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Every great and deep difficulty bears in itself its own solution. It

forces us to change our thinking in order to find it.
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Abstract

Semiconductors have had a monumental impact on our society, being at the heart of every electronic
device in our daily lives. Undoubtedly, they have changed the world beyond anything that could have
been imagined before them. Otherwise, we would be using computers like a monster of a machine,
weighing more than 30 tons and consuming several kilowatts of electrical power that when it is turned
on, the lights in a few cities would be dimmed.

Among all other semiconductor materials, so-called hybrid organic-inorganic perovskites have drawn
a great deal of attention in the last decade due to dramatic strides in power conversion efficiencies
(PCEs) as photoabsorbers in solar cells. Their similarities to gold standards of crystalline silicon have
carried them to be some of the most intensely researched semiconductors by producing a plethora of
optoelectronic devices. However, despite their versatility, there are several hurdles, holding their further
improvement back. In this thesis, intrinsic properties of this family of materials and their limitations are
profoundly investigated and solutions are provided for further developments.

In the first part of this thesis, a performance difference in the current-voltage scans of solar cells, so-
called anomalous hysteresis, is unveiled. This phenomenon emerges from a combination of ion
migration and charge recombination at the charge transport layer-perovskite interface and hampers the
device performance severely. It is found that deep trap states at the interface likely trigger charge
accumulation due to the Fermi level offset of SnOy from the perovskite, which in turn leads to enhanced
charge recombination, causing a higher degree of hysteresis in solar cells. It is suggested that if the band
alignment between the perovskite absorber and the SnOx layer is improved, the resulting device excels

due to greatly reduced hysteresis and much better performance.

Charge transport characteristics and their limiting factors are of utmost importance in photovoltaic
devices in order to extract the charges efficiently. The charge carrier mobilities in CHsNH3Pbl; thin
films extracted from lateral time-of-flight measurements are found to be 6 cm?/Vs, whereas similar
measurements performed on a solar cell architecture, i.e. in the vertical direction, show effective
mobilities that are reduced by 3 orders of magnitude. By varying the thickness of the charge extraction
layers, it is revealed that the limiting factors of the charge carrier transport time in working devices are

the electron and hole transport layers rather than the perovskite material itself.

In chapters 5 and 6, the versatility of perovskite semiconductors was extended by synthesizing both
hybrid and all-inorganic perovskite nanocrystals (NCs) with compositional engineering. It is found that
exchanging cation and mixing halide ions in the perovskite structure not only altered their charge
recombination rates as well as photoluminescence spectra but also the photoluminescence quantum yield

(PLQY). The implementation of mixed halide systems into lighting devices, so-called light-emitting
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electrochemical cells (LECs), revealed another major intrinsic concern of perovskites: halide
segregation, forming bromide- and iodide-rich phases upon application of voltage in the devices.
However, this problem was tackled by adding the salt KCF3;SOs in the active layer of LECs with mixed
halide NCs. This addition not only suppresses the halide segregation by further stabilization of the
perovskite lattice with potassium ions but also improves the brightness of the devices with low injection

voltage.

In the last part of thesis, four-terminal perovskite/CIGS tandem solar cells were presented. In order to
boost the efficiency of the CIGS bottom-cell in tandem configuration, the transparency of the top-cell is
of paramount importance. Thus, wide-band perovskite top-cells with different transparent conductive
oxides used for both substrates and back electrodes were investigated, revealing that the transparency
of the substrate is more critical than the back electrode’s transmittance to increase the performance of
CIGS solar cells. Additionally, the reason of low voltage output in the top-cell is attributed to the halide
segregation caused by application of voltage and illumination, where the formation of bromide- and
iodide-rich phases was demonstrated by X-ray diffraction measurements. Finally, methods to improve

the performance of perovskite top-cells were suggested as an outlook.

Xl



Table of Contents

1

8 (oo [ o o] o OSSR 1
O R 1= o 1 o] o L1 T (o] £SO UP PSRRI 1
1.1.1  What Makes Semiconductors USEfUI? .........cooveiiiiiiinniic e 2
1.1.2  What Are Semiconductors USed FOr?.........coevieiieiiiiiniiee e 6
1.2 The Emergence Of PErOVSKITES .........ccooiiiiiiiie i 10
1.2.1  Perovskite NanOSIIUCTUIES.........coiiiiiieieierie sttt 12
1.2.2  Challenges Of PErOVSKITES ........ccciveiiieiiiieiieie e 14
1.3  Stability of Perovskites : Intrinsic Degradation Factors............ccccceevvevvereiieinennene, 14
0 T R o V51 T =1 [P 14
1.3.2  Halide Segregation ........cccocceiieie it 16
1.4 Outhing Of the TheSIS.....iciiiiee e 17
15 RETEIENCES ..oveeeecie ettt et te et nre et enes 19
Characterization TECHNIQUES .......c.ccviiiii et st te e sre et sre s 25
2.1 X-Ray DIffraction (XRD)......cccoiiriiiiiiieieieie et 25
2.2 Ultraviolet-Visible (UV-Vis) Absorption SPectroSCOPY .......cccevvveveevieieeveeeesreennenn, 26
2.3 Photoluminescence (PL) SPECIrOSCOPY ....cveevvieieireeiiiiieiieeite ettt 27
2.4  Time-Correlated Single Photon Counting (TCSPC) .......cccccveveiiieiiiie e, 28
2.5 EIeCtron MICIOSCOPIES ....c.veivieiiciieiteeite e sttt sttt et te e sre e ste e sraenne e 29
2.5.1  Transmission Electron Microscopy (TEM).......ccccociiiininiiiine i, 30
2.5.2  Scanning Electron Microscopy (SEM) .......cccoveiiiiiiiiiniiiciese e 31
2.6 Atomic Force MicroSCOPE (AFM) .....ooiiiiiiiiiiese e 32
2.7 Atomic Layer Deposition (ALD) .......cccoiiiiiiiieieniseseeeeee e 33
2.8  Ultraviolet Photoelectron Spectroscopy (UPS) ......cccvoveiieiiiic i, 34
2.9  Thermally Stimulated Current (TSC) ......coviiiiiiiecie e 35
2.10  Solar Cell CharaCterizatioN...........cocueiuiiieiieiiee e e 36
2.11 Luminance-Current-Voltage (LIV) Characterization...........c..cccceovvevieiiiiviie e 38
212 TIMe OFf FHGNT (TOF)..uiiiiiiiiieee e 39
2.13  RETEIBNCES ..oovieeieieie ettt ettt ettt s e s re e te e s e s te e teeseesseenteeneeeneenneans 40
Influence of Fermi Level Alignment on the Hysteresis of Perovskite Solar Cells ................. 41
201 A | 1o T L1 T £ o] o OSSR 42
3.2 Solar Cell CharaCteriZatioN...........cccveveiieiieie e 43
3.3  Determination of Fermi Levels of ETL and Perovskite ...........c.ccovevviiiiiiniennennnne, 47



3.4  Trap Landscape at the Interface between ETL-Perovskite.........c.ccccoocvvvvevveiieinennnn, 50

3.5 DUSCUSSION....eiutitiitiitie ettt sttt bt bbbt bt e s et e bbbttt e e s et e e 53
38 CONCIUSTON ...ttt bttt bbbt e e 54
3.7 EXPErimental SECION.........cccuiiiiiii ettt 55
3.7.1  Solar Cell ASSEMDIY ....cuiiiiiie et 55
3.7.2  Solar cell CharaCterization ............coceiieieiie i 56
3.7.3  Ultraviolet Photoelectron Spectroscopy (UPS).......ccccoivviiiiriinienieneesesie s 57
3.7.4  Thermally Stimulated SpectroSCOPY (TSC) ...covieririeiiiiieieiesie e 57
3.7.5  Film CharaCterization .........cccoiieieiieiieie e 58
3.8 RETEIBNCES ..ottt bbbt 59
4  Charge Transport Limitations in Perovskite Solar Cells: The Effect of Charge Extraction
(=T ST TP P PR PR PRPRPRORR PN 61
4.1 INEFOTUCTION «.eviiieie ettt bbb r et e e 62
4.2 ReSUILS AN DISCUSSION ....vivverieieiesieitesiesiisieeie ettt sttt bbb aneeneeneas 62
B @0 o [od [11S] o] USSP PSRRI 74
4.4 EXPerimental SECTION......c.cciiiiii e 74
441  Perovskite Thin Film SYNthesis. ... 74
442  Laterally Arranged Gold Contacts 0N GIass ..........cccoeveveieienineninieiceee, 75
4.4.3  Solar Cell FabriCatioN...........ccoiiiiiieieiie st 75
4.4.4  Solar Cell CharaCterization ...........ccoceveieieneie e 77
445  TOF MEASUIEIMENTS ....ouiieiiiieiiesiie ettt ettt et sn e nneennee s 77
A5 RETEIBINCES ...ttt bbbt b bt naeas 78
5 Light-Emitting Electrochemical Cells based on Hybrid Perovskite Nanoparticles .............. 81
T8t A | 10T L1 T 4[] o SR 82
5.2  Synthesis and Characterization of Hybrid Lead Halide Nanoparticles ..................... 83
5.3  Fabrication of LECs based on Perovskite NPS..........ccccoiiiiiiiiiinencscecseeeee, 87
5.4  Characterization of LECs based on Perovskite NPS...........cccccveiininiiinnnisieee, 89
ST T O] 0 [od [V (o] o OO U PRSPPI 93
5.6  EXperimental SECION.........ccviiiiiiie e 94
5.6.1  SYNthesis Of PreCUISOIS ......ccuviiiiiieciie ettt 94
5.6.2  Synthesis of Nanoparticles and Characterization Details .............ccccovevieinnn, 94
5.6.3  Device Fabrication and Chracterization Details.............ccooeveiinnininiiicien, 96
5.7 RETEIBNCES ..ooiieiiiie sttt ettt ettt e st e teene e s te e te e st e ereenteeneeereenne e 97

XV



6 Light-Emitting Electrochemical Cells based on All-Inorganic Perovskite Nanocrystals ..... 99

6.1 INTFOTUCTION ..ooviiiiiiiicieee e bbbt 100
8.2  RESUILS ..ot bbbt 101
6.2.1  Synthesis and Characterization of CSPhX3 NCS .......cccccevvvinininieninieeeieen, 101
6.2.2  Fabrication of Light-Emitting Electrochemical Cells (LECS) .......ccccccevveeenee. 104

LG TR B I T 1ot U 11~ o] o PSPPSR 109
GRS O] o] [V [ o PSPPSR 110
6.5  EXPerimental SECHION.......ccooiiiiiiiiiiieee s 111
6.5.1  Synthesis of CsPbX3 NCs and characterization details.............c.cccccvvevervenenne. 111
6.5.2  Fabrication of LECs and Characterization DetailS...........cccocererieniniinininnnnn, 112

B.6  RETEIBNCES ..ottt 113

7  Mechanically Stacked Perovskite/CIGS Tandem Solar Cells..........ccccvevevviiiiveniiineienne 115
% S 111 7o [¥Tox {To] o SO PR RS RPP 116
7.2 Fabrication of Mechanically Stacked Perovskite/CIGS Tandem Solar Cells ......... 117
7.2.1  Transmittance of Transparent Conductive Oxides in Tandems.............c......... 119
7.2.2 1S Voc Improving with an Increase in Band Gap?.........ccoovvvvenenenininieeiienen, 122

A T V1 (1= 3@ 11 [0 TS 124
A o] o To] V1] o] o SO USRPP 125
7.5  EXPErimental SECION.........cccueiieiiicce e 126
7.5.1  ETL DEPOSITION ...cuviiiiiieiecie ettt sre s 126
7.5.2  Perovskite DePOSITION ........coeiiiiiieiicic e 126
7.5.3  HTL and Back Electrode DepOSItION ..........cccerueririereninieienesie e 127
754  CIGS SOIAr CellIS ....oouieieieiieie et 128
7.5.5  Solar Cell CharaCterization ...........cccooceiieieiieseee e 128
7.5.6  Characterization of Perovskite FIlMS ........c.ccccoovveiiiieiieic e 129

T8 RETEBIBNCES ..ottt b e r e enes 130

S o] o Tod [ 11T o SRR 133
(TS o U] o] [ o A To] SRS 139
B[00 g T LI O =T TSP 141
BOOK CAPTET ...t bbbt b bbb bbb s bbbt b e 141
(O o I o =T T=T o] - 4 o] 1TSS 143
POSTEE PrESENTALIONS ... .otiitieiiiteei ettt ettt e ettt e e saeese e besre e e e steaneesaeeneeneenneas 145

XV






List of Abbreviations

2-T

4-T

as
AFM
ALD
BE
BSE
CB
CBM
CCD
CIGS
CRT

Er

Ev

EL
ENIAC
EQE
ETL
ETM
FA

FDC

2-terminal

4-terminal

Absorbance

exciton Bohr radius

Atomic Force Microscope
Atomic Layer Deposition
Back electrode
Back-scattered electrons
Conduction band

Conduction band minimum
Charge-coupled device
Copper indium gallium selenide
Cathode ray tube

Fermi level energy

Band gap

Vacuum level energy
Electroluminescence
Electronic Numerical Integrator and Computer
External quantum efficiency
Electron transport layer
Electron transporting material
Formadinium

