 2).*?

This study is an attempt to initiate the discussion on how to age PSCs, which should eventually lead to
development and adoption of consensus stability measurement protocols for PSCs. It is not the
purpose of this work to review degradation mechanisms but to demonstrate, which environmental
conditions (atmosphere, humidity, temperature) and combinations thereof are crucial for the
degradation of PSCs. Here, we distinguish extrinsic and intrinsic parameters. The former are harmful
environmental factors (e.g. humidity or UV light) that can be blocked by use of encapsulation. The
latter are crucial as they might exclude certain materials from being employed in a long-term stable
device. Therefore, it is justified or sometimes even required to perform stability measurements under
inert atmosphere to avoid a superposition with extrinsic factors. On the other hand, the extrinsic
factors will determine the requirements (and costs) of the encapsulant e.g. regarding the moisture
vapour transmission rate. Further important parameters to assess the operational stability are
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illumination and load on the solar cell. Therefore, we investigate the differences in ageing behaviour
with respect to these conditions and conclude that ageing under 1 sun illumination, preferably at
maximum power point (MPP) and under both room and elevated temperatures is the most reliable
way to show operational stability. We furthermore address perovskite-specific phenomena such as
hysteresis and reversible losses by temperature and light-intensity cycling experiments. Our results,
e.g. regarding the relevance of efficiency measurements by MPP tacking and recovery periods in the
dark, give hints on what to consider when designing aging studies.

Effects of illumination and atmosphere on device degradation

We conducted the study using state-of-the art devices (ref. **) with FTO/compact TiO,/mesoporous
TiO,/perovskite/Spiro-MeOTAD/Au architecture and Cs-containing “triple cation” perovskite; reaching
efficiencies above 20% (Supplementary note 1). Only devices with initial PCE >17% were used for
ageing experiments, and over 250 ageing curves were collected and analysed. All devices were used
as fabricated and without any form of encapsulation.

Illumination is a critical intrinsic factor when considering ageing of PSCs. Figure 1 shows the effect of
UV light on stability. Devices aged at either unfiltered Xe lamp, rich in UV light or under a white, UV-
free LED lamp (Supplementary Figure 1) seem to both display a two-regime degradation behaviour
with the initial exponential loss followed by a linear one. Comparing these linear degradation slopes,
it appears that the devices aged under Xe illumination on average suffer accelerated degradation.
However, the difference does not appear to be statistically significant. The devices based on TiO,
scaffolds have been speculated to be especially vulnerable to UV light'* and improved stability for
alternative n-type materials has been reported.’® Having investigated “the extreme” case, we find it
suitable to make a slightly generalizing observation that UV-light appears to be not catastrophic for
degradation of PSCs under inert conditions. This is consistent with a UV degradation study performed
under inert conditions, which showed slow degradation under UV light.'® However, there exist several
reports of severe UV degradation when O, is present in the system!’ - an observation that holds for
illumination in general as discussed below (Figure 2).
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Figure 1 The effect of UV light on the stability of PSCs. Comparison of ageing under unfiltered Xe and UV-free white LED
lamp. The values are normalized to the initial ones. 8 and 13 devices were measured under each condition respectively. The
solid lines represent averaged behaviour of the devices, while the shaded area represents standard deviation. The broken lines
are a guide to the eye.
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In practice, UV protection layers can be employed for future perovskite solar panels without
compromising their performance. This makes UV light an extrinsic degradation factor, which can be
seen as analogous to O, and H,0.8 Our results indicate that it may not always be crucial to use a solar
simulator for ageing experiments and a white LED lamp is a practical solution. In order to avoid
convoluting different degradation factors, we performed the remaining of the experiments described
here under UV-free, white LED illumination.

Discussion has ensued on the effect of atmosphere in conjunction with illumination.'*"?! In Figure 2
we investigated the effect of O,, H,O and light (again on unencapsulated devices). The devices
experience relatively slow degradation when aged in inert, N,, atmosphere (Figure 2 a). However, the
degradation is much accelerated if O, is present in the environment in atmospheric concentrations,
consistent with previous reports.?># Further addition of small concentration of H,0 (at 5% relative
humidity; RH) resulted in a very similar result. Conversely, when RH was increased to 100% the devices
experienced a dramatically rapid degradation. This correlates with reported humidity induced
bleaching of the perovskite.?
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Figure 2 The effect of atmosphere and light on ageing. a) The effect of O, and H,0 on stability of illuminated PSCs. 8 devices
were aged under 5% and 100% RH air, 6 under 0% RH air and 13 under N,. The values are normalized to the initial ones. The
lines represent averaged behaviour of devices, while the shaded area represents standard deviation. Standard deviation for
100% RH curve is too small to be visible in the graph given the short degradation timescale. b-e the effect of illumination
under different atmospheres. The devices exposed to light continuously, were aged at MPP. The ones aged in the dark were
measured only periodically and at each instance exposed to light for 1 min at MPP. Devices in b-e were all fabricated in one
batch. The illumination source was white LEDs. The flow rate of each gas was the same (around 0.5 | min).

Figure 2 b-d shows an additional effect of illumination on degradation. Storing the devices in dry
conditions does not result in degradation regardless of presence of O, or a small quantity of H,O. This
points to the conclusion that O; is only harmful under illumination and a photo-oxidation is active in
PSCs, where a mechanism including superoxide generation has been proposed.*® However, high levels
of humidity in the environment very quickly degraded the devices regardless the presence of
illumination and the perovskite turned to a yellow-white material in both cases (possibly Pbl,, but
hydrates have been observed as well?®). Whereas this degradation happens within several hours in our
case, hydrophobic polymer layers’®?* and changes in perovskite synthesis route® can lead to a
considerably higher resistivity against humidity.
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In the past, some studies attempted to assess stability by leaving the devices in the dark and
periodically measuring them.® As we show here, the stability in the dark does not translate to
operational stability, even under inert conditions (Figure 2 b) as also reported e.g. in ref. 2° for
encapsulated devices. We would like to stress that the assessment of operational stability of PSCs
should be done under illumination to mimic the natural environment of solar cells, in particular as
thermodynamic photoinstabilities of mixed halide perovskite compositions occurring even under inert
atmosphere are under discussion.?’