Fast deposition cystallization

XVII



FF Fill factor

FS Forward scan

FTO Fluorine-doped tin oxide

FWHM Full width at half maximum

HI Hysteresis index

HOIP Hybrid organic-inorganic perovskite
HTL Hole transport layer

HTM Hole transporting material

IC Integrated circuit

I0:H Hydrogenated indium oxide

ITO Indium tin-oxide

1ZO Indium-doped zinc oxide

Jsc Short-circuit current

J-V Current-voltage

LEC Light-emitting electrochemical cell
LED Light-emitting diode

LIV Luminance-current vs. applied voltage
MA Methylammonium

MAPI Methylammonium lead iodide
MPP Maximum power point

NC Nanocrystal

NP Nanoparticle

OA Oleic acid

OLA Oleylamine

OLED Organic light-emitting diodes

PCE Power conversion efficiency

XVII



PL
PLQY
PMMA
PSC
PXRD

RS

QD

RMS
SAM
S-Q
SE
SEE
SEM

Si

TCO
TCSPC
TEM
TMPE
ToF
TSC
UPS
UV-Vis
VB

VBM

Photoluminescence
Photoluminescence quantum yield
poly(methyl methacrylate)
Perovskite solar cell

Powder X-ray diffraction

Reverse scan

Quantum dot

Reflection

Root-mean-square

Self-assembled monolayer
Schockley-Queisser

Secondary electrons

Secondary electron edge

Scanning Electron Microscopy
Silicon

Transmission

Transparent conductive oxide
Time-Correlated Single Photon Counting
Transmission Electron Microscopy
Trimethylolpropane ethoxylate
Time of Flight

Thermally Stimulated Current
Ultraviolet Photoelectron Spectroscopy
Ultraviolet-Visible

Valence band

Valence band maximum

XIX



Voc Open-circuit voltage

XRD X-Ray Diffraction

XX









1 Introduction

1.1 Semiconductors

In 1931, Wolfgang Pauli, later a Nobel Laureate, was asked to express an opinion on semiconductors
and he responded: “One should not work on semiconductors, that is a filthy mess; who knows whether
any semiconductor exists ”. Following that comment, who could have predicted that the present period
will be called “semiconductor age”? In the modern world, semiconductors are ubiquituos, one would
be hard-pressed to find an electronic device without semiconductor materials involved in its operation.
Thus, semiconductors not only have enabled the building of the modern information society but have
also revolutionized mankind’s lifestyle at least as profoundly as the invention of steam engines and

steel !

The birth of semiconductors with the invention of the rectifier (AC-DC converter) in 18742 was
followed by the first working prototype transistor, invented at Bell labs in 1947. A year later, the
invention of the junction transistor heralded the arrival of the transistor era.® If one could imagine that
the transistors were not discovered, mankind would still be using huge computers consisting of
numerous vacuum tubes, occupying an entire building, similar to the first computer (Figure 1.1). This
system would consume a huge amount of electricity as well as produce a lot of heat and would not

generally be available to the public.*®

Figure 1.1 The first computer, Electronic Numerical Integrator and Computer (ENIAC).*
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The semiconductor industry developed dramatically with the commercial production of the transistor
and related devices. They proved to be smaller, lighter, more reliable and less expensive to build (Figure
1.2). Furthermore, the last few decades have witnessed the rapid expansion of the integrated circuit (IC)
where several transistors are combined in a single device. Nowadays the number of transistors in these
circuits has reached billions and this extreme density has opened the way to several applications such as

cell phones, GPS devices, laptop computers and tablets.®

Gate
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Figure 1.2 Intel leads the industry by at least 3 years in introducing major process innovations.’

1.1.1 What Makes Semiconductors Useful?

Semiconductors are the foundation of modern day electronics such as radio, computers and mobile
phones. The reason why they are in the center of our lives is their unique atomic structure that allows

their properties to be tuned.®

1.1.1.1 Energy Bands in Semiconductors

The electronic configuration of bulk materials such as conductors, semiconductors and insulators is
described by band theory. Electrons in an isolated atom can only have discrete energy levels as shown
in Figure 1.3A. However, these degenerate energy levels split into many seperated levels due to the
atomic interaction in case of crystalline solids where atoms are brought together. These levels are treated
as a continuous bands of allowed energy states since the levels are so closely packed together. The
highest occupied and the lowest unoccupied energy bands are called valence (VB) and conduction band
(CB). These bands are separated by a region which designates energies that the electrons in the solid
cannot possess. Therefore, this region is called the forbidden gap, or band gap (Egy) which is the energy

difference between the maximum valence band energy and the minimum conduction band energy.® °
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Figure 1.3 A relative representation of the energy bands for (A) discrete energy levels of isolated atom,
(B) conductor, (C) semiconductor and (D) insulator. The marked dashed area is the overlapping of

valence and conduction bands.

An important parameter in band theory is the Fermi level, named after physicist Enrico Fermi. The
Fermi level is the energy level in a material at which there is a 50% probability that it is filled with
electrons. In other words, levels below this value tend to be filled with electrons whereas the levels
above tend to be empty. If the Fermi level of the material lies within a band, it is called a conductor. On
the other hand, if the Fermi level lies between two widely separated bands, the material will be an
insulator. If the Fermi level is between relatively close bands, the material is a semiconductor.® Figure

1.3 shows the schematic representation of the energy bands in these materials.

The large energy gap in insulators means that no electrons can reach the CB at ordinary temperatures
whereas conductors do not possess a band gap since the valence and conduction bands overlap as shown
in Figure 1.3B (marked with dashed rectangular area). In contrast to these two concepts, in
semiconductors, the band gap is small enough that thermal energy can bridge the gap for a small fraction
of electrons, providing the semiconductor limited conductivity. With such a small gap, the presence of

a small percentage of a doping material can increase conductivity dramatically.®

1.1.1.2 Bands for Doped Semiconductors

Pure semicondutors, such as a Si crystal without any impurities, are named intrinsic semiconductors
(Figure 1.4A). They are neither good conductors nor insulators and their conduction is largely dependent
on temperature. However, the properties of the material can be modified by introducing foreign

substances or impurities into the crystal, known as dopants. The semiconductor with an added dopant is
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called extrinsic semiconductor. Some atoms in the lattice are replaced with the dopant atoms, altering
the lattice structure and introducing extra energy levels. There are two different types of extrinsic

semiconductors according to the doping of the material: n-type and p-type semiconductors.

In n-type band structure, the addition of donor impurities introduces electron energy levels high in the
semiconductor band gap so that electrons can be easily excited into the CB. These donor electrons
become free ionized electrons and leave behind ionized holes. The extra electrons add to the number of
filled energy states and the Fermi level is pushed to a higher value, away from the VB and closer to the
CB. This is shown in Figure 1.4A. Due to a significantly larger number of free electrons than the number
of holes in n-type semiconductors, electrons in n-type materials are called the majority charge carriers

for current flow while holes are the minority charge carrier.
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Figure 1.4 Energy band diagram of (A) intrinsic semiconductor, (B) n-type and (C) p-type extrinsic

semiconductor.

In a p-type band structure, the addition of acceptor impurities lowers the hole level in the semiconductor
band gap so that electrons can be easily excited from the VB, leaving mobile holes in the VB. The
resulting situation is essentially the reverse of that of the n-type material, pushing the Fermi level down,
closer to the VB. Figure 1.4B shows the energy band diagram for a p-type material. In p-type materials,
the number of holes is dominant and the majority charge carriers are holes whereas electrons are the

minority carriers.® 1

1.1.1.3 Quantum Confinement of Semiconductors

As described by Moore’s law, the semiconductor industry continues to make ever smaller transistors.
This pushed the size of the materials to the smallest limits, where the size of the transistors recently

became only a few nanometers wide.!! Besides this, novel properties arise when the dimensions of a
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semiconductor material reach the nanoscale, opening up a fascinating class of materials:'?
semiconductor nanocrystals (NCs); which are crystalline particles, exhibiting size-dependent optical
and electronic properties. These NCs display discrete electronic transitions (Figure 1.5) as well as useful
properties of crystalline materials, while their bulk counterparts are characterized by composition-
dependent E4. With the absorption of a photon with energy greater than Eg, the excitation of an electron
leaves an obital hole in the VB. The lowest energy state of a negatively charged electron and positively
charged hole is an electrostatically bound electron-hole pair, known as an exciton.!3

bulk semiconductor nanocrystal
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Figure 1.5 Schematic representation of quantum confinement effects: band gap increases and discrete

energy levels appear at the band-edges with decreasing NC size.

When particle dimensions range in the nm scale, the size of the exciton, known as the exciton Bohr
radius (as), becomes comparable to the size of semiconductor NC (r). If r is smaller than ag, the charge
carriers become spatially confined, which raises their energy. Thus, the exciton size determines the
transition between the regime of bulk crystal properties and the quantum confinement region, in which
the optical and electronic properties are dependent on the NC size.***® The most striking consequence
of the quantum confinement effect is the band gap tunability of nanocrystalline semiconductors, where
the energy gap increases, leading to a blue shift of emission wavelength as the size decreases.t®4 1718
Therefore, the whole visible spectrum from blue to red can be covered with semiconductor NCs by

varying their size rather than their composition.t*4

The degree of the quantum confinement may be different in different directions of the NC, depending
on its size and shape. If the exciton is spatially confined in all directions, a quantum dot (QD) is obtained,

whereas NCs in which the exciton is confined only in the diameter direction are called quantum wires.
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If the confinement is in the thickness direction only, this results in a quantum well (Figure 1.6). An
increase in the number of dimensions yields a stronger degree of electronic confinement and thus a wider

range of tunability in the band gap. This makes the optoelectronic properties of semiconductor NCs also

J o o

profoundly shape-dependent.*® 1
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Figure 1.6 Schematic illustration of the energy level structure of a bulk semiconductor and
semiconductor nanostructures with reduced dimensionality. DOS represents the density of electronic

states.

1.1.2 What Are Semiconductors Used for?

The versatility of the properties of semiconductor materials open the doors towards numerous
technological achievements. There are several applications of semiconductor devices that have become
the backbone of today’s technology. The smart phones or the computers which have millions of tiny
transistors made from this material, power supplies, automobiles and amplifiers are only some of the
technologies in our daily life. One of the principal uses of semiconductors in a wide range of electronic
and optoelectronic devices is related to their capability to form various electrical junctions and resulting
electrostatic innomogeneities and built-in electric fields.?® However, in this thesis, the optoelectronic

applications of such materials will be focused on.

Optoelectronics is a technology, bringing optics and electronics together within a single device and a
single material. Thus, the material needs to allow for manipulation of light and electrical current as well
as their interaction. Semiconductors provide all the requirements since they can carry both electrical
current and light waves, and even better they can transform light into current or vice versa.?! Therefore,

they are used in many optoelectronic applications, including solar cells?>%, lighting technologies such
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as light-emitting diodes®2?%, light-emitting electrochemical cells?®-28, lasers? 2°, and photodetectors®®-3L,

Among all applications, solar cells and lighting devices will be investigated throughout this thesis.

1.1.2.1 Solar Cells

The first practical use of solar cells, powering instruments on board of the Vanguard | satellite, was
launched in 1958. Although the major driving force for the development of solar cells was initially
related to space applications, the expected decrease of fossil fuel sources coupled with environmental
concerns, such as CO; emission and other greenhouse gases into the atmosphere, has shifted the main
goal towards terrestrial applications. Therefore, the use of the most abundant permanent energy source,
solar radiation, has become inevitable, where the solar energy reaching the Earth’s surface provides far

more than the global energy demand.32-3

The operation of solar cells is based on the photovoltaic effect, which is the direct conversion of incident
light into electricity by a p-n or p-i-n junction semiconductor device. In the first step, photons with
higher energies than the band gap of the semiconductor are absorbed to generate electron-hole pairs.?
In a fully assembled solar cell, interfaces are used to extract the photoexcited electrons out of the device.
In a classical juntion device, charge seperation occurs at a junction between an n-doped material (high
electron conductivity) and a p-doped material (high hole conductivity), as photogenerated charges move
into the two materials defining the junction (Figure 1.7A). Following the formation of the p-n junction,
electrons from the n-doped side diffuse towards the p-doped side and vice-versa. These electrons and
holes recombine in the center of the solar cell, creating a depletion region where no mobile charges are
present. The diffusion of electrons from the n-doped side leads to the formation of the positively charged
part, whereas the p-doped side becomes negatively charged. This charge difference creates a built-in
field and there are no mobile charges left in the junction area.® In principle, the dark characteristics of
the diode and the photogenerated current can be linearly superimposed, resulting in the current-voltage
(J-V) curve at the output of a solar cell as shown in Figure 1.7B (also described by the solar cell

equivalent circuit).*®
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Figure 1.7 (A) Solar cell working principle. (B) Typical J-V characteristics of a solar cell.

The power conversion efficiency of single-junction solar cells is governed by the thermodynamical
Shockley-Queisser (S-Q) limit of ~31%, meaning that an ideal solar cell converts approximately 30%
of the solar radiation into electrical power under direct sunlight due to the below-band gap absorption
loss and the thermal-relaxation loss of hot charge carriers.3? A way to improve this performance beyond
the S-Q limit would be to integrate wide-band gap (1.7-1.85 eV) top solar cells with low-band gap
bottom solar cells (~1.1 eV).%3" These tandem configurations allow the high-energy photons to be
absorbed in the top-cell, generating high voltage to reduce the thermalization loss and allow the bottom-
cell to absorb the transmitted low-energy photons, which leads to a more efficient harvesting of the solar
spectrum.®’

1.1.2.2 Light-Emitting Electrochemical Cells (LECs)

The light-emitting electrochemical cell (LEC) is a thin-flim and area-emitting device that has been
deposited onto a broad range of surfaces such as plastic®, paper®, textile®® and metal*! as shown in
Figure 1.8. LECs, featuring a single-layer active material sandwiched between two air-stable electrodes,
can be fabricated from environmentally friendly raw materials with low-cost and scalable solution-based
methods. These devices can also cover the whole visible spectrum as dictated by the band gap of the
semiconductor in the active layer. These benefits separate the LEC from commercially introduced
emission technologies such as the light-emitting diode (LED), the organic LED (OLED) and light-
emitting capacitor, promising the emergence of important and paradigm-shifting emissive applications
such as point-of-care diagnostic and treatment devices, emissive and conformable fabrics and low-cost

and low-voltage illumination panels.*?3
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Figure 1.8 (A) Twisted stretchable LECs.® (B) Bent specialty-paper LECs.*® (C) Ultra-flexible and
light-weight LEC textile during severe deformation between two fingers.* (D) A light emitting fork, as

realized by spray-sintering a stainless-steel fork with an active layer and a top cathode.*

The versatility of this technology is highlighted by the application of a wide range of materials such as
luminescent polymers*, phosphorescent ionic transition metal complexes*, quantum dots? 4647 and
small molecules®. The latter are blended with either ionic liquids or ionic polyelectrolytes that provide
the necessary amount of mobile anions to assist both charge injection and transport processes upon

applying a voltage over time.*°

A characteristic feature of the LEC is the presence of mobile ions in the active layer, enabling the in-
situ formation of a p-i-n junction that is self-assembled through electrochemical doping during
operation.?® 501 Furthermore, this dynamic doping mode not only is advantageous for large and
balanced electron and hole currents but also a high recombination rate of electrons and holes into
excitons. Even though this brings a challenge since the exciton will be quenched when it impinges upon
an electron or a hole, resulting a severe quenching in LEC devices, this problem can be solved using

host-guest approaches in the active layer.*?
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1.2 The Emergence of Perovskites

Perovskite semiconductors have opened a new era for low-cost and high-efficiency solar cells and have
spread the so-called perovskite fever all around the world in the last decade.®? Thanks to the tremendous
research efforts, they have already reached photovoltaic efficiencies exceeding 22%°, which is also the
highest-performing solution-processed solar cell on record. It is noteworthy to mention that such a
growth of the power conversion efficiency (PCE) has actually taken decades for other photovoltaic solar
cells to accomplish as shown in Figure 1.9.5 This unexpected breakthrough and rapid evolution of this
family of materials have energized not only the photovoltaic community but also the efforts of other
optoelectric communities dealing with devices such as photodetectors®, field transistors®, resisitive
memory devices® and lighting devices®®* to create devices from these constituents, e.g.,
methylammonium lead halide (CH3NH3PbXs, X = Cl, Br, 1) and its analogs.®°
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Figure 1.9 Perovskite solar cells have increased in PCE at a phenomenal rate compared to other types
of photovoltaics.5!

A major feature of perovskites that has brought this success is the similarity to the gold standards of
crystalline silicon and GaAs semiconductors, including a sharp band gap close to the ideal value, high
absorbance, crystalline film formation with low defect densities, balanced electron-hole transport and
excellent charge carrier mobilities.” ¢ Furthermore, the materials are inexpensive and earth-abundant
and they can be recovered from other industrial materials and products.®? Other distinct advantages of
these materials are the easy fabrication on various substrates without the need for lattice matching
(unlike 111-V semiconductors which need lattice and thermal-expansion-coefficient match with the
substrates) thanks to their softness and defect-tolerance as well as their deposition by low-temperature

processes such as spin-coating, doctor-blading, slot-die coating, dip-coating and thermal evaporation.

10
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These features make them also suitable candidates as top cell semiconductors in tandem applications.*
Moreover, the band gap of perovskites can be tuned by both compositional engineering and quantum

confinement effect as seen in Figure 1.10.%% 6364

Figure 1.10 Photographs of the perovskite films with increasing band gap from right to left with

compositional engineering.®®

Before their recent exploration in optoelectronics, they have been studied extensively in crystalline
families of hybrids.%¢¢” The archetypal perovskite has a formula of ABXs, where A is a monovalent
cation, B is a divalent metal cation and X is a halide anion. The B cations are coordinated with X anions
forming octahedrons that are connected with each other as shown in Figure 1.11. The A site cations have
two functions: (i) filling the void generated between the connected octahedra and (ii) neutralization of
the charge of the octahedron networks.®72 There are two major classes of these perovskites depending
on the monovalent cation. One is the inorganic perovskite in which an inorganic cation is used and all
the bonded atoms are inorganic. The replacement of the inorganic A-site cation by an organic cation
leads to the formation of hybrid organic-inorganic perovskites (HOIP).% The most commonly used
A-site cations in these perovskites are methylammonium (MA, CH3NHz*") and formamidinium (FA,
CH(NH,)2") as organic sources® " whereas cesium (Cs*) and recently introduced rubidium (Rb")
cations are utilized as inorganic constituents’*"®. Regarding the B-metal cation, the most widely

investigated are lead (Pb?*) and tin (Sn?*). Lastly, X-site anions can be chloride (CI), bromide (Br) and

iodide (1.7

@A
¢ B
« X

Figure 1.11 Single unit cell of an ABX3 halide perovskite crystal, where A is an organic cation, B is a

divalent metal and X is a halide anion.
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1.2.1 Perovskite Nanostructures

Rather low energy barriers have to overcome to form organic-inorganic hybrid perovskite structures
from approproate reactants, thus obtaining a crystalline phase by merely mixing and grinding the
precursor salts at room temperature. Typically, halide perovskites are synthesized by wet-chemistry
routes which enable mixing at the molecular level and result in materials with high phase purity.?® By
carefully controlling the reaction conditions, such as temperature, solvent and ligands, their morphology
(from 3D to 0D) and size (from mm to nm range) can be easily modified as shown in Figure 1.12.7% 7"
8 Due to the ease of preparation of a wide variety of nanostructured perovskites and presence of
outstanding properties at the nm scale, the nano-structuring of such materials has become widely studied

in a short time.?
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Figure 1.12 Schematic representation of the perovskites with different morphologies.?

Perovskite nanocrystals (NCs) show a considerably higher photoluminescence quantum yield (PLQY)
without any surface passivation than their bulk counterparts due to quantum confinement leading to an
increase in exciton binding energy that results in an enhancement of the radiative recombination.?: 5 63
81 The high PLQY combined with the compositional flexibility of these semiconductors position these
perovskites as robust technological candidates, distinguished by: (i) high color purity with emission full
width at half maximum (FWHM) of around 20 nm;*: € (ii) band gap tunability to cover the whole
spectrum of visible light®? as shown in Figure 1.13A and B and (iii) low-to-moderate ionization energy
to form stable functional interfaces®®. All these attractive features of perovskite nanostructures make

them applicable for light-emitting diodes™ 8 as well as in lasing applications and photodetectors.?® 8
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Figure 1.13 (A) Colloidal CsPbX3 NCs synthesized by a hot-injection method observed under UV light
(A = 366 nm). (B) Perovskite NCs with tunable band gap energies covering the entire visible spectrum.
(C) Synthesis of CsPbXs NCs through single-step tip sonication.®® (D) Scalable synthesis of NCs.
Photograph of CsPbBr; and CsPbls colloidal dispersions under UV light.8¢

Perovskite NCs can be synthesized by various methods such as recrystallization in an antisolvent and
by the hot injection method.®” The former is predominantly used for the synthesis of HOIP NCs at low
temperatures (<80 °C). In this method, polar solvents, in which lead salts and ammonium halide salts
are soluble, are injected into a nonpolar poor solvent in the presence of coordinating ligands to stabilize
the particles.” On the contrary, inorganic perovskite NCs are prepared by a hot-injection method where
a cesium precursor is swiftly injected into a flask containing PbX; in non-coordinating solvents with
ligands at temperatures ranging from 140-200 °C under inert atmosphere.®® In addition to these routes,
a polar-solvent-free and single-step approach for the large-scale synthesis of inorganic perovskite NCs
is realized by direct ultrasonication of corresponding precursors in the presence of organic ligands under
ambient conditions (Figure 1.13C and D).8¢
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1.2.2 Challenges of Halide Perovskites

Although the PCE of perovskite solar cells has gone from single digits to over 22% in a few years’
research, they still face challenges that prevent them from competing with established technologies.?: 8
Therefore, at this stage of their development, the key issues are how to achieve further improvements in
efficiency and long-term stability of these materials under device operation. The advancements in
materials processing in the past couple of years have led the research community to profoundly

investigate intirinsic vs. extrinsic degradation mechanisms.?

The stability issue is a major hurdle for the commercialization of perovskite optoelectronics.®* & The
degradation factors of perovskites can be divided into two: (i) extrinsic environmental and (ii) intrinsic
degradation factors. Before investigating the intrinsic ones in detail in the next chapter, it is important
to understand the extrinsic environmental degradation factors that increase degradation pathways, which
tend to be irreversible.? First, ultraviolet (UV) light, present in the full solar spectrum, is detrimental to
the long-term stability of perovskites due to the absorption by the electron-selective contact, initiating a
chemical degradation.*®® Second, analogous to organic PV, perovskites are severely affected by moisture
which induces rapid degradation of the perovskite layer in the devices.®**2 In addition to these factors,
elevated temperature®® and oxygen® are also responsible for the instability of the perovskites. These
extrinsic factors can be retarded using the sealing technologies industrialised for organic electronics,
enabling oxygen and humidity barriers and protection against UV light.%

1.3 Stability of Perovskites : Intrinsic Degradation Factors

The performance losses still occur even when ruling out any of the external sources of degradation that
have been discussed above. This is simply due to their intrinsic properties such as migration of ionic
defects within the organic-inorganic perovskite lattice.®® Halide anion (X) vacancies have been
calculated to show the lowest formation energies®, with Br- ones being favored over I°7. Two common
phenomena caused by these movements are so-called hysteresis and halide segregation in mixed halide

systems.

1.3.1 Hysteresis

One typical charasteristic of perovskite solar cells (PSCs) is the presence of anomalous hysteresis in the
J-V measurement under light illumination. This is defined as change in the measured J-V curves upon
switching the scanning direction and rate; and the illumination conditions before the measurement as
shown in Figure 1.14.54 8. % This anomalous hysteresis is one of the main drawbacks of PSCs, slowing
their development since it impairs the accurate determination of a steady state device efficiency, where

cells with a pronounced hysteresis show a larger loss in performance than those with a lower hysteresis.

14
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It is important to keep in mind that only the steady-state values under continuous illumination have

practical significance and should take precedence over simple J-V curve scans.%* 9%-%°
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Figure 1.14 J-V response of PSCs at different (A) scan rates'® and (B) light-soaking conditions®®,

There are several suggested mechanism for understanding the origin of hysteresis.121% The leading
model among them is ion migration associated with a change in interfacial fields and barriers resulting
from accumulation of ions at interfaces, which causes charge recombination.%+% In the presence of an
electric field created by an external voltage bias or light, ions migrate across the bulk of the perovskite
layer and reach the external interfaces where they accumulate. The charge collection efficiency of the
device is adversely affected where these interfaces act as recombination regions. Instead, if
recombination at the interfaces is reduced, then the build-up of photogenerated charge carriers
contirbutes to efficient collection of diffusive currents during the forward scan. Therefore, low
hysteresis is resulted from the combination of low interfacial recombination and resultant high
photogenerated carrier populations at forward bias, despite the presence of ion migration. This model
also explains the reduction in hysteresis when the contact materials are changed, while this is unlikely

to significantly influence the behaviour of mobile ionic charges within the perovskite phase.'%

Based on this model, the degree of hysteresis is highly dependent on the interface properties and choice
of contact materials, which appear to control the interfacial trap density as shown in Figure 1.15.9 103
104,106-107 T 9 suppress the hysteresis, the traps can be passivated by modifying the interface with fullerene
derivatives to reduce the nonradiative recombination channels due to the reduction in the trap density at
this interface.’® Additionally, the hysteresis can be alleviated by the fine-tuning of the Fermi level of
the contact material and the perovskite. With this, the charge transport is promoted through the contacts,
which ultimately decreases the hysteresis, instead of accumulation and recombination of the charges at
the interface.®® However, the hysteresis of PSCs is still under lively debate and no effective methodology
has been discovered yet despite much effort to better understand the origin and minimization of the

hysteresis. 1%
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Figure 1.15 Schematic representation of the surface recombination reduction by passivating the trap

states.106

1.3.2 Halide Segregation

It is estimated that a halide perovskite with a band gap of around 1.7-1.85 eV can boost the PCE of
commercial PV devices to 30%, where PSCs are used as a top cell in tandem applications. Nevertheless,
most of the highest-performing PSCs have band gaps around 1.5-1.6 eV.*" %198 Although the desired
band gap can be easily achieved by tuning the halide composition, there has been a unique challenge
called halide segregation under illumination in mixed halide perovskites which is detrimental to the PV
performance and an obstacle in the path of applications of PSCs in high-efficiency tandem solar cells
(Figure 1.16).37 64 109-110
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Figure 1.16 Schematic representation of halide segregation in perovskites.