Effects of temperature on device degradation

Temperature is known to have a critical effect on the stability of PSCs.?® Figure 3 shows the influence
of temperature on ageing of PSCs. At 20 °C, the degradation is characterised by an initial exponential
decay followed by a slow linear loss regime. The situation is similar for the device aged at -10 °C, but
the dynamics of the initial component are slower and the subsequent linear loss - limited. Contrary to
this, the degradation at 65 °C is very rapid and likely due to the well-known Au-diffusion problem?’,
which can be circumvented by using alternative contact materials (e.g. PTTA as HTM’, carbon-based
materials3%3! and metal oxide electrodes®?33) showing that the perovskite itself embedded into a
device can be stable at temperatures >100 °C.3* Supplementary Figure 2 shows a comparison of
devices with Spiro-MeOTAD and PTAA aged at 65 °C. The PTAA-based device ages at a much lower
degradation rate (although still faster than a Spiro-MeOTAD-based device at 20 °C). Since degradation
is often accelerated at high temperatures, we measure operational stability at both 20 °C
(to disentangle high-temperature effects) and, most importantly, at 65 °C (to demonstrate operational
stability under realistic conditions).

The device in Figure 3 cycled 80 times between -10 and 65 °C exhibits lower degradation rate than the
device held continuously at 65 °C leading to the conclusion that cycling itself does not result in
“temperature fatigue”. A closer inspection of the ageing curve (Figure 3 b) reveals that sustained
degradation is only experienced when the device is held at 65 °C (dashed horizontal lines), while a
transient behaviour is observed each time, the device is cooled to -10 °C. This transient at low
temperatures is most likely due to a reversible slow response of PSC related to a temperature activated

35,36

migration of ions upon changing the operation point (MPP voltage).

While the devices do not degrade at lower temperatures in the dark (Supplementary Figure 3), those
exposed to 65 °C degraded at similar rate regardless of illumination. This isolates elevated temperature
as a key degradation factor that is, as discussed, more due to the device stack than the perovskite
itself. Such dark thermal stability test is a very useful tool to screen a large number of devices and to
select most promising candidates for operational stability measurements. This can involve for example
keeping devices inside a glovebox on a hotplate and measuring them periodically.

184



Chapter 9 Towards Consensus on How to Age Perovskite Solar Cells

a b
20 - 12 70
N T AR N
15 1 Sun, ME’PJ,Né 11 50
—20°C
2 10°C L4o O
N —65°C 2104 | )
5 cycled between -10°C and 65°C | ~— 30 2
w 10— E)J ©
g g i B
§
91 1
10
5 \ &
\_J & M O
U U U A
e LJ L-10
0— T T T T — T T T T
0 100 200_ 300 400 500 50 52 54 56 58 60 62 64
Time /h Time/h

Figure 3 The effect of temperature on ageing. a) The effect of temperature and temperature cycling (80 cycles shown) on
stability of illuminated PSCs. b) A close-up of the trace of the temperature-cycled device. The dashed line inside the figure is a
guide to the eye. The temperature ramp for cycling was 5 K min™. The illumination source was white LEDs. Note the initial PCE
of devices measured at either freezing or elevated temperatures is considerably lower than that measured at room
temperature; all devices had initial performance >18%.

Effects of electric load on device degradation

In Figure 4, we aged a number of devices at open circuit, short circuit and maximum power point (MPP)
and we report PCE derived from periodic J-V scans (whereas the data shown so far was the MPP
tracked PCE). We found that MPP tracking resulted in the least degradation of the devices, which is
consistent with reports in the literature.3” Ageing the devices at short circuit resulted in faster
degradation (though after leaving the devices in the dark for 24 h, the “dark recovered” value was
similar to that for MPP-aged devices). Degradation was the most severe at open circuit with limited
subsequent recovery and it is a combined effect of FF and open circuit voltage (Vo) loss. Possibly,
photogenerated charge carriers that are not extracted are a source of degradation by leading to high
concentrations of radicals in the PSCs, similar to what is observed for degradation under 0,.2%%! Ageing
at MPP simulates the native conditions of working solar cells and hence it is the most appropriate way
to age PSCs; ageing at open or short circuit appear to provide a conservative estimation.
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Figure 4 The effect of load on the device on its stability. The devices were held at MPP, open circuit or short circuit during
ageing period and their J-V curves were measured periodically. 13, 8 and 5 identically prepared devices were aged at each
condition respectively. Evolution of a) PCE, b) Vo, c) Js;, d) fill factor (FF) measured in the backward J-V scan (From Vo to Js),
as well as e) hysteresis (defined as ratio of efficiencies measured from backward and forward J-V scans). The values are
normalized to the initial ones. The lines represent averaged behaviour of devices, while the shaded area represents standard
deviation. After 250 h of ageing under illumination, the devices were allowed to recover in the dark for 24 h before being re-
measured. lllumination source was white LEDs.

Design of stability measurement experiments

Valuable additional information can be obtained when periodically interrupting MPP tracking with a J-
V measurement (including hysteresis; see Figure 4). For example, a loss of short circuit current (Js)
may be an indication of reduced charge carrier extraction efficiency!! or of bleaching?®, while loss of
Voc may signal increased charge carrier recombination.
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Figure 5 The dilemma of how to measure device PCE during ageing. Comparison of PCE extracted from backward and

forward J-V scans and the MPP. Hysteresis is often found to increase during ageing increasing the difference between PCEs
extracted in different ways. MPP performance is ultimately the “real” value.
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Having employed this combined MPP and periodic J-V scans procedure, one obtains three different
values of PCE: from MPP tracking as well as from backward (from Vo to Jsc) and/or forward (Jsc to Vo)
periodic J-V scans. However, these three values are not equal due to hysteresis, which can additionally
change as the device ages. The data in Figure 5 shows an example, where the hysteresis monotonically
increases during ageing. When conducting ageing experiments, one should ideally report PCE resulting
from MPP tracking whenever possible. The MPP-tracked PCE is not necessarily an average of the two
obtained from J-V scans (there is an additional J-V scan speed effect®!).

Reversible losses and dark recovery

Solar cells naturally undergo light cycling over day-night periods. Motivated by reports on partially

37,3941 e investigated the effect of light cycling (23 cycles performed) on

reversible initial degradation
stability in Figure 6. We found no detrimental effect due to light cycling — the behaviour is highly

reproducible following each cycle.
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Figure 6 The effect of light cycling on ageing. One device was exposed to light continuously, while the other one was cycled
with 6 h light, 6 h dark. Integrating over 135 h, (the cumulative time the cycled device was exposed to light) the cycled device
produced 22.1 kWh m, while the continuously-aged device yielded 20.6 kWh m2 (despite being more efficient initially).
Effectively, the cycled device worked on average at 96% of its initial efficiency, while the other one — at 88% (over the same
period of 135 h). lllumination source was white LEDs.