When the perovskite is illuminated, the photovoltage induces an additional electric field acting across
the perovskite layer, and causing the migration of ions/vacancies.® This results in two phases which are
iodide-rich minority and bromide-enriched majority domains, causing the formation of a new peak in
PL spectra as well as a splitting in X-ray diffraction (XRD) reflections.!'! Although the segregation

effects are reversible under short-term illumination, the research community has voiced concerns
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regarding the influence of halide ion mobility on the long-term stability and open circuit voltage of
PSCs.12 Therefore, several strategies were suggested to overcome the photo-instability of mixed halide
systems such as growing larger grain sizes'*® to obtain fewer grain boundaries where ion migration
predominantly occurs!** and reduction of the Goldschmidt tolerance factor which improves the stability

of perovskite films!5-116,

In addition to the PV applications, lighting devices prepared from perovskites suffer from this
phenomenon due to the application of voltage instead of illumination. It has been noticed that the
emission from mixed halide perovskite NCs in LEDs red-shifts reversibly during device operation and
returns slowly toward the original state after resting. Since the electroluminescence (EL) and PL shifts
are completely consistent with each other, these shifts are interpreted as a result of intrinsic changes
within the perovskites, e.g. halide segregation. Therefore, it was suggested that band gap tuning of pure
(non-mixed) halide systems via quantum size effects might be a more successful way to cover the entire

visible spectrum in lighting applications.*’

1.4 Outline of the Thesis

In this thesis, we focused on the understanding of the intrinsic degradation factors of perovskites such
as hysteresis and halide segregation and suggested solutions how to decrease/remove these hurdles in

both solar cells and lighting devices.

Chapter 3 describes the relation between the Fermi level alignment between an SnOy electron transport
layer (ETL) combined with multiple-cation mixed-halide perovskite and anomalous hysteresis in J-V
measurements in PSCs. In addition, the depth of trap states in the ETL and/or at the ETL-perovskite
interface was investigated via thermally stimulated current (TSC) measurements, and correlated with

Fermi level positions revealed by ultra-violet photoelectron spectroscopy (UPS).

The charge transport characteristics and their limiting factors in PSCs are in the focus of Chapter 4. The
charge carrier mobilities in mehylammonium lead iodide (MAPI) thin films and solar cells derived from
these films were examined by performing time-of-flight (ToF) measurements. Furthermore,
complementary experiments on devices with varying thicknesses of charge extraction layers were

performed with the aim to reveal the relevant limiting factors.

Chapter 5 elaborates the versatility of perovskite semiconductors by showing nanostructuring of this
class of material and applications in lighting devices. Importantly, the synthesis concept of hybrid
organic-inorganic perovskite nanoparticles (NPs) was expanded by the exhange of organic cations in
the structure, which allowed us to tune the photophysical features that were analyzed by time-resolved

photolumuniscence measurements. Additionally, the implementation of these NPs in light-emitting
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electrochemical cells (LECs) was demonstrated for the first time by an easily scalable spray-coating

technique.

In Chapter 6, the superior features of all inorganic perovskite nanocrystals (NCs) over hybrid organic-
inorganic counterparts were shown in the concept of LECs. Luminance-current versus applied voltage
(L1V) measurements revealed improvements in device features such as brightness, injection voltage as
well as spectral elecroluminescence (EL) width when all inorganic perovskite NCs were used instead of
hybrid ones. Moreover, stabilization of halide segregation in mixed halide perovskite systems was
demonstrated by the use of the salt KCFsSOzin the active layer of the lighting device.

Four-terminal perovskite/CIGS tandem solar cells with an efficiency of 19% are presented in Chapter
7. The impact of transparency of a perovskite top-cell on the performance of CIGS bottom-cells was
elucidated by employing different transparent conductive oxides as substrates as well as back-electrodes.
The observe low voltage of these tandem devices was attributed to the halide segregation in the
perovskite top-cell detected by XRD measurements upon application of illumination and bias, and

suggestions to overcome this challenge were provided.
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2 Characterization Techniques

2.1 X-Ray Diffraction (XRD)

XRD is a rapid analytical technique used for phase identification of a crystalline material as well as for
the study of unit cell dimensions. It is based on constructive interference of monochromatic X-rays and
crystalline samples. These X-rays are filtered to produce monochromatic radiation and collimated to
concentrate and direct them toward the sample. The collimated beam of X-rays is incident on a sample
and diffracted by crystalline phases in the sample according to Bragg’s law,

A = 2dsin® (2.1)

which describes the consructive intereference where d is the spacing between atomic planes in the
crystalline phase, 0 is the incident angle and A is the X-ray wavelength (Figure 2.1). These diffracted
X-rays are then detected, processed and counted. The sample is scanned through a range of 26 angles to
attain all possible diffraction directions of the lattice due to the random orientation of the material.
Conversion of the diffraction peaks to d-spacings often allows for the identification of the material

because of the uniqueness of d-spacing combiantions for each material.

Incident beam Diffracted beam

Figure 2.1 Schematic illustration of X-ray diffraction in a crystal lattice. Red circles represent the

scattering centers (atoms). 0 is X-ray incidence angle. d is the distance between reflecting planes.

X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder, and an X-ray
detector. X-rays are generated in a cathode ray tube by heating a filament to produce electrons. These
electrons are accelared toward a target by applying a voltage and the target is bombarded with electrons.
When they have sufficient energy to dislodge inner shell electrons of the target material, characteristic

X-ray spectra are produced. These spectra have several components such as K, and Kg.
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Copper is the most common target material for single crystal diffraction, with the wavelength of CuK,
radiation = 1.5418 A. The intensity of the reflected X-rays is recorded as the sample and detector are
rotated. When the conditions satisfy Bragg’s law, constructive interference occurs and a peak in intensity
appears. The signal is recorded by the detector and converted to a count rate, which is output to a device

such as a printer or a computer monitor.*

2.2 Ultraviolet-Visible (UV-Vis) Absorption Spectroscopy

UV-Vis spectroscopy is a tool to investigate the optical transitions of materials from the ground state to
various electronically excited states. The UV region covers a range from 190 nm to 400 nm while the
visible is the range between 400 nm and 800 nm. Both quantitative and qualitative studies can be
conducted with this technique.

The absorbance (A) at a certain wavelength of the sample is related to the intensity of the incident (1)

and measured (lg) beam, which is defined in the equation
A= —logL (2.2)
Io

The Beer-Lambert Law states that the concentration of a substance in solution is directly related to A of

the solution
A =ecL (2.3)

where € is molar extinction coefficient, c is the concentration of the solution and L is the optical path

length.2

For samples with multi-layers, Beer-Lambert Law is not applicable due to the scattering and diffraction
of the light at the interfaces between two media and this must be taken into account. A reliable
determination of the absorbance for this type of materials can be obtained by measurements using an

integrating sphere, corrected by choosing a suitable reference.?

There are three possibilities of interactions between light and the sample: (i) absorption, (ii) transmission
and (iii) reflection (and/or scattering). First, the baseline of the instrument needs to be measured without
any sample in the transmission port (100%T) and a Spectralon white standard in the reflectance port
(100%R). Later, the transmittance (%T) of both the sample and reference at the transmission port are
measured at the transmission port. In the reflectance (%R) measurements, the sample is positioned

outside the integrating sphere.
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The percentage of the absorbed light %A can be calculated according to the equation

%A =1—%T — %R (2.4)
The absorbance is then given by:
A = —log(1 — %A) (2.5)
Afitm = Asample - Areference (2.6)

A Tauc plot is used in order to estimate the band gap of the semiconductors. Typically, Tauc plot shows
the quantity hv (the energy of the light) on the abscissa and the quantity (ahv)Y" on the ordinate where
a is the absorption coefficient of the material. The value of the exponent r denoted the nature of the
transition, where r = % is for direct allowed transitions and r = 2 is for indirect allowed transition.
Therefore, the intersection point of the linear fit of the square of the absorption coefficient and photon
energy with the energy axis is found to be a band gap of the semiconductors with direct band gap,
whereas in semiconductors with indirect band gap, the intersection point of the linear fit of the square
root of the absorption coefficient and photon energy with the energy axis is the band gap.

2.3 Photoluminescence (PL) Spectroscopy

PL spectroscopy is a contactless and non-destructive method to probe the electronic structure of
materials. In essence, light is applied to a sample, where it is absorbed and imparts excess energy into
the material in a process called photo-excitation. This excess energy can be released through the
emission of light, so-called luminescence. In the case of photo-excitation, this luminescence is called
PL. This spectroscopy is of great significance in semiconductors since the band gap and impurities and

defect levels of this class of materials can be determined by this technique.

When the energy of the incident photon has sufficient energy, it will excite the electron from the valence
band (VB) into the conduction band (CB) across the band gap. When the electrons return to equilibrium
(from an excited state to ground state), known as recombination, this process can involve both radiative

and non-radiative processes.

Radiative recombination is band-to-band recombination where a photon is emitted when an electron
moves from its CB to the empty VB state associated with the hole. On the other hand, the electron-hole
recombination can also occur without any emission in non-radiative processes. Surface states or bulk

defects and traps can cause this kind of recombination (Figure 2.2).*
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Figure 2.2 Schematic illustration of radiative and non-radiative recombination.

2.4 Time-Correlated Single Photon Counting (TCSPC)

TCSPC is a method to characterize materials and molecules based on their fluorescent properties. It is a
time-resolved spectroscopy unlike steady-state methods determining the PL. In this technique, a short
pulse of light is used to excite a sample and to observe a decay in a dark environment, where the intensity
of the signals is recorded as a function of time. The lifetime of a fluorescent sample is defined as the
time necessary for the light intensity of a fluorescent sample to decrease to the fraction 1/e. In short, the

lifetime is the average amount of time that a molecule spends in the excited state.

The instrument records the time between when a pulse is generated by the excitation source and when a
photon is emitted (Figure 2.3). This information is transferred and the intensity of the emitted photons
is plotted against the time. It is important that each time only one photon is measured and each photon
is plotted on a histogram (Figure 2.4). A decay curve is generated after the collection of several photons.
The reason for using the photon count is that the emission intensity is directly proportional to the

probability of detecting a photon at a given time.
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Figure 2.4 Histogram of start-stop times with TCSPC measurements.®

As mentioned above, only one photon per excitation must be measured. In case of pulse pileup, the
intensity of multiple photons is monitored erroneously for a given time. This will cause a distortion in
the early part of the decay curve. To eliminate this problem, the emission beam is attenuated in the

instrument.*

2.5 Electron Microscopies

Electron microscopes are scientific instruments where highly energetic electrons, in a manner analogous
to light, are used to visualize objects on a very fine scale. This tool provides information about not only

the topography and morphology but also on composition and crystallographic details.

There are two types of electron microscopies: transmission and scanning electron microscopies.
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2.5.1 Transmission Electron Microscopy (TEM)

TEM is a technique where an electron beam interacts and passes through a specimen. In TEM, both
compositional and crystallographic information can be obtained. This technique can be compared with
a slide projector (Figure 2.5). In TEM, the light source is replaced by an electron source and the glass
lenses are replaced by magnetic lenses. A fluorescent screen or an electronic imaging device such as
charge-coupled device (CCD) camera, is used instead of a projector screen in TEM. The whole electron
trajectory (from source to screen) is under vacuum and the sample needs to be very thin to allow the
electrons to pass through it.5

lidelprojector
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objective condenser light
lens lens source

/\

projector
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| d C
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electron
objective condenser source
U lens lens
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Figure 2.5 TEM compared with a slide projector.®

After the generation of the electrons by a source, they are focused and magnified by magnetic lenses.
The geometry of the TEM is shown in Figure 2.6. The electron beam confined by the condenser lenses
passes the condenser aperture and hits the sample surface. The transmitted beams which are formed due
to elastic scattering of the electrons pass through the objective lens. The image display occurs in the
objective lens and elastically scattered electrons which form the image of the microscope are chosen in
the objective and selected area aperture. Lastly, the beam goes to a magnifying system and the formed

image is shown on the monitor.
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Figure 2.6 Schematic illustrations comparing TEM and SEM.’

TEM enables one to obtain different types of images by using different types of electrons selected
through different apertures. For instance, diffraction patterns are shown because of the scattered
electrons. If the unscattered beam is chosen, a bright field image is obtained whereas dark field images

are attained when the diffracted beam is selected by the objective aperture.®

2.5.2 Scanning Electron Microscopy (SEM)

SEM is a type of electron microscopy where the images are produced by scanning the sample surface
with a focused beam of electrons. The electron beam passes through an objective lens and scan coils and

that deflect horizontally and vertically so that the beam scans the surface of the sample (Figure 2.6).

When the electrons penetrate the sample surface, several interactions take place such as emission of
electrons or photons from or through the surface. The detectors collect a fraction of the emitted electrons
and the output can be used to modulate the brightness of a cathode ray tube (CRT) where the image is
produced. Every point that the beam hits on the sample is mapped directly onto a corresponding point

on the screen.®

The most commonly imaged signals in SEM are from secondary electrons (SE) and backscattered
electrons (BSE) (Figure 2.7). Due to their rather low energies, they can leave the sample only when they
originate very close to the sample surface. Therefore, SE images have high spatial resolution and
topographic contrast. On the other hand, the BSE signal is used for its strong atomic humber contrast.

For elemental microanalysis, characteristic X-rays can be used in SEM.®
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Figure 2.7 Different types of signal originate from different interaction volumes of the electrons with

the sample.®

2.6 Atomic Force Microscope (AFM)

AFM allows for measuring surface structure with high resolution and accuracy. For example, it is
possible to see the arrangement of individual atoms in a sample and the structure of individual
molecules. The quantitative information about features such as roughness and height distributions can

be obtained from this technique.