Although degradation behaviour of PSCs depends on many factors, often devices behave in a
qualitatively similar manner (cf. ref. 8442 where different device architectures are studied). Figure 7
shows a typical ageing trace as observed by us of a device aged under non-aggressive conditions (20 °C,
N, 1 Sun). Often devices show initially a fast, exponential decay phase (it is sometimes preceded by a
short period of initial performance improvement). As shown in Figure 6, these losses are generally
recoverable if a device is left in dark for an extended amount of time3”** (similarly-looking “burn-in”
exponential degradation phase has been observed in organic solar cells but the degradation is usually
irreversible****). However, this behaviour may not be universal for all PSC architectures and reports

exist where this initial degradation component is not explicitly shown.334

The exponential degradation regime is often followed by a more linear one, where performance
decreases steadily. With a linear decay, it is possible to fit the slope and estimate device lifetime: e.g.
Tso parameter. One has to remember to make any extrapolations disregarding the (potentially
reversible) initial exponential losses. In the example in Figure 7, the linear slope is around -0.0071% h"
!, Hence it would take the device around 2800 h of operation under 1 Sun to linearly lose 20% of its
PCE — the definition of Tgo parameter.
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Figure 7 A typical result of keeping a device at MPP and N,. a) The device shows an initial exponential loss region, followed
by a slower linear region. A slope can be fitted to the linear region (broken line) to estimate device lifetime, Tgo. The device
can recover part of its initial performance after being kept in the dark — in this case for 16 hours. The device was aged under
white LED lamp. b) a schematic of the ageing procedure combining MPP tracking and periodic J-V scans. One has to consider
the balance between the time spent during J-V scans and that at MPP, as degradation may be different during J-V sweeps and
at MPP. For this study, we performed 100 mV s scans every 15 minutes, which results in devices spending 98% of the time at
MPP. However, there is no “right” balance. More frequent J-V scans may sometimes be more suitable to resolve very fast
degradation (e.g. rapid bleaching). On the other hand, frequent J-V scans are not required when the devices appear stable.

Researchers should decide the duration of the ageing experiments keeping in mind that initial,
potentially reversible losses can occur in the initial phase of the measurements. The exact time should
be decided based on whether a reasonable extrapolation can be made from the data already collected.
We encourage the researchers to conduct the experiments until a clear linear regime has been
reached, or alternatively, until the device has stopped working (e.g. Figure 2 e). We also would like to
note that the dynamics of the exponential degradation regime, that we often observe, are sensitive to
temperature (cf. Figure 3).

Because part of the losses incurred by aged PSCs are potentially reversible when the devices are left
in the dark, we would like to invite the researchers to check and report on this behaviour. After
completion of the ageing experiment under illumination, we usually allow our devices to recover in
the dark for at least 10 h before re-measuring them again.

Towards consensus on how to age perovskite solar cells

Finally, we believe it is useful to gather statistics when investigating stability of PSCs. One can for
example average many (normalized, if required) stability curves and plot the result along with standard
deviation (cf. Figure 1, 2 a and Figure 4). Additionally, one can compare the statistics of the
performance before and after ageing following a recovery period.

Having identified the parameters that are mainly responsible for the degradation, one can exploit
those in accelerated ageing studies. In our case, this could be the illumination intensity (cf. Figure 2 b-
d), temperature (Figure 3) or humidity (Figure 2 a). For a quantitative comparison and predictive
power of accelerated ageing, knowledge of a model for the underlying degradation mechanism is
essential. For a temperature-activated process, it is common to assume an Arrhenius type behaviour
and extract an acceleration factor.!? If the absorbed photon flux and/or photogenerated charge
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carriers trigger the degradation mechanisms, measurements under elevated light intensities can be
performed to accelerate degradation. For PSCs, measurements under intensities up to 70 suns have
been performed showing slow degradation at low efficiencies.*® As ageing studies for the most stable
PSCs have already been conducted for 500 to >1000 h,”2454748 3ccelerated ageing studies are the next
step towards an assessment of product-relevant operational stability.

To summarize, we discussed how illumination, temperature, atmosphere and load on the device can
affect its stability. We drew a distinction between operational stability and thermal stability measured
in the dark. We argued that the later can be a practical way to pre-screen a large number of devices
prior to operational stability testing and in Supplementary note 2, we described the setup we built for
stability measurements. In Table 1 we summarize the conditions we use for ageing PSCs to best mimic
the natural operational conditions of solar cells. Based on the results in this work and literature
reports, we found that some of these can be potentially relaxed without compromising the
experiments. This includes the light source, where white LEDs are a practical alternative to an AM 1.5G
solar simulator. Furthermore, by substituting MPP tracking by easier-to-implement open or short-
circuit load on the device, one would potentially arrive at a conservative stability estimate. Having said
that, we invite the researchers to verify our observations for a variety of PSC architectures.

In contrast to this, we believe that it is important to measure stability of PSCs not only at room
temperature but also at elevated temperatures (we used 65 °C). Similarly, for comparability of studies
on stability of PSCs, it is important that the devices are protected from O, and H,O i.e. inert
environment is provided. This can be achieved either by controlling the atmosphere or by
encapsulating the devices. However, by only encapsulating the devices and conducting the experiment
under ambient conditions, one risks investigating the quality of encapsulation rather than that of
device. On the other hand, continuous flushing with gas keeps the partial pressure of volatile
decomposition products such as hydrogen iodide and methylamine® low and might promote a
decomposition of (particularly CH3NH;Pbls) perovskite, especially at elevated temperatures (this can
be avoided for all-inorganic perovskites®). Therefore, perhaps the safest way to investigate the
stability of PSCs is to age encapsulated devices under inert atmosphere to minimize the undesired and
uncontrolled effects of trace gases. A dedicated study would be needed to answer this question.

Table 1 Ageing conditions imitating natural environment of solar cells.

1 Sun solar simulator

lllumination* . R
(possible to relax to white LEDs)
MPP
Load* ) _—
(possible to relax to open/short-circuit)
Temperature Room and elevated temperatures
Atmosphere Inert environment

*based on results in this work and the literature, we think these conditions can be possibly relaxed for ageing PSCs without
compromising the conclusions of the experiments

In an attempt to bring the researchers to a consensus on how to age PSCs, we demonstrate that the
most reliable way to investigate PSC stability is under 1 sun illumination, preferably at MPP and both
under room and elevated temperatures. Steps should be taken towards controlling the atmospheric
environment of the experiment. We hope that our work will inspire the research community to repeat
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the experiments presented here for a wide range of device architectures and perovskite compositions
and that it will be helpful for eventually developing consensus protocols for ageing PSCs.