Unlike other microscopes focusing light or electron beam onto a surface of the sample, an AFM
physically senses the sample’s surface with a sharp probe and maps the height of the sample’s surface.
This feature is very different from an imaging microscope where rotation of the sample is needed to

obtain the height of the sample.®

In AFM, a cantilever-type spring is used as a tip to probe the surface. The cantilever is deflected as a
response to the force between tip and sample. The scanning of the sample followed by digitization of
the deflection of the cantilever or the z-movement of the piezo-stage as a function of lateral positions
X, y forms the images in AFM. Typical forces between tip and sample range from 10! to 10°N. AFM
can operate in either contact, semi-contact, or non-contact modes by controlling the separation of the

probe at fixed distances from the sample surface.°
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2.7 Atomic Layer Deposition (ALD)

ALD is a thin film deposition method based on alternating saturative surface reactions in a chemical gas
phase. By dosing alternating pulses of the source vapours into the reactor, ALD differs from other
chemical-vapor-deposition techniques. In each precursor exposure step, the surface is saturated with a
near monomolecular layer of that precursor. ALD offers excellent conformality and uniformity and

simple and accurate film thickness control due to a unique self-limiting film growth mechanism.!

Most ALD processes are based on binary reaction sequences, forming binary compound where two
surface reactions occur as shown in Figure 2.8. A finite number of surface species can only be deposited
because of the presence of a finite number of (reactive) surface sites. If each of the two surface reactions
is self-limiting, the two reactions may sequentially proceed to deposit a thin film with atomic level

control.
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Figure 2.8 Schematic representation of ALD using self-limiting surface chemistry and an AB binary

Repeat

reaction sequence.?

During the deposition, some surface areas will react before other surface areas due to the different
precursor gas fluxes. However, the precursors will adsorb and subsequently desorb from the surface

areas if the reaction is completed. The precursors will react with other unreacted surface areas.

ALD processing can be used to deposit the compounds on rather large substrates as well as to process
multiple substrates due to the gas phase of the precursors, filling all space independent of substrate
geometry. Moreover, highly conformal coatings can be achieved on corrugated surfaces due to the self-

limiting nature of the deposition steps. ALD is only limited by the size of the reaction chamber.?
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2.8 Ultraviolet Photoelectron Spectroscopy (UPS)

UPS is a standard method to investigate the electronic valence states in materials. It is an extremely
surface sensitive technique for the surface characterization, where even a monolayer coverage of an

adsorbate or contaminant is sufficient to change the signal from a surface.*®

UPS relies on the photoemission, where a beam of monochromatic incident photons ejects electrons
from the valence/conduction band region of a material into a vacuum (Figure 2.9A). The reference
energy is the Fermi level Erfor metals, and the valence band maximum (VBM) used for semiconductors.
The lower cutoff of the photoelectron spectrum corresponds to the vacuum level Eyand the upper cutoff
to Er + ho as shown in Figure 2.9B. The difference AE between the two cutoffs can be used to determine
the work function @ = Ey — Er = ho — AE. The equivalent quantity for semiconductors is the ionization
energy, Ei= Ev— VBM. The work function can be obtained by substracting the energy width from the
photon energy. lonization energy is obtained by this procedure in semiconductos.**
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Figure 2.9 (A) Schematic presentation of a UPS. (B) A photoemission experiment.**

In UPS, the photons are generated by a gaseous discharge that produces hard UV radiation. The most
commonly used gas is helium (He). This will provide an energy of 21.2 eV (He 1) or 40.82 eV (He 1)
with very narrow line widths (~20 meV). Since the bandwidth of the conduction and valence band of

many materials is in the range of 5-10 eV, these sources are energetic enough to probe the entire band
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structure of most materials. The photoemitted electrons consist of two main groups: (i) the excited
electrons within the uppermost atomic layers that do not suffer from inelastic collisions and (ii) the
electrons which have had either one or more inelastic collisions or the secondary electrons that have

sufficient energy to escape from the material .23

2.9 Thermally Stimulated Current Spectroscopy (TSC)

TSC is a powerful method to probe electronic trap states in semiconducting materials or complete
photovoltaic devices. The contacted thin films or fully processed solar cells are first cooled down to
very low temperatures (~30 K) in dark conditions. The free charge carriers are generated using a white
light LED without heating the sample. After the light is turned off, charge carriers relax into the deepest
trap states during a certain dwell time where charge carriers populate available trap states in the bulk
and at the interfaces in the devices. Due to the lack of sufficient energy, the charge carriers cannot be
released from these states. A gradual release of the trapped charges is initiated by heating up the sample
to room temperature at a constant rate. The current flow originating from tap release, as shown in Figure
2.10, is precisely recorded and is used to investigate the trap depth as well as the density of defect states

in the probed system.

A T T T rrr[rrrrrrrarrrryr ool
10 : '

T1 T2 T3 | T4

HTL: CuSCHN
— dark

— jlluminated
HTL: PEDOT
— illuminated
wio TL

|— flluminated

Thermally Stimulated Current [pA]

bel oo oo bvrvabaraalaaah

€
=
,_I|III1|IIII|IIII|II

Loy o e oo by v o boeop o b v by ovon by g

30 60 90 120 150 180 210 240

Temperature [K]
Figure 2.10 Typical TSC signals for photovoltaic devices with different architectures.'®

In TSC measurements, the peaks arise due to the electronic trap distributions with different thermal
activation energies. The intensity of the peaks is ascribed to the density of the trap states. Furthermore,
TSC enables one to extract the activation energy of the trap states using the initial rise of the TSC peak

which corresponds to the start of trap release due to thermal activation following an activated
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(Arrhenius) process. It can be determined by fitting the slope of the TSC peak according to the following

equation:
E
Irgc & exp (— ;fT) (2.7)

where E,, kg, and T are the activation energy, Boltzmann constant and temperature, respectively. A
higher activation energy represents the deeper trap states in the probed system, whereas shallow traps

have a lower activation energy.®

2.10 Solar Cell Characterization

Measuring solar cell performance is done by performing a J-V sweep where different voltages are
applied across the solar cell during the measurement of the resulting current. From these curves, a wealth
of information is provided that they will be discussed later in this chapter. Figure 2.11 shows a typical
J-V curve of a perovskite solar cell.

Current density (mA/cm?)
Power (mW/cm?)

Voltage (V)

Figure 2.11 A typical J-V and power curve for a perovskite solar cell under illumination.

The J-V curve of an illuminated solar cell resembles a diode. A solar cell model includes not only a
diode and current source as implied in Figure 2.12, but also (optimally minimized) series and (optimally
maximized) shunt resistances in the device designed to be useful for performance optimization. Figure
2.12 shows the equivalent circuit diagram for a solar cell. A current source originates from the absorbed
light, a diode reflects the directional properties of the solar cell stack, a series resistor Rs represents the

resistance in the open diode state and a shunt resistance Rsy represents the short-circuited diode state;
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all these elements are parts of the equivalent circuit diagram. Therefore, total current through the circuit

can be extracted from the following equation:
I:IL_ID_ISH (28)

where | is the ouput current of the solar cell, I, is the photogenerated current, Ip is the diode current and

Isy is the shunt current.
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— 1—»—o
Yo Vi +
oy
o

Figure 2.12 Solar cell diode model.

Measurement conditions need to be standardized in order to be able to compare different type of
architectures, samples and the results of different laboratories. One important paramaeter is the light
intensity, which is standardized to a total light intensity 1000 W/m? to represent a full-sunlight condition
(1 sun). A standard sunlight spectrum is called air mass 1.5 global (AM1.5G), derived from a

representative atmospheric transmittance model where the sun is about 41° above the horizon.

Solar cell parameters that can be gained from J-V curves of the solar cells are short circuit current, Js,
open circuit voltage, Vo, the current Jmax and voltage Vimax at the maximum power point Prmax, fill factor
(FF) and the power conversion efficiency (PCE) of the solar cell, as seen in Figure 2.11. V. is the
maximum voltage that the solar cell will supply whereas Js is the maximum current of the solar cell

under conditions of a zero resistance load.

In order to extract FF and the maximum power of the solar cell, the power in each point of the J-V curve
can be found by the product of the voltage and current. The gray curve in Figure 2.11 represents the
power as a function of voltage, where the maximum power point (MPP) is the peak point of the power

curve with the corresponding points on the voltage and current axes, Vimax and Jmax.

FF is an indication of internal losses, meaning how large the maximum power (represented by blue
dotted lines in Figure 2.11) is with respect to the product of V. and Js.. It can be found by the ratio

between maximum power and the full square spanned by Vo and Jsc (red dotted lines in Figure 2.11):
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_ JmaxVmax
FF = JscVoc (29)

The PCE of the solar cells represents the general efficiency of the the solar cells and is directly

proportional to the ratio of generated electricity to incoming light energy. The formula for the PCE is:*®

]SCVOC FF
Plight

PCE = (2.10)

2.11 Luminance-Current-Voltage (LIV) Characterization

Characterization of light emitting devices can be done by mesasuring their current density (I) as a
function of the applied voltage and the luminance (L) as a function of the voltage (V) as shown in Figure
2.1. In these measurements, the injected current and emitted flux are obtained with applied voltage. The
current is converted to the current density to consider the active surface area of the device. The flux is
converted to luminance (cd/m?).Y
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Figure 2.13 LIV characteristics of an OLED."

The above mentioned standard tool for the characterization of light-emitting devices is not applicable to
light-emitting electrochemical cells (LECs) used in this thesis since the application of voltage triggers
the movement of ionic charges and physically modifies the device itself. Therefore, to perform LIV
analysis on LECs, a method was developed that applies a fixed voltage and monitors the current density

and luminescence over time while performing rapid LIV scans at set intervals. It is crucial that there is
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no ionic movement during these measurements since the electronic characteristics of the device for a

given ionic distribution is of interest.®

2.12 Time of Flight (ToF)

ToF is a well-established method to extract the mobility of charge carriers in semiconductors and solar
cells.’ The ToF mehod is based on the measurement of the carrier transit time, namely, the time required
for a sheet of charge carriers photogenerated near one of the electrodes by pulsed light irradiation to
drift across the sample to the other electrode under an applied electric field. In a typical ToF
configuration, the semiconducting material to be measured is sandwiched between two electrodes, where
one of them is transparent or semitransparent to allow the illumination to reach the semiconductor. One
of the advantages of using this technique is that the hole and electron mobility can be investigated
separately.?° Since the charge carriers are locally created near one electrode, the polarity of the applied
voltage determines whether the contribution of electrons or holes to the photocurrent extracted at the
opposite electrode is observed.?! ToF requires thick semiconductor films for accurate measurement since
the charge transporting distance (film thickness) should be at least over one order of magnitude larger
than the materials absorption depth. In ToF meausurements, a low intensity optical excitation should be
used to ensure that photogenerated charge carriers do not change the spatial uniformity of the built-in or

applid electric field.??
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Influence of Fermi Level Alignment on the Hysteresis of Perovskite Solar Cells

3.1 Introduction

An astonishing improvement in power conversion efficiency (PCE) of perovskite solar cells
(PSCs) from 3.8% up to more than 22% in a few years has brought them to the forefront of
photovoltaic research with the goal of producing low-cost and solution-processed yet
competitively efficient solar cells.*® In spite of the enormous growth in the field, their
development is still hampered by anomalous hysteresis in the characteristic current-voltage (J-V)
scan of the solar cells.* This effect has been linked to several processes such as ion migration in
the perovskite phase, trapping of electronic carriers at the perovskite - electron transport layer
(ETL) or hole transport layer (HTL) interface as well as ferroelectric polarization.>® However,
none of these processes fully account for the behavior observed: perovskites have poor
polarization retention at room temperature’, charge trapping and detrapping occurs on a much
faster timescale than hysteresis (microseconds vs tens of seconds); and ion migration cannot offer
a complete explanation of why changing the interfacial contact materials, i.e. fabrication of
inverted solar cells employing PEDOT:PSS and PCBM, vyield such pronounced differences
regarding the hysteretic behavior of the devices.®

Despite the limited understanding of hysteresis in PSCs, several studies have demonstrated that
the hysteresis can be suppressed by modifying the interface between ETL and perovskite or
replacing the contact materials. The first approach was realized with fullerene derivatives
with/without self-assembled monolayers (SAMs), resulting in negligible hysteresis in solar cells
by reducing the non-radiative recombination channels due to the reduction in the trap density at
this interface.®1% Additionally, ZnO was shown to be a promising alternative to TiO, due to better
electron mobility, very high transmittance as well as lower fabrication cost.'* However, there are
still issues regarding degradation of the perovskite due to the basic surface of ZnO which therefore
requires the use of organic interfacial layers to maximize performance and minimize hysteresis.'?
13 Although thermal annealing of the ZnO layers improves the perovskite stability on ZnO, it does

not guarantee long-term stability of the system.!2

More recent efforts by van Reenen et al. demonstrated that several mechanisms are at play, where
both ion migration and electronic charge traps must be included to achieve hysteresis in the
modeled J-V characteristics.* Recently, Calado et al. confirmed this hypothesis by showing ion
migration regardless of whether the devices show hysteresis or not. Their transient optoelectronic
measurements as well as device simulations revealed that hysteresis requires the combination of
both mobile ionic charge and recombination near the perovskite - contact interfaces.®

Furthermore, any built-in field at the ETL-perovskite interface is expected to be screened by
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mobile ions.!* Therefore, matching the Fermi levels of the charge transport layers and the
perovskite absorber is important to ensure effective charge extraction and to avoid charge

accumulation and recombination.*®

Here, we have investigated the influence of the Fermi level alignment between the ETL and the
absorber on the hysteresis of multiple-cation mixed-halide PSCs. Our ultra-violet photoelectron
spectroscopy (UPS) measurements show that annealing SnOy layers at different temperatures
allows fine tuning of their Fermi level, as schematically shown in Figure 3.1A. Furthermore, we
link the Fermi level position to the presence of energetically deep trap states in the ETL or at the
ETL-perovskite interface with the help of thermally stimulated current (TSC) measurements. We
show that the trap depth correlates with an increase in hysteresis of PSCs, likely due to increased
charge recombination at the interface. Moreover, our measurements show that if the band
alignment between the perovskite absorber and SnOy layer is fulfilled, the resulting device excels

due to greatly reduced hysteresis and much better performance.