Methods
Device fabrication

Fluorine-doped tin oxide (FTO)-glass substrates (TCO glass, NSG 10, Nippon sheet glass, Japan) were
etched from the edges by using Zn powder and 4 M HCl and then, cleaned by ultrasonication in
Hellmanex (2%, deionized water), rinsed thoroughly with de-ionized water and ethanol, and then
treated in oxygen plasma for 15 min. A 30 nm blocking layer (TiO;) was deposited on the cleaned FTO
by spray pyrolysis at 450 °C using a titanium diisopropoxide bis(acetylacetonate) solution (75% in 2-
propanol, Sigma-Aldrich) diluted in anhydrous ethanol (1:9 volume ratio) as precursor and oxygen as
a carrier gas. A 150-200 nm mesoporous TiO; layer was deposited by spin coating a diluted paste (1:6
wt. ratio) (Dyesol 30NRD: ethanol) (4000 rpm, acceleration 2000 rpm for 20 s) onto the substrate
containing TiO, compact layer, and then sintered at 450 °C for 30 min in dry air.

Li doping of mesoporous TiO,, 150 pL of LiTFSI solution in acetonitrile (10mg/mL, freshly prepared in
argon atmosphere) was spin coated (3000 rpm, acceleration 2000 rpm for 20 s) after a loading time of
10 s. Thereafter, Li treated substrates were sintered at 450 °C for 30 min. After cooling down to 150
°C the substrates were immediately transferred in a dry glove box (Humidity < 2%) for depositing the
perovskite films.

The perovskite films were deposited using a single-step deposition method from the precursor
solution containing FAI (1M), Pbl, (1.1 M), MABr (0.2 M) and PbBr, (0.2 M) in anhydrous
dimethylformamide/ dimethylsulphoxide (4:1 (volume ratio)). Thereafter, 5% of Csl (Acros 99.9%) (1.5
M DMSO) were added to achieve the desired composition: Css(FAg3sMA17)9sPb(lg3Bri7)s.

The perovskite solution was spin coated in a two steps program at 1000 and 6000 rpm for 10 and 30 s
respectively. During the second step, 150 uL of chlorobenzene was poured on the spinning substrate
10 s prior to the end of the program. Films with Cs-containing perovskite turned dark immediately
after spin coating. The substrates were then annealed (at 100 °C) for 1 h in controlled atmospheric
conditions with humidity <2%.

After the perovskite annealing, the substrates were cooled down for few minutes and a Spiro-MeOTAD
(Merck) solution (70 mM in chlorobenzene) was spin coated at 4000 rpm for 20 s. Spiro-MeOTAD was
doped with bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma-Aldrich), tris(2-(1H-pyrazol-1-
yl)-4-tert-butylpyridine)- cobalt(l11) tris(bis(trifluoromethylsulfonyl)imide) (FK209, Dynamo) and 4-tert-
Butylpyridine (TBP, Sigma-Aldrich). The molar ratio of additives Spiro-MeOTAD was: 0.5, 0.05 and 3.3
for Li-TFSI, FK209 and TBP respectively.

Finally, 70-80 nm of Au top electrode was thermally evaporated under high vacuum. The active area
of the device, as defined by the overlap of Au and FTO electrodes was 0.26 cm™.

The devices were used as-fabricated and without any form of encapsulation.

Device characterization

A Zeiss Merlin HR-SEM was used to characterize the morphology of as-fabricated devices. X-ray
powder diffractions were recorded with an X’Pert MPD PRO (Panalytical) equipped with a ceramic
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tube (Cu anode, A = 1.54060 A), a secondary graphite (002) monochromator and a RTMS
X’Celerator (Panalytical).

UV-vis measurements were performed with a Varian Cary 5.

Photoluminescence spectra were obtained with Florolog 322 (Horiba Jobin Ybon Ltd) with the
range of wavelength from 500 nm to 850 nm by exciting at 460 nm.

Stability measurements

The stability setup used in this study is described in detail in Supplementary note 2.

Data availability
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the corresponding author upon reasonable request

Author contributions

WT and KD conceived the study, which was then supervised by WT. KD performed the stability
measurements and analysed the data. The devices were prepared by EA. The stability measurement
setup was designed and developed by KD, WT and AH. KD and WT wrote the first draft of the
manuscript. MG and AH contributed to fruitful discussions and supervision of the project. All authors
contributed to the writing of the manuscript.

Acknowledgements

We thank Benjamin Le Geyt, Supardi Sujito, Christophe Clement and Andre Fattet for their help in
building the ageing setup used to collect the data presented here. We also thank Taisuke Matsui,
Mozhgan Yavari and Michael Saliba for providing devices used in a pilot study. KD thanks the SNF for
funding within the framework of Umbrella project (grant agreement no. 407040-153952 and 407040-
153990). EA acknowledges King Abdulaziz City for Science and Technology (KACST) for the fellowship,
WT and MG for their financial support under a joint research project. WT thanks the Swiss National
Science foundation for funding through an Ambizione fellowship.

Competing financial interests

The authors declare no competing financial interests

191



Chapter 9 Towards Consensus on How to Age Perovskite Solar Cells

References

1. Correa-Baena, J.-P. et al. The rapid evolution of highly efficient perovskite solar cells. Energy
Environ. Sci. 10, 710-727 (2017).

2. Priyadarshi, A. et al. Alarge area (70 cm 2 ) monolithic perovskite solar module with a high efficiency
and stability. Energy Environ. Sci. 9, 3687-3692 (2016).

3. Hu, Y. et al. Stable Large-Area (10 x 10 cm2) Printable Mesoscopic Perovskite Module Exceeding
10% Efficiency. Sol. RRL 1, 1600019 (2017).

4. Agresti, A. et al. Graphene Interface Engineering for Perovskite Solar Modules: 12.6% Power
Conversion Efficiency over 50 cm2 Active Area. ACS Energy Lett. 2, 279-287 (2017).

5. Conings, B. et al. Intrinsic Thermal Instability of Methylammonium Lead Trihalide Perovskite. Adv.
Energy Mater. 5, 1500477 (2015).

6. You, J. et al. Improved air stability of perovskite solar cells via solution-processed metal oxide
transport layers. Nat. Nanotechnol. 11, 75-81 (2016).

7. Saliba, M. et al. Incorporation of rubidium cations into perovskite solar cells improves photovoltaic
performance. Science 354, 206—209 (2016).

8. Anaraki, E. H. et al. Highly efficient and stable planar perovskite solar cells by solution-processed
tin oxide. Energy Environ. Sci. 9, 3128-3134 (2016).

9. Zimmermann, E. et al. Erroneous efficiency reports harm organic solar cell research. Nat. Photonics
8, 669—672 (2014).

10. Snaith, H. J. et al. Anomalous Hysteresis in Perovskite Solar Cells. J. Phys. Chem. Lett. 5, 1511—
1515 (2014).

11. Tress, W. et al. Understanding the rate-dependent J-V hysteresis, slow time component, and
aging in CH3NH3PbI3 perovskite solar cells: the role of a compensated electric field. Energy Environ.
Sci. 8,995-1004 (2015).

12. Reese, M. O. et al. Consensus stability testing protocols for organic photovoltaic materials and
devices. Sol. Energy Mater. Sol. Cells 95, 1253-1267 (2011).

13. Saliba, M. et al. Cesium-containing triple cation perovskite solar cells: improved stability,
reproducibility and high efficiency. Energy Environ. Sci. 9, 1989-1997 (2016).

14. Leijtens, T. et al. Overcoming ultraviolet light instability of sensitized TiO, with meso-
superstructured organometal tri-halide perovskite solar cells. Nat. Commun. 4, 3885 (2013).

15. Shin, S. S. et al. Colloidally prepared La-doped BaSnO3 electrodes for efficient, photostable
perovskite solar cells. Science 356, 167—-171 (2017).

16. Lee, S.-W. et al. UV Degradation and Recovery of Perovskite Solar Cells. Sci. Rep. 6, 38150
(2016).

17. Li, W. et al. Enhanced UV-light stability of planar heterojunction perovskite solar cells with
caesium bromide interface modification. Energy Environ. Sci. 9, 490-498 (2016).

18. Bella, F. et al. Improving efficiency and stability of perovskite solar cells with photocurable
fluoropolymers. Science 354, 203—-206 (2016).

19. Aristidou, N. et al. The Role of Oxygen in the Degradation of Methylammonium Lead Trihalide
Perovskite Photoactive Layers. Angew. Chem. Int. Ed. 54, 8208—8212 (2015).

20. Pearson, A. J. et al. Oxygen Degradation in Mesoporous Al203/CH3NH3PbI3-xClx Perovskite
Solar Cells: Kinetics and Mechanisms. Adv. Energy Mater. 6, 1600014 (2016).

21. Bryant, D. et al. Light and oxygen induced degradation limits the operational stability of
methylammonium lead triiodide perovskite solar cells. Energy Environ. Sci. 9, 1655-1660 (2016).

192



Chapter 9 Towards Consensus on How to Age Perovskite Solar Cells

22. Yang, J., Siempelkamp, B. D., Liu, D. & Kelly, T. L. Investigation of CH3NH3PbI3 Degradation
Rates and Mechanisms in Controlled Humidity Environments Using in Situ Techniques. ACS Nano 9,
1955-1963 (2015).

23. Christians, J. A., Miranda Herrera, P. A. & Kamat, P. V. Transformation of the Excited State and
Photovoltaic Efficiency of CH3NH3PbI3 Perovskite upon Controlled Exposure to Humidified Air. J.
Am. Chem. Soc. 137, 1530-1538 (2015).

24, Hwang, ., Jeong, I., Lee, J., Ko, M. J. & Yong, K. Enhancing Stability of Perovskite Solar Cells to
Moisture by the Facile Hydrophobic Passivation. ACS Appl. Mater. Interfaces 7, 17330-17336
(2015).

25. Long, M. et al. Nonstoichiometric acid—base reaction as reliable synthetic route to highly stable
CH3NHsPbls perovskite film. Nat. Commun. 7, 13503 (2016).
26. Chen, W. et al. Efficient and stable large-area perovskite solar cells with inorganic charge

extraction layers. Science 350, 944-948 (2015).

27. Brivio, F., Caetano, C. & Walsh, A. Thermodynamic Origin of Photoinstability in the
CH3NH3Pb(11-xBrx)3 Hybrid Halide Perovskite Alloy. J. Phys. Chem. Lett. 7, 1083-1087 (2016).

28. Divitini, G. et al. In situ observation of heat-induced degradation of perovskite solar cells. Nat.
Energy 1, 15012 (2016).

29. Domanski, K. et al. Not All That Glitters Is Gold: Metal-Migration-Induced Degradation in
Perovskite Solar Cells. ACS Nano 10, 6306-6314 (2016).

30. Gholipour, S. et al. Highly Efficient and Stable Perovskite Solar Cells based on a Low-Cost
Carbon Cloth. Adv. Energy Mater. 6, 1601116 (2016).

31. Aitola, K. et al. High Temperature-Stable Perovskite Solar Cell Based on Low-Cost Carbon
Nanotube Hole Contact. Adv. Mater. 29, 1606398 (2017).
32. Bush, K. A. et al. Thermal and Environmental Stability of Semi-Transparent Perovskite Solar

Cells for Tandems Enabled by a Solution-Processed Nanoparticle Buffer Layer and Sputtered ITO
Electrode. Adv. Mater. 28, 3937-3943 (2016).

33. Bush, K. A. et al. 23.6%-efficient monolithic perovskite/silicon tandem solar cells with
improved stability. Nat. Energy 2, 20179 (2017).

34, Zhao, X., Kim, H.-S., Seo, J.-Y. & Park, N.-G. Effect of Selective Contacts on the Thermal Stability
of Perovskite Solar Cells. ACS Appl. Mater. Interfaces 9, 7148-7153 (2017).

35. Eames, C. et al. lonic transport in hybrid lead iodide perovskite solar cells. Nat. Commun. 6,
7497 (2015).

36. Meloni, S. et al. lonic polarization-induced current-voltage hysteresis in CH3NH3PbX3
perovskite solar cells. Nat. Commun. 7, 10334 (2016).

37. Nie, W. et al. Light-activated photocurrent degradation and self-healing in perovskite solar
cells. Nat. Commun. 7, 11574 (2016).

38. Huang, W., Manser, J. S., Kamat, P. V. & Ptasinska, S. Evolution of Chemical Composition,
Morphology, and Photovoltaic Efficiency of CH3NH3PbI3 Perovskite under Ambient Conditions.
Chem. Mater. 28, 303-311 (2016).

39. Bag, M. et al. Kinetics of lon Transport in Perovskite Active Layers and Its Implications for
Active Layer Stability. J. Am. Chem. Soc. 137, 13130-13137 (2015).

40. Tress, W., Correa Baena, J. P., Saliba, M., Abate, A. & Graetzel, M. Inverted Current—Voltage
Hysteresis in Mixed Perovskite Solar Cells: Polarization, Energy Barriers, and Defect Recombination.
Adv. Energy Mater. 6, 1600396 (2016).

193



Chapter 9 Towards Consensus on How to Age Perovskite Solar Cells

41. Domanski, K. et al. Migration of cations induces reversible performance losses over day/night
cycling in perovskite solar cells. Energy Environ. Sci. 10, 604—613 (2017).

42, Abate, A. et al. Silolothiophene-linked triphenylamines as stable hole transporting materials
for high efficiency perovskite solar cells. Energy Environ. Sci. 8, 2946—2953 (2015).