3.2 Solar Cell Characterization

The solar cell architecture used in this work is shown in Figure 3.1B in a typical device stack
composed of FTO/SnO,/Perovskite/Spiro-OMeTAD/Gold. Briefly, we deposited SnOx layers on
a fluorine-doped tin oxide (FTO) substrate via atomic layer deposition (ALD) at 118 °C.1¢ The
perovskite absorber, Cso.o5(FA0.8sMA0.17)0.9sPb(lo.gsBroa7)s, was then deposited according to a
procedure published by Saliba et al.!” The solar cells were finalized by spin-coating of 2,2",7,7'-
tetrakis-(N,N-dimethoxyphenylamine)-9,9'-spirobifluorene (Spiro-OMeTAD) as a hole transport
layer and thermal-deposition under vacuum of gold (Au) electrodes. The full experimental
description of the device fabrication can be found in the Experimental Section.
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Figure 3.1 (A) Schematic diagram of energy level alignment of PSCs used in this work. Gray
dashed lines and arrows depict the Fermi level tuning of SnOy, which depends on the annealing

temperature. Red dashed lines represent the trap states. (B) SEM cross-section of a solar cell.
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Solar cells were prepared with as-deposited SnOx layers as well as layers annealed in air at up to
300 °C. Top-view scanning electron microscopy (SEM) images show that the morphology of the
SnOx (10 nm) layers does not change upon annealing of the substrates (Figure 3.2D, E and F).
Also, the morphology of the perovskite layers was not affected by the annealing temperature of
the ETL (Figure 3.2A, B, and C).

Perovskite

Figure 3.2 SEM top-view images of perovskite on SnOx (A-C) and SnOx layers annealed at

different temperatures (D-F). Scale bar is 1 um for all images.

To investigate the influence of the annealing temperature of the SnOx layer on the device
performance, we recorded J-V characteristics (Figure 3.3A) of the solar cells and additionally
fabricated reference devices incorporating a planar TiO, ETL. A summary of the PCEs of the
solar cells extracted from the reverse scan of the J-V curves is given in Figure 3.3B and the
corresponding stabilized power output via maximum power point tracking is shown in Figure
3.3C. The PCE of the solar cells slightly increases with the annealing of SnOy, showing the
maximum performance average at an intermediate annealing temperature of 180 °C (Figure 3.3B).
On the other hand, solar cells with layers annealed at higher temperatures lose their PCE from
16.1 % (for 180 °C) to 13.9 % (for 300 °C). The observation of a PCE maximum at an ETL
annealing temperature of 180 °C is attributed to the change in fill factor (FF), which shows the
same trend as the PCE (Figure 3.3D). This key parameter rises up to the optimum annealing
temperature (180 °C) and decreases at higher annealing temperature. The drop in open-circuit
voltage (Vo) at higher annealing temperatures is likely related to an increase in detrimental defect
states formed in SnOy films (Figure 3.3E).!* Furthermore, external quantum efficiency (EQE)

measurements were performed on the solar cells and integrated current densities from these
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measurements are in good agreement with short-circuit current (Jsc) values obtained from J-V
scans (Figure 3.3F).
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Figure 3.3 (A) J-V curve of solar cells fabricated with non- and 180 °C-annealed SnO, and TiO»,
demonstrating a significant difference in hysteresis between the samples annealed at different
temperatures. (B) PCE, (C) maximum power point tracking, (D) FF, (E) V.. and EQE of the solar
cells fabricated on SnO, annealed at different temperatures (9-11 devices for each annealing
temperature). The values in (B), (D) and (E) were extracted from the reverse scan of the J-V

curves. The grey lines are a visual aid to interpret the trend of the results.
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All solar cells exhibit some degree of hysteresis (Figure 3.3A), which can be quantified by the so-
called hysteresis index (HI).® This parameter is extracted from comparing forward and reverse

J-V curve scans as:

PCE, ¢y

HI = =
PCEf,r

where PCE, and PCEy, are the PCEs extracted from the reverse and forward scan, respectively.®
Interestingly, we observed that a minimum in hysteresis occurs at the same annealing temperature

as the optimum performance, 180 °C, as shown in Figure 3.4.
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Figure 3.4 HI of the solar cells fabricated on SnOy annealed at different temperatures (9-11
devices for each annealing temperature). The grey line is a visual aid to interpret the trend of the

results.

Furthermore, we have characterized the solar cells comprising TiO, and SnOyx (annealed at
180 °C) as ETL at different scan rates (Figure 3.5). We found for both architectures that the PCE
increases while the HI decreases with an increase in scan rate. This behavior is attributed to the
charge carrier collection efficiencies at different scan rates which depend on ion accumulation at

the interfaces.
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Figure 3.5 (A) and (B) show the PCE and HI of the solar cells on TiO, while (C) and (D)
demonstrate the PCE and HI of the solar cells on SnOxannealed at 180 °C at different scan rates,

respectively.
3.3 Determination of Fermi Levels of ETL and Perovskite

To understand the observed trends in device performance and to gain insight into the effect of
thermal annealing on SnOy, we first determined the band alignment between the ETL and the
perovskite by measuring the work function of both in ultrahigh vacuum via UPS (Figure 3.6). The
valence band maximum (VBM) was found by a linear extrapolation of the leading edge of the
valence band spectra (Figure 3.6B). The conduction band minimum (CBM) was determined by
subtracting the band gap energies of SnOx, which do not change at different annealing
temperatures and which were estimated via Tauc plots of absorbance measurements (Figure 3.7).
The Fermi levels were extracted by subtracting the value found by a linear extrapolation of the
secondary electron edge from Zv (Figure 3.6A). Further experimental and evaluation details of
UPS measurements are given in the Experimental Section. Our results show that both the SnOx
and perovskite show n-type character with very little gap between their Fermi level and CBM,
considering that UPS analyzes only the surface properties. Figure 3.6 shows a schematic diagram

of the band alignment between the ETL and perovskite in the solar cells, where we obtained
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different Fermi levels (dashed black lines below CBM) from different annealing temperatures of
SnOy.
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Figure 3.6 Linear fits of (A) secondary electron edge (SEE) and (B) valence band maximum
(VBM) of SnOy from UPS and XPS measurements, respectively. (C) Schematic diagram of the
energy bands of the ETL and perovskite. The temperatures at the bottom of the band diagram are
the annealing temperatures of the SnOx layers. The energy levels are aligned according to Fermi
level. (CB, VB and PK are conduction and valence band, and perovskite respectively. Dashed

black line represents the Fermi level.)
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Figure 3.7 Absorbance spectra of (A) SnOx layers and (B) perovskite. Tauc plots of SnOy layers
(C) without annealing, (D) 180 °C and (E) 300 °C and (F) perovskite.

UPS measurements highlight a remarkable connection: The smallest energetic distance between

Fermi level and CBM corresponds to the lowest HI. Samples annealed at 180 °C, which

demonstrate the highest PCE and lowest HI, exhibit the smallest energy offset between the Fermi

level and CBM of 0.22 eV. When compared to the Fermi level of the perovskite, it can be seen

that the annealing at 180 °C results in the best energy alignment since the Fermi level of SnOx is

the closest to the CBM of the perovskite, whereby the photogenerated electrons can be efficiently
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extracted into the SnOx layer. At annealing temperatures below or above 180 °C, the Fermi level
shifts further away from the respective CBM, where lower PCEs and higher HI values were

obtained due to the inefficient charge collection.

The change in Fermi level energy can be explained by means of the defect states formed in the
metal oxide layer. In a semiconductor, the work function of the material is defined not only by
the band structure and the density of states of the pristine material, but also by defects which
causes charge carrier trap states within the band gap. Therefore, it is likely that the SnOx used in
this work is defect-rich since the films are not crystalline (Figure 3.8). In fact, Du et al. have
shown that the oxygen vacancy defect in TiO> causes deep defect levels located 0.4-1.18 eV below
the CBM of TiO,.*® Analogously, the defects in SnOy layers are attributed to oxygen vacancies,'*
20 leading to similar defect distributions below the CBM. Therefore, changing the density and
depth of the trap states in the semiconductor allows for Fermi level tuning, which in our case can

be achieved by thermal annealing in air.%
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Figure 3.8 (A) XRD pattern of SnOy layers on glass. (B) Annular dark field — STEM image of a
cross-section of FTO/SnOx annealed at 300 °C.

3.4 Trap Landscape at the Interface between ETL-Perovskite

To fully understand this connection, we investigated the energetic trap landscape in devices
fabricated with different SnOy films via TSC?? measurements, which we applied successfully to
PSCs in previous work.22* As TSC is performed on fully processed solar cells (as described
above), it enables probing of electronic trap states and allows linking the results directly to the

device performance. The devices are first cooled down to very low temperatures (here: 30 K) in
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dark conditions. The illumination with white light LED then generates free charge carriers without
heating the solar cell. After the light is turned off, charge carriers relax into the deepest trap states
during a certain dwell time. During this limited timeframe, charge carriers populate available trap
states in the bulk and at the interfaces with the charge extraction layers. Due to the low thermal
energy available, the charge carriers cannot be released from these states. Subsequently, the
device is heated up to room temperature at a constant rate (here: 3 K/min), which initiates a
gradual release of the trapped charges as soon as they gain enough thermal energy to escape. The
current flow originating from trap release is precisely monitored and is used to determine the trap
depth as well as density of the electrically active defect states in the probed system. Further details

on the measurements technique can be found elsewhere.?

Figure 3.9 shows the resulting TSC signals for solar cells, where the SnOx ETL was annealed at
temperatures of up to 225 °C. Starting at approximately 180 K, a strong current was detected in
all investigated devices, with a distinct shoulder at around 240 to 250 K (marked by shaded area).
The TSC signal is the largest for the device with the non-annealed SnOy layer (Figure 3.9A, red
curve) and it dramatically decreases upon annealing of the SnOy layer with a minimum in TSC
signal for the 180 °C-annealed device, for which we observed also the best device performance
and minimum HI. We note that for higher temperatures than 225 °C, the occurrence of leakage
current due to a decrease in shunt resistance prevented reliable detection of very small TSC
signals. As the layout is identical for all devices studied, we ascribe the decrease in TSC signal to
a reduction in the density of trap states in the ETL or at the ETL-perovskite interface.
Interestingly, the density of traps increases again for devices with SnOx above the annealing
temperature of 180 °C. This increase in trap density could be due to the surface of SnOyannealed

at higher temperatures which might trigger the formation of perovskite decomposition products.?
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Figure 3.9 (A) TSC signals of solar cells fabricated on SnOxannealed at different temperatures.
(B) Corresponding Arrhenius plot of the TSC signals with the activation energy peak marked with

an arrow for all devices.

To extract the activation energy of the trap states, the slope of the initial rise of the TSC current,
which was attributed to the start of trap release, is fitted in the Arrhenius plot (Figure 3.9B) for

each annealing temperature according to the following equation:

Ey
Itsc < exp (‘ kB_T>

where E,, kg, and T are the activation energy, Boltzmann constant and temperature,
respectively.?>2¢ The values of the activation energies to release electrons from trap states are
summarized in Table 3.1. These energies follow a remarkably similar trend with one we observed
in UPS measurements as well as for the HI: The activation energy decreases with increasing
annealing temperature, where a significant drop is observed from 275 (non-annealed ETL) to
202 meV for ETLs annealed at only 125 °C. The activation energy of the trap states reduces
further to 187 meV with annealing of the SnOy layer at 180 °C. Interestingly, for annealing
temperatures above 180 °C, the trend reverses, showing even higher activation energy (307 meV)

than the non-annealed sample.
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Table 3.1 The activation energies to detrap electrons from the traps according to annealing

temperatures of SnOy layers.

Annealing Trap depth
temperature (°C) energy (eV)
RT 0.275
125 0.202
180 0.187
225 0.307

3.5 Discussion

The results from UPS and TSC, summarized in Figure 3.10 are in noticeably good agreement:
Annealing of as-prepared SnOy films leads to a significant reduction in the trap density as well as
energetic depth of the trap states in the ETL or at the ETL-perovskite interface, resulting in a shift
of the ETL Fermi level closer to the CBM. Particularly, we find the trap depth plays a significant
role in charge accumulation at the interface since charge transport in metal oxides such as the
SnOx layers relies on a trapping-detrapping mechanism.?” The photogenerated electrons are
transferred from the absorber into the SnOy layer where they relax and localize in sub-band gap
states. Electron transport then occurs via thermal detrapping, diffusion in the conduction band and
again retrapping. In this way, charge transport is limited by the detrapping events, which is highly
dependent on the energetic depth of the trap state.?” Ultimately, the highest PCE and lowest HI
are found for the solar cell with the ETL annealed at a temperature of 180 °C, where the shallowest
trap states result in the best Fermi level matching. Additionally, we point out that these trap states
in SnOy are unlikely to cause a light-soaking effect in PSCs. This effect has previously been
assigned to light-induced ion/defect migration in the perovskite lattice.?® In fact, in other solar cell

systems, UV-light soaking effects are reduced when TiO: is exchanged by SnOy.%
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Figure 3.10 Comparison of energetic difference between CBM and Fermi level of SnOx and trap
depth energies of solar cells.