43. Kong, J. et al. Long-term stable polymer solar cells with significantly reduced burn-in loss. Nat.
Commun. 5, 6688 (2014).

44, Peters, C. H. et al. The Mechanism of Burn-in Loss in a High Efficiency Polymer Solar Cell. Adv.
Mater. 24, 663—668 (2012).

45, Tan, H. et al. Efficient and stable solution-processed planar perovskite solar cells via contact
passivation. Science 355, 722-726 (2017).

46. Law, C. et al. Performance and Stability of Lead Perovskite/TiO2, Polymer/PCBM, and Dye
Sensitized Solar Cells at Light Intensities up to 70 Suns. Adv. Mater. 26, 6268—6273 (2014).

47. Mei, A. et al. A hole-conductor—free, fully printable mesoscopic perovskite solar cell with high
stability. Science 345, 295-298 (2014).s
48. Grancini, G. et al. One-Year stable perovskite solar cells by 2D/3D interface engineering. Nat.

Commun. 8, 15684 (2017).

49, Dualeh, A., Gao, P., Seok, S. |., Nazeeruddin, M. K. & Gratzel, M. Thermal Behavior of
Methylammonium Lead-Trihalide Perovskite Photovoltaic Light Harvesters. Chem. Mater. 26,
6160-6164 (2014).

50. Akbulatov, A. F. et al. Probing the Intrinsic Thermal and Photochemical Stability of Hybrid and
Inorganic Lead Halide Perovskites. J. Phys. Chem. Lett. 8, 1211-1218 (2017).

194



Chapter 9 Towards Consensus on How to Age Perovskite Solar Cells

Supplementary Information

Supplementary tables
Supplementary Table 1 Common PV panel testing protocols for accelerated stress tests according to IEC 61215 standards.
Test Details Major addressed failures
Broken int t d cells, junction b
Thermal Cycling 200 cycles, from -40 to 85 °C roken interconnects and cells, junction box

adhesion, electrical bond failures

Corrosion, delamination, adhesion of

Damp Heat 1000 hours, 85 °C / 85% Relative Humidity encapsulant

10 cycles, from -40 to 85 °C/

85% Relative Humidity Delamination, junction box adhesion

Humidity Freeze

uv 15 kWh m? Colour change of encapsulant, delamination

Hail, salt, static and dynamic mechanical Corrosion, broken glass and interconnects,

Further tests . . ) R
load (wind, snow), hot spots electrical bond failures, shunts in solar cells

Supplementary Table 2 Examples of measurement guidelines for different stress conditions provided within the ISOS
protocols by Reese et al.’

Test ID 1SOS-D-3 1SOS-L-3 ISOS-T-3 ISOS-LT-3 Solar-thermal-
Damp heat Laboratory weathering ~ Thermal cycling humidity-freeze cycling

Light source None Simulator None Simulator
Temperature 65/85 °C 65/85 °C —40to 85 °C -25to0 65 °C
Relative humidity 85% Near 50% Near 55% 50% beyond 40 °C

. Environmental Light, Temp. and Environmental Environmental chamber
Environment . - - .

chamber Relative Humidity chamber with light and freezing

Characterization ) ) . .
. Solar simulator Solar simulator Solar simulator Solar simulator
light source
Load Open circuit MPP Open circuit MPP or open circuit
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Supplementary figures
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Supplementary Figure 3 The effect of illumination on devices aged a) 20, b) -10 and c) 65 °C. d) The effect of light on
temperature-cycled device. The devices exposed to light continuously, were aged at MPP. The ones aged in the dark were
exposed to light and measured for 1 min at MPP every 3 h. lllumination was white LEDs.
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Supplementary note 1: Device architecture and characterization

PSCs were fabricated on fluorine-doped tin oxide (FTO) glass substrates and composed of a typical
stack of compact TiO,/ mesoporous TiO, /perovskite/Spiro-MeOTAD/Au. The active layer of the
device consists of a perovskite-filled mesoporous TiO; scaffold and a solid perovskite layer sitting on
top of it. The chemical composition of the perovskite precursor is a Cs-containing
FA0.s3MAo17Pb(los3Bro17)s formulation, referred to as “triple cation” perovskite in this work.
Supplementary Figure 4 a shows the cross-section SEM image of the device with a thin perovskite-
infiltrated mesoporous TiO, layer (as electron selective layer, ESL) of ca. 200 nm and a 500 nm
perovskite capping layer comprised of large crystals. (Supplementary Figure 4 b) A 200 nm layer of
Spiro-MeOTAD (as hole transporting layer, HTL) sits atop the perovskite layer and finally a gold top
electrode is deposited to contact the device.

Supplementary Figure 5 shows a J-V curve measured at 10 mV s* of a typical high-performance
device used in this study. The devices exhibit limited hysteresis and the efficiency extracted from the
backward scan (20.6% in Supplementary Figure 5) is close to the stabilised power (20.4%).

a

: Ay
Spiro-MeOTAD

& Perovskite

Supplementary Figure 4 SEM images of the devices: a) cross-section and b) top view. Perovskite composition used was
"triple cation" including Cs.
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Supplementary Figure 5 Photovoltaic performance of the devices studied: J-V curve and the result of maximum power
point tracking of one of the devices used in this study.
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a) UV-visible spectroscopy absorption spectrum b)

photoluminescence emission spectrum and c) XRD spectrum
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Supplementary note 2: Our stability setup

As an example, we describe here the stability setup built by us and used in this work. The central part
of the stability setup is a custom-built airtight weathering chamber, which can host up to 4 samples
(each having 2 pixels/devices). The devices can be masked (to 0.16 cm?in this study) and each device
is connected to a separate channel of a potentiostat (Biologic MPG2; green arrows in Supplementary
Supplementary Figure 7) and the temperature of each sample (blue arrows) can be independently
regulated. Additionally, the illumination (purple arrows) and the atmosphere (red arrows) within the
ageing chamber are controlled. The use of potentiostat allows for a broad range of electrical
measurements such as MPP tracking, J-V as well as transient and EIS measurements to be done in
situ.

The samples rest on spring legs and they are pressed against a copper plate lined with a soft
thermally conductive rubber. The copper plate has a hole inside into which a Pt100 thermometer is
inserted. Between the copper plate and the aluminium body of the weathering chamber sits a Peltier
element — a small heat pump that can either cool or heat up the sample. Arctic Silver 5 paste is used
to increase heat conductivity between the components. The Peltier element and Pt100 are
connected to a computer-controlled PID controller (Meerstetter TEC-1091) to create a feedback
loop. The setup allows for a temperature control from -15 °C - 180 °C.

The weathering chamber is sealed with a soda-lime glass lid and all electrical connectors are airtight.
A 5 mbar check valve is installed at the outlet of the chamber in order to maintain a small
overpressure inside and prevent permeation of O, and H,0 into the environment (similar to how
gloveboxes are designed). Mass flow controllers (Brooks Instruments GF40) are used to regulate flow
of different gasses, which can optionally pass through a water bubbler on their way to the chamber.
In this study we used around 0.5 | min. The purity of the exhaust gas can be monitored with an
0,/H>0 sensor such as Rapidox 3100D and a feedback loop can be created in order to control the
atmosphere (currently under development in our setup).

Illumination of the devices can be selected between a Xe solar simulator and an LED array. A
reference diode is used to monitor the intensity of the light source (and in the case of the LED array,
to create a feedback loop to precisely regulate the illumination from 0.00001 to equivalent of 3
Suns). When using a Xe lamp, it is important to monitor its intensity (which tends to oscillate and
decrease over time — especially in the UV region) keeping in mind that a Si diode used for this
purpose may itself degrade when exposed to UV light for extended period of time (a UV filter in front
of the diode is a practical solution to the problem).

The setup is centrally-controlled through a LabVIEW interface allowing for automatic programing of
experiments (temperature, illumination, atmosphere, electronic measurements). Up to 32 devices
(16 samples) can be measured simultaneously in 4 separate weathering chambers. Supplementary
Figure 8 shows pictures of the main components of the setup.

200



Chapter 9 Towards Consensus on How to Age Perovskite Solar Cells

Solar simulator or
LED array

Atmospheric chamber

Gas
sources

Reference
diode
Water
bubbler

Glass window

Gl Gas exhaust with
P 5 mbar check valve

—
—r ﬂi.mj

0,/H,0 sensar /

Soft thermal pad
Copper plate
Pt100 thermometer

Mass flow
controllers

Device spring contacts

/ Potentiostat

LED driver or
power supply

PC/ LabVIEW

Supplementary Figure 7 The sch ics of the ageing setup used to perform all experiments presented in this work. The
central weathering chamber is shown in cross-section. The differently coloured arrows show how different components of

the setup interact with each other.
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Supplementary Figure 8 A picture of the main parts of the stability measurement setup. Solar cells sit inside the
environmental chamber, which is flushed with gas and illuminated from above. The solar cells are connected to the
potentiostat. Light and temperature are controlled through a central control unit.

Supplementary references

1. Reese, M. O. et al. Consensus stability testing protocols for organic photovoltaic materials and
devices. Spec. Issue 3rd Int. Summit OPV Stab. 95, 1253-1267 (2011).

202



Conclusions

Achieved Results

PSCs have achieved power conversion efficiency values approaching these of established PV technol-
ogies. As was historically the case with other PV technologies, the focus of the PSC research community
is at this point shifting towards making their devices not only efficient but also stable — the next essen-
tial step for the commercialization of the technology. In this thesis, | described how my efforts contrib-
uted towards improving stability of PSCs. Since its invention, PSCs have been speculated to be sensitive
to environmental conditions such as atmosphere, temperature and illumination. In this thesis, | first
described how | designed and built a dedicated solar cell stability setup that allows for keeping the
devices under controlled atmosphere in airtight chambers. The user can illuminate the devices with
white LED light or with a Xe lamp. The temperature of each sample can be controlled independently
with use of Peltier elements and a range between approximately -15 °C to 180 °C can be achieved.
Additionally, each of 32 devices is connected to a separate channel of a potentiostat, which allows for
independent load control (MPP, open-/short-circuit, or any other voltage/current) as well as conduct-
ing experiments such as Voc/Js tracking, transient measurements and measurements of rate-depend-
ent J-V curves amongst others.

In the second part of this thesis, | focused on improving stability of PSCs. First, | described how “mixed”
perovskites suffer from intrinsic photo instability. | showed, how tuning the perovskite composition
and including Cs* into the mixture resulted in a breakthrough operational stability through means of
entropic stabilisation and film morphology improvement. This was achieved with both TiO,-mesopo-
rous scaffold based devices and planar devices based on SnO; ETLs. However, this way only room-
temperature stability was achieved and | soon discovered that those same devices suffered from crit-
ical instability at elevated temperatures (>60 °C). Having employed time-of-flight secondary ion mass
spectrometry, | found that Au can migrate from the electrode, across Spiro-MeOTAD and lodge itself
deep in the perovskite layer. Again, | verified this for several different device architectures and perov-
skite compositions. | found this phenomenon to proceed both under illumination and load as well as
in the dark. By series of control experiments, where Au electrode was replaced following ageing or
ageing was done without an Au electrode on the device, | managed to pinpoint Au migration as the
main cause of device degradation. The SEM analysis of Spiro-MeOTAD layer underneath Au electrode
in high-temperature-aged devices revealed that HTL becomes porous. This points to the conclusion
that HTL is the weak point of PSCs.

In an attempt to improve high-temperature stability of PSCs, | tried to reinforce Spiro-MeOTAD with
Al,03; nanoparticles. While the stability was improved this way, it was still unsatisfactory. Alternatively,
| deposited a thin Cr layer between Au and Spiro-MeOQOTAD to act as a diffusion barrier. This approach
turned out to effectively block Au migration, which I confirmed with elemental analysis of perovskite
films constituting high temperature-aged devices. However, incorporation of the Cr diffusion barrier
had an adverse effect on device efficiency due to the energetic mismatch of device components or
increased series resistance. For this reason, | investigated the potential of PTAA as an alternative to
Spiro-MeOTAD for high performance, high temperature-stable devices. Indeed, devices with PTAA HTL
are critically more high temperature-stable than their Spiro-MeOTAD based counterparts. This is as-
cribed to the polymeric nature of PTAA as opposed to the small-molecule Spiro-MeOTAD. Additionally,
unlike Spiro-MeOTAD, PTAA does not suffer from crystallisation at elevated temperatures. At the time
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of this discovery, PTAA HTL was combined with state-of-the-art Rb-containing perovskite to demon-
strate devices with both record efficiency and stability. As polymeric PTAA turned out to be effective
for realisation of efficient and stable PSCs, | also investigated its additive-free derivatives to be em-
ployed as HTLs. This way, with my colleagues, we have shown that employing additive-free HTLs is a
promising way to improve stability of PSCs.

While the stability of PSCs with polymeric HTLs is very promising, the organic HTMs and Au electrodes
employed are rather expensive (both to purchase and, in case of Au, to vacuum-process) and of poor
industrial applicability. Hence, | also investigated the potential of carbon electrodes, which do not re-
quire high temperature or vacuum processes for deposition. Removing Au from the system (the main
culprit of high temperature degradation), resulted in much improved stability. Hence, the facile-to-
process carbon electrodes hold a promise of inexpensive, stable and reasonably efficient PSCs.