Based on this, we propose that charge accumulation occurs at the interface and is determined by
the energy gap between the electron acceptor’s Fermi level and its CBM. Essentially, deeper traps,
given by the Fermi level position in the SnOx layer, cause more charge accumulation at the
interface between ETL and perovskite due to the lack of available thermal energy required to
release electrons from these states. This, in turn, leads to enhanced recombination as can be
observed by (i) an increase in HI (Figure 3.4) and (ii) Vo (Figure 3.3E), which is in good
agreement with literature.® % Furthermore, the stabilized power output demonstrates that the solar
cells with a high HI show a larger loss in performance than those one with a lower HI (Figure
3.3C).

3.6 Conclusion

In this work, we unveil the influence of Fermi level alignment between the SnOx ETL and
perovskite absorber as well as associated trap depth on the PCE and hysteresis of PSCs. We were
able to tune the Fermi levels of ALD SnOy layers by thermal annealing. We obtained the
maximum PCE and the smallest HI at the optimum annealing temperature of 180 °C. We find a
strong correlation between the Fermi level positions of SnOy and the trap depth deduced from the
UPS and TSC measurements, respectively: Based on the trapping-detrapping charge transport
mechanism in SnOy layers, deep trap states likely trigger charge accumulation at the interface,
which in turn leads to enhanced charge recombination at the SnOy-perovskite interface, causing
a higher HI in solar cells. Therefore, a decrease in the trap energy, partially eliminating trap states
in the ETL or at the ETL - absorber interface, results in a better Fermi level alignment and hence

in more efficient and hysteresis-free PSCs.
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3.7 Experimental Section

3.7.1 Solar Cell Assembly

3.7.1.1 ETL preparation

Fluorine-doped tin oxide (FTO) coated glass substrates (<7 €/sq) were patterned by etching with
zinc powder and HCI solution (3 M). The substrates were washed with deionized water and a 2%
Hellmanex detergent solution. They were consecutively cleaned with deionized water, acetone
and ethanol and dried by pressurized air. The substrates were further cleaned by oxygen plasma
for 5 min. The compact TiO- layer was coated on the FTO substrates as an electron transport layer
via a sol-gel approach. For this, a mixture containing dried 2-propanol (2.5 mL) and 2 M HCI
(35 uL) was added drop-wise into a mixture of dried 2-propanol and titanium(I1V) isopropoxide
(Sigma Aldrich, 367.5 pL) under vigorous stirring. The TiOx solution was filtrated through a
0.45um syringe filter and spin-coated on the oxygen plasma cleaned FTO substrates at 2000 rpm
for 45 s, followed by annealing at 150 °C for 10 min and subsequently at 500 °C for 45 min.

SnOx ETLs were prepared by ALD on FTO coated glass substrates which were patterned and
cleaned as in the TiOy preparation. Tetrakis(dimethylamino)tin (IV) (TDMASn, Strem, 99.99%)
was used as a tin precursor. The deposition was conducted at 118 °C with a base pressure of 5 hPa
in a Picosun R-200 Advanced ALD reactor. The precursor was held in a glass vessel at 75 °C.
Ozone was produced by an ozone generator (INUSA AC2025). Nitrogen (99.999%, Air Liquide)
was used as the carrier gas and purge gas with a flow rate of 50 sccm. The growth rate measure,
determined by ellipsometry on Si (100) substrates placed next to the FTO during depositions, was
0.69 A/cycle. The Cauchy model was used for the SnOx layer.

Ozone gas: 1% N in O, (99.995%, Air Liquide)

Ozone generator: INUSA AC2025, power setting 50%, flow rate 500 sccm  pulse parameters:
TDMASN: 2 pulses per cycle, pulse time 1.6 s, purge time 4s/10s,

Ozone: 1 pulse per cycle, pulse time 10 s, purge time 5 s,

Non-uniformity (200 mm wafer): 3.2 %

3.7.1.2 Perovskite deposition

The organic cations methylammonium bromide (MABTr) and formamidinium iodide (FAI) were
purchased from Dyesol and cesium iodide (>99%) from Sigma Aldrich. The lead iodide and

bromide were purchased from TCI. All chemicals were used without any further purification.
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Cso.05(FA0.83MA0.17)0.95Pb(l0.83Bro.17)s perovskite was prepared according to the published report
by Saliba et al.!” A triple cation mixed halide perovskite was synthesized by mixing Pbl, (507.1
mg, 1.1 mmol), PbBr; (73.4 mg, 0.2 mmol), FAI (171.97 mg, 1 mmol) and MABr (22.4 mg,
0.2 mmol) in 1 mL of a 4:1 (v/v) mixture of anhydrous DMF (Sigma Aldrich) and DMSO (Sigma
Aldrich). This mixture was heated up to 100 °C in order to dissolve the solids completely. The
Csl (389.72 mg, 1.5 mmol) was dissolved in anhydrous DMSO at 100 °C. After both solutions
were cooled down to room temperature, 42 pL of CsI solution was added to the previous mixture
in order to obtain a 5% Cs content in the desired perovskite mixture. The solution was filtered
through a 0.45 pum syringe filter before use.

The perovskite deposition was carried out in a nitrogen-filled glove-box. The prepared perovskite
solution was deposited in a two-step spin-coating procedure, 1000 rpm for 10 s and 6000 rpm for
20 s, respectively. In the last 5 s of the second-step, 500 pL of anhydrous chlorobenzene (CB,
Sigma Aldrich) was dripped onto the film. The films were annealed at 100 °C for 1 h on a hotplate.

3.7.1.3 Hole transporter layer and back electrode deposition

2,2°,7,7’-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’-spirobifluorene (75 mg,  spiro-
OMeTAD, Borun Chemicals, 99.8%) was dissolved in 1 mL of anhydrous chlorobenzene and
filtered through a 0.45 pum syringe filter. Later, this solution was doped with 10 pL 4-tert-
butylpyridine  (Sigma-Aldrich, 96%) and 30 pL of a 170 mg/mL lithium
bistrifluoromethanesulfonimidate (Li-TFSI) (Sigma-Aldrich, 99.95%) solution dissolved in
anhydrous acetonitrile (Sigma-Aldrich). This solution was deposited by spin-coating at 1500 rpm
40 s and 2000 rpm 5 s in a nitrogen-filled glove-box. The samples were stored in air at a relative
humidity of 25-30%. 40 nm of Au was deposited as a back electrode by thermal evaporation at
9 - 107" mbar.

3.7.2 Solar cell characterization

Current-Voltage (J-V) curves were measured under ambient conditions using a Newport OrielSol
2A solar simulator with a Keithley 2400 source meter under simulated AM 1.5G sunlight, with
an incident power of 100 mW cm, calibrated with a Fraunhofer ISE certified silicon cell (KG5-
filtered). The active area of the solar cells was defined by a square metal aperture mask of 0.0831
cm?. J-V curves were recorded by scanning the input bias from 1.5 V to 0 V (reverse scan) and
then from 0 V to 1.5 V (forward scan) at a scan rate of 0.2 /s after the devices had been at 1.5V
for 5 s under illumination. The stabilized power output was measured by tracking the photocurrent
at the maximum power point without pre-biasing the device. To obtain the EQE spectra, the

respective solar cell was illuminated with the chopped light of a tungsten lamp, split into its
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wavelength components with the help of a monochromator. The light beam is further split to hit
the sample as well as a reference silicon photodetector (Hamamatsu S2281-01) at the same time.
The resulting wavelength dependent current response of both devices is recorded simultaneously
by two lock-in amplifiers (Signal Recovery 7265, Stanford Research Systems 830) at a chopping
frequency of 14Hz. The incident illumination power, determined via the reference photodetector,

is used to calculate the EQE response of the perovskite solar cell.

3.7.3 Ultraviolet Photoelectron Spectroscopy (UPS)

3.7.3.1 Experimental details

Photoemission spectroscopy data were acquired at an ESCALAB 250 system by Thermo Fisher
under UHV conditions (~10°°mbar). A monochrome X-ray source with Al-Ko 1486.6 eV with a
FWHM of 0.25 eV was used for the XPS measurements. A helium discharge lamp was used as
an excitation source for the UPS measurements. The He La line (21.22 e¢V) was used for the
secondary edge as well as for spectra of the valence band region. The sample was grounded to the
analyzer and the energy scale was calibrated to the Fermi-edge of a sputtered metallic silver
sample, Ag3ds,, of 368.26 eV and Cu2ps, of 932.67 eV. The emission in the normal direction was
characterized. The concentric hemispherical analyzer was set to a pass energy of 10 eV for XPS
and 2.5 eV for UPS measurements. To reinforce the secondary electron edge for the determination

of the work function, a bias voltage of 4 eV was applied between the sample and the analyzer.

3.7.3.2 Analysis details

The spectrometer was calibrated in such a manner that the Fermi-energy is located at 0 eV of
binding energy. The energetic position of the valence band maximum therefore represents the
distance to the Fermi-level. The valence band maximum was determined by a linear extrapolation
of the leading edge of the valence band spectra. The trends in the position of the valence band
maxima were also found in the binding energy of the core-level emissions namely Sn 3d and O
1s. The conduction band minima were calculated by subtracting the energy of the band gap from
the position of the valence band maxima. To determine the value of the secondary electron edge,
a linear function was fitted similarly to the procedure described for the valence band maximum.
The energy, at which this line extrapolates to zero intensity, was considered as the secondary

edge. The work function can be calculated by the formula ¢=hv-SEE.

3.7.4 Thermally Stimulated Spectroscopy (TSC)

The TSC measurements were conducted in a closed cycle He cryostat. Trap filling was achieved

via illumination of a cold white LED for 10 min at 30 K. The TSC signals were monitored with a
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sub-femtoamp remote source meter (Keithley 6430) without applying any external bias to the

device.

3.7.5 Film Characterization

SEM images were taken with a FEI Helios Nanolab G3 UC DualBeam scanning electron
microscope, operated at an acceleration voltage of between 2 and 5 keV. STEM was performed
in annular dark field mode on a probe-corrected FEI Titan Themis at 300 kV. Absorbance spectra
were recorded using a PerkinElmer Lambda 1050 spectrophotometer equipped with a 150 mm
integrating sphere. XRD measurements were performed with a Bruker D8 Discover X-ray
diffractometer operating at 40 kV and 30 mA, employing Ni-filtered Cu K o1 radiation
(. = 1.5406 A) and a position-sensitive LynxEye detector.
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4 Charge Transport Limitations in Perovskite Solar

Cells: The Effect of Charge Extraction Layers
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Charge Transport Limitations in Perovskite Solar Cells

4.1 Introduction

Hybrid organometal halide perovskites, a class of materials revealing outstanding optoelectronic
properties including large absorption coefficients® and easily tunable band gaps?, have undergone
a rapid development? 2 toward particularly promising candidates for integration into photovoltaic
devices.*® Facile solution processing at low temperatures and the use of cheap and abundant
precursor compounds®’ combined with power conversion efficiencies (PCEs) surpassing 21%8
make organic—inorganic perovskites competitive with modern technologies, for example, copper
indium gallium selenide or silicon.® Among a variety of possible material combinations and
device architectures,'®!! the state-of-the-art layout for planar n—i—p perovskite solar cells
comprises the small organic molecule spiro-OMeTAD as the hole transporter and compact TiOx
as the hole-blocking layer.?? However, these charge extraction materials can introduce some
challenging issues to the stacked system. Spiro-OMeTAD, for instance, is known to be unstable
and suffers from degradation processes*>*4, whereas TiOx has been suggested to contribute to the
hysteretic J—V behavior.'>%® Thus, the examination of the physical processes determining and
limiting the charge transport properties is essential to balance material suitability (in terms of
stability or production costs) and optoelectronic performance, both being key aspects on the way

toward further development of high-efficiency solar cells.

In this work, we present a detailed study of the charge carrier mobilities, playing an important
role in charge carrier transport properties in devices in general, in both perovskite thin films and
stacked solar cells based on methylammonium lead triiodide (MAPI). From time-of-flight (ToF)
photocurrent measurements, we determine mobilities of approximately 6 cm?/Vs for electrons and
holes in MAPI films derived from a one-step deposition approach, whereas we extract mobilities
being decreased by 3 orders of magnitude. By tuning the thicknesses of the hole-transporting
material (HTM) and of the electron-transporting material (ETM), we find that the transport time
of photoinduced charge carriers under a constant external bias does not reflect the transport

characteristics of the MAPI film but is mainly determined by the charge-selective layers.

4.2 Results and Discussion

Pristine MAPI films and thin MAPI absorber layers incorporated in photovoltaic devices were
derived from a previously published synthesis protocol describing a  fast
deposition—crystallization (FDC) procedure'’ (see Experimental Section for further details).

Scanning electron micrographs of FDC-derived MAPI (Figure 4.1A) grown on fluorine-doped tin
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oxide (FTO)-coated glass substrates confirm a high surface coverage of large crystals with few

grain boundaries and without pinholes, resulting in visually smooth films.

(B)

BV MAPI film &

Figure 4.1 Schematic illustration of the employed sample layout and the experimental setup. (A)
SEM micrograph showing a top view of the investigated MAPI thin film. (B) Schematic of the

laterally contacted perovskite thin film with varying spacings d between the electrodes.

To identify the absorber material-related properties affecting the charge transport in perovskite-
based solar cell devices, we first focused on charge carrier mobilities in the pure CH3sNH3Pbls
film. For this purpose, the MAPI thin film was deposited on top of laterally arranged metallic
contacts with an electrode spacing d in the range of several micrometers, as shown in Figure 4.1B.
To protect the moisture-sensitive perovskite from degradation in air, the samples were topcoated
with a thin layer of poly(methyl methacrylate) (PMMA), thus permitting experiments under
ambient conditions. This architecture allows for photocurrent measurements at different charge

carrier travel distances through the film via the ToF measurement technique.

In brief, charge carriers are generated in the perovskite layer upon photoexcitation provided by a
pulsed laser. The created charge carriers are separated by an applied direct current (dc) voltage
and start moving toward the corresponding electrodes, thus creating a current, which is recorded
with an oscilloscope. Because the charge carriers are locally created near one electrode, the
polarity of the applied voltage determines whether the contribution of electrons or holes to the
photocurrent extracted at the opposite electrode is observed. Further experimental details can be
found in Experimental Section. Figure 4.2A depicts the obtained timeresolved photocurrent traces
for different electrode distances after pulsed excitation at 540 nm and a pulse duration of 7 ns.
Because ionic migration within the perovskite film is anticipated and can affect the current flow,
the dc field at 5 kV/cm was applied only for a short measurement period of single seconds to

mitigate this influence. Because the observable influence of ion migration in electrical
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measurements, that is, photocurrent transients, is known to occur in the timeframe of several

minutes!®2°, we do not expect this to affect the investigated system significantly.
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Figure 4.2 Extraction of the charge carrier mobility in the perovskite layer from photocurrent
experiments in the lateral configuration. (A) Timeresolved photocurrent transients for three
different electrode spacings obtained upon focused illumination close to one contact under dc
biasing at 5 kV/cm. (B) Extracted transit times for holes and electrons as a function of electrode
spacing. ty scales linearly with the corresponding electrode distance, allowing for the
determination of x and resulting in a value of 5.8 + 0.3 cm?/Vs for holes and 6.3 + 0.2 cm?/Vs for

electrons.

The shapes of the j— profiles seen in Figure 4.2A indicate dispersive transport which could follow
from a hopping behaviour of charge carriers. For this reason, we employed the analysis procedure
introduced by Scher and Montroll?* which has been applied to dispersive transport in a number
of different materials including amorphous silicon and organic materials.?? In general, dispersive
transport is understood to result from spatially varying hopping rates due to energetic
heterogeneities caused by trapped space charges. For perovskite systems, detailed studies by other
groups have shown that transport is based on a hopping mechanism at room temperature, whereas
it becomes band-like at low temperatures.*%

The aforementioned procedure determines two linear fit functions for the plateau and the decay
of the double logarithmic j—¢ profile, whereas the transit time t is defined by the point where
they intersect (illustrated in Figure 4.3). To enhance the reproducibility of the determination of
tw, @ fit routine was programmed based on the iterative modeling of the slopes of pre- and
posttransit linear functions close to the point of interest in the transient. According to the

expression
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n=— (4.1)

tr

with d being the interelectrode distance and E being the applied electric field, the average charge
carrier mobility is obtained by linearly fitting the curve relating the transit time with the electrode
spacing (Figure 4.2B). The linear dependence of the transit time ti on the electrode spacing d is
visible in Figure 4.2A, B, reflecting the respective distance the carriers need to travel to the distal
electrode after being created by focused laser excitation at the other electrode. As described by
the model in eq 4.1, the slope of the linear regression allows for the determination of the charge
carrier mobility in the MAPI film and results in pmapin” = 5.8 £ 0.3 cm?/Vs and pwapie =6.3+ 0.2
cm?/Vs. The applicability of the mobility equation is confirmed by applying different bias

voltages for a fixed gap size. The corresponding experimental data can be found in Figure 4.4.
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Figure 4.3 Fitting routine employed to extract ti.
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Figure 4.4 VVoltage series for lateral devices as proof for the applicability of the mobility equation.
(A) Representative transients for different applied bias voltages. (B) Extracted transit times as

function of inverse applied bias voltage.

In the literature, different charge carrier mobilities have been reported for MAPI ranging from 3
cm?/Vs to several tens of cm?/Vs?-2° using contactless measurement techniques including time-
resolved microwave conductivity and terahertz spectroscopy. For contacted MAPI films on the
other hand, field-effect transistor and Hall mobility measurements provide lower values between
0.5 and 8 cm?/Vs.232 The charge carrier mobilities obtained here for contacted films are well
within the range of these values. In contrast to the contactless techniques mentioned above, which
probe a rather local mobility, we determine the mobilities in lateral direction over several
micrometers, where the influence of grain boundaries and defects, that is, potential trapping sites,
becomes significant. To our knowledge, none of the optimized solution-processing techniques
available at present® - 20 permit film thicknesses exceeding 300-500 nm; thus, the thickness

dependence of the material cannot be studied in the vertical direction in a significant range.

To gain further insights into the transport processes of photoinduced charge carriers in working
solar cell devices, we complemented our studies by investigating thin-film stacks incorporating
the previously analyzed organolead halide perovskite material. With the MAPI film being
sandwiched between spiro-OMeTAD and TiOy as the hole transport layer (HTL) and the electron
transport layer (ETL), respectively, and contact layers (gold and FTO), the illumination of the
perovskite occurs from the transparent FTO side. A detailed description of the complete sample

preparation procedure can be found in the Experimental Section.

In the following experiments, we focused on the effects of the charge extraction layers on the
transit time of charge carriers for constant thickness of the absorber material while varying the

thickness of the charge extraction layer. Cross-sectional scanning electron microscopy (SEM)
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images of photovoltaic devices confirm the successful tuning of the thickness of the HTL spiro-
OMeTAD (Figure 4.5A) ranging from 170 to 740 nm at constant TiOx and MAPI thickness (70
and 360 nm, respectively). We note that the MAPI residues visible on the HTM layer (see, e.g.,
the second cross section in Figure 4.5A) result from cutting the solar cell shortly before
performing the SEM measurement. These residues attach to the cross section and are not induced
by a nonuniform deposition of the organic spiro-OMeTAD layer on the absorber material which
could occur if the MAPI surface would be rough. Moreover, the MAPI film thickness seen in the
SEM cross sections corresponds to the typical values deduced using atomic force microscopes or

profilometers.33-34
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Figure 4.5 (A) Cross-sectional views of the stacks with varying layer thicknesses of the hole
transporter spiro-OMeTAD. (B) J—V performance of working devices with different thicknesses
of the HTL under simulated AM 1.5G illumination. (C) Statistical analysis of corresponding PCEs
from more than 120 individual photovoltaic devices.

J—V analysis (Figure 4.5B) of this type of cells under simulated AM 1.5G illumination confirms
proper operation characteristics with a typical deviation of +2%. Furthermore, PCE statistics from
more than a total of 120 solar cells indicate that the conversion of incident light to current reaches
the best average performance value of 12.8 + 1.14% for a HTL thickness of 370 nm (Figure 4.5C).
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Comparable results have been obtained in a similar HTM study performed by Marinova et al.®
where the authors observe the best J—F performance for a spiro-OMeTAD thickness between 200
and 400 nm.

Equivalent measurements on photovoltaic devices with varying thicknesses of the ETL TiOx as
well as the corresponding cross sections of the samples and additional external quantum efficiency
(EQE) data (highlighting that there is no significant contribution of the spiro-OMeTAD layer to
the overall photocurrent) can be found in Figure 4.6 and Figure 4.7, respectively.
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Figure 4.6 (A) Cross-sectional views of stacked solar cells with varying thickness of the ETL,
TiOy. (B) J-V performance data of photovoltaic devices with different thicknesses of the ETL
under simulated AM 1.5G illumination. (C) Statistical analysis of corresponding PCEs from a

total number of more than 100 individual solar cells.
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Figure 4.7 EQE curves for full devices at different spiro-OMeTAD thicknesses, showing that
there is no significant contribution of the spiro-OMeTAD layer to the overall photocurrent. Small

changes in the curves are due to the sample-to-sample variation.

We subsequently conducted photocurrent measurements on the stacked devices with varying
thickness of HTL or ETL. For this purpose, the samples were illuminated from the transparent
FTO side using an aperture mask with an active area of approximately 3 x 3 mm?, identical with
the illuminated area in the cell performance experiments. Figure 4.8A illustrates the j—¢ profiles
for the stacked devices with different spiro-OMeTAD layer thicknesses. The transit time was
extracted by employing the same fitting routine which was used for the transients in the lateral
configuration. To verify the applicability of eq 4.1 to the obtained data, the transit times at
different applied bias voltages were plotted, as shown in Figure 4.8B. We note here that the hole
transporter is not expected to substantially screen the electric field. Here, the oxidation of spiro-
OMeTAD through the addition of LiTFSI, typically referred to as “Li doping”, does not generate
free carriers. Instead, the increased conductivity and mobility in spiro are attributed to the
smoothing of the potential landscape which enhances the probability of intermolecular charge

transfer.36
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Figure 4.8 (A, C) Representative transients of photovoltaic devices (as shown in Figure 4.5) with
varying thicknesses of the HTM spiro-OMeTAD and the ETM TiO,, respectively. (B, D)
Extracted transit times as a function of reciprocal applied bias voltage (values corrected for a fixed
built-in voltage of 0.022 V) for a defined thickness of the HTL and ETL, respectively. (E) Transit

times determined from the transients shown in (A) vs corresponding spiro-OMeTAD thicknesses.
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From the slope of the linear regression relating ti and Upias (values corrected for a fixed built-in
voltage of 0.022 V as determined in ref 37) in Figure 4.8B, we derive a mobility of
pn=(6.2+0.4) x 10 cm?Vs (assuming d = der. + dmar + dur). Several ToF experiments on
perovskite-based solar cells have already been performed, resulting in a variety of obtained values
for charge carrier mobilities, ranging from 4.6 x 107 and 5.4 x 10~* cm?/Vs?>* t0 0.06 and 1.4
cm?/Vs.*” This variety can most probably be assigned to different employed sample architectures
as it is the case in refs 25 and 38 where inverted solar cell devices were investigated with different
charge extraction materials (PEDOT:PSS and PCBM). Furthermore, the fabrication procedure for
these absorber layers is based on either a two-step process,? % which results in smaller crystallites
and affects the charge transport processes, or a one-step process employing different synthesis
conditions such as varying antisolvents or annealing conditions.®” The evaporation of differing
metallic contacts (AI?® ® or Ag®” compared to Au in our study) may also contribute to these
varying mobility values as well as the definition of d. In some reports, d was taken as the thickness
of the active absorber layer only, whereas in the present analysis, we considered transport through
all layers up to the contact which consequently results in an increase in the respective charge
carrier mobility by about a factor of 4.6.

As seen in Figure 4.8, the transport of charge carriers is substantially influenced by the thickness
of the HTL, which is reflected in larger ti values starting from 0.82 up to 1.51 ps for increased
travel distances, ranging from 170 to 740 nm (Figure 4.8E). Additional ToF experiments on
devices without a HTL and devices incorporating a very thin layer of MAPI can be seen in Figure
4.9. A similar effect is observed for increasing the ETL thickness (Figure 4.8F), where the transit
time increases from 0.87 to 1.05 us with thicknesses ranging from 70 to 150 nm. We note that the
growth of the ETL on the rather rough FTO surface consequently leads to some variations in the
thickness (Figure 4.6A), resulting in large error bars in the chart. Furthermore, the chemical
fabrication process employed for the samples in these specific experiments does not allow the
creation of uniform films below a certain thickness of approximately 60—70 nm; thus, our
measurements include samples with ETL thickness exclusively above the minimal obtainable
thickness. On the other hand, the minimum thickness of the spiro-OMeTAD layer is limited by

the formation of pinholes to about 170 nm at which a reduction of the PCE is observed.
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Figure 4.9 ToF results for two extreme cases of solar cell devices. (A) Photocurrent curves
obtained for a device without the HTL spiro-OMeTAD and the respective transit times. (B) j-t
profiles for a device with a very thin MAPI layer (approx. 100 nm) and 370 nm of spiro-OMeTAD
and corresponding transit times, showing nearly the same transit time of about 0.95 ps at 2 V

when in orporating a full-sized MAPI layer of 350 nm as shown in Figure 4.5.

We find similar slopes for the HTL and the ETL of 1.22 + 0.07 and 2.43 £ 0.36 nm/ns,
respectively. Additionally, the calculated mobility values as a function of HTL and ETL
thicknesses are consistent, assuming d as the sum of the thicknesses of all layers, and show only
minor variations (Figure 4.10).
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Figure 4.10 Calculated charge carrier mobilities in stacked devices for varying thicknesses of (A)
spiro-OMeTAD and (B) TiOx. The values were determined from the linear function relating the
transit time and the applied bias voltage (see Figure 4.8B and D).

On the basis of the charge carrier mobility values obtained from the experiments on laterally
contacted MAPI, the average drift velocity vq of holes through the absorber layer is calculated

according to the expression
Va = Wyaprnt - E (4.2)

and results in 290 nm/ns. With the thickness of MAPI (approximately 360 nm) in the full solar
cell device, the contribution of the perovskite absorber layer to the overall transit time of the
device can be estimated to be ~1 ns. This number represents an upper limit because it can be
expected that in the vertical solar cell architecture, the charges will have to pass a smaller number
of grain boundaries than in the lateral measurements presented in Figure 4.2. Clearly, the
estimated transit time is much smaller than the effective transit times observed for the HTL and
the ETL. From our observations in the ToF experiments performed on the devices, we suggest
that the effective charge carrier transit times in perovskite solar cells are mainly affected by the
thickness