In the final part of this thesis, the focus is on understanding degradation in the context of perovskites
being novel materials showing new phenomena previously unknown to PV research community. This
involves J-V-hysteresis and reversible losses when the devices are aged under illumination. | investigate
these reversible losses to find the underlying mechanism. With the help of time-of-flight secondary ion
mass spectrometry, | provided the first direct proof of halide defects being mobile in a complete de-
vice. It was found that electric field is enough to induce this behaviour. However, mobile halides only
are not enough to explain the slow, reversible degradation in PSCs. Consequently, with the help of
drift-diffusion simulations, an indirect proof of cation migration was also provided. Only combined
halide and cation migration allows for reproducing the observed reversible degradation in PSCs in drift-
diffusion simulations. This cation migration was found to be a very slow process occurring on the time-
scale of hours and hence only seen when conducing long-term ageing of PSCs.

Working on ion migration in PSCs, | also discovered that mobile halide vacancies can accumulate at
FTO/perovskite interfaces when ETL-free PSCs are biased in reverse direction. This in turn alters the
energetic structure of the interface and allows for direct hole injection from FTO to perovskite. Under
illumination, the conductivity of perovskite is increased (photoconductivity). As holes are considerably
slower than electrons in perovskite, when the reverse-biased devices are illuminated, one observes
photomultiplication effect (i.e. each absorbed photon results in collection of multiple electron-hole
pairs). This allows the devices to work as photodetectors with very high internal gains. The responsivity
of the devices (one of the main photodetector performance metric, which describes photodetector’s
ability to turn optical signals to electric ones) exceeded 200 A W, which was at that time amongst the
highest values achieved.

The early years of PSC research were plagued by inaccurate PCE reports due to the phenomenon of
hysteresis and the lack of consensus on how to measure these devices. By the time this thesis was
submitted, operational stability has emerged as the next main challenge to be addressed by the re-
search community. It is important to avoid the missteps that haunted PCE measurements in the early
days of the field and to reach a consensus on how to assess and report stability of PSCs. This is why, |
conducted a systematic study on how different factors such as illumination, temperature, atmosphere
and load on the device influence its stability. | concluded that the most reliable way to assess opera-
tional stability of PSCs is to conduct the experiments in inert atmosphere under illumination, MPP and
at both room and elevated temperatures. | also proposed several protocols of varying sophistication
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as well as data reporting practices as an effort to make published stability data more readily compara-
ble. | hope that my work will trigger a discussion on how to age PSCs and that it will lead to eventual
emergence and adoption of consensus protocols for measuring operational stability of these devices.

Future Work

Future work can be pursued in several directions. Firstly, the development of the ageing setup can be
continued as outlined at the end of Chapter 2 to include better atmospheric control, additional meas-
urement capabilities and a secure power supply.

Secondly, more work is needed to bring the community into the consensus of how ageing of perovskite
solar cells should be done in order to further the understanding of degradation processes and improve
stability. This is a very important topic as the efficiency of the process of improving the stability of
perovskite solar cells hinges on it. Work described in Chapter 9 should be repeated (also by other
research groups) for a broad range of device architectures with different contact materials and perov-
skite compositions. Indeed, the work described here is only the first of a kind and much more devel-
opment is expected before a consensus PSC ageing protocols (analogous to ISOS-3 for OPV) can be
developed.

Given the complex nature of the degradation of perovskite solar cells, one attractive research direction
is to investigate stability and power output under real operating conditions — either by performing the
experiments outdoor, or by simulating the conditions in the laboratory. This would give insights into
realistic power outputs of PSCs working in the field.

Finally, all work described in this thesis was conducted using unencapsulated devices. The logics behind
this is that creating inert conditions is a better strategy than encapsulating the devices, which poses
the risk that one probes the quality of encapsulation rather than the device itself. However, | am sus-
pecting that exposing the unencapsulated devices to gas flow can itself influence the devices and |
reported such indications in work led by Juan-Pablo Correa-Baena.®® Hence, an important research
direction to further the work described in this thesis is to investigate the influence of inert gas flows
on the stability of unencapsulated devices. Perhaps the correct way to age perovskite solar cells with
respect to the atmospheric aspect, is to place encapsulated devices in inert atmosphere: this way the
potential effect of gas flow is excluded and still the quality of encapsulation does not limit the device
stability (as no O,/H,0 is present in the environment anyways).
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Quo Vadis? - The Outlook for Stability of Perovskite Solar Cells

Since | started the work on this thesis around 3 years ago, the stabilities of PSCs have experienced a
dramatic improvement. While the lifetimes of PSCs were mostly measured in hours in 2014, by the end
of 2017 they are already measured in years.!” Hence, the next logical step will be to employ acceler-
ated stability tests for PSCs. However, for a quantitative comparison and predictive power of acceler-
ated ageing, knowledge of a model for the underlying degradation mechanism is essential. Hence,
more work into understanding of degradation mechanisms in PSCs will be needed until accelerated
protocols can be devised.

Despite the very promising developments, the stability of PSCs is still short of what would be required
for commercial PV panels. PV products are often certified to degrade by less than 10-20 % on the
timescale of 20-30 years. This certification requires the panel to withstand a series of aggressive accel-
erated stress tests involving high levels of humidity, high and low temperatures, large UV light doses,
mechanical impact tests etc. (IEC standards).’®> However, these standardized certification tests are the
result of many years of experience and analysis of common field failures (corrosion, delamination,
broken cells and connecting elements, hot spots etc.) and vary slightly for different technologies.
Hence, they cannot be readily applied to PSCs without furthering the understanding of common deg-
radation pathways.

Once again, | would like to stress that the prerequisite for stable perovskite PV modules is the intrinsic
stability of PSCs employed. However, in practice the sensitivity of PSCs to extrinsic factors such as UV
light, moisture, oxygen and mechanical loads will impose the requirements on the quality of encapsu-
lation to protect against these (it will also determine the price of encapsulation). Hence, eventually
studies of encapsulated PSCs will become increasingly relevant and required.

Currently, the most promising directions for improving stability of PSCs focus on the weak point - HTLs.
One strategy that has been very successful is to replace the organic HTLs with inorganic
ones 9108109133134 Apnother promising route is to utilise metal electrode-free architectures based on
e.g. carbon contacts.®?%1%7 Whichever strategies are employed, one thing is certain though: the issue
of stability of PSCs will receive increasing attention as the technology matures from laboratory towards
commercial products and we will see many more scientists and companies join in the quest for stability
of perovskite solar cells.
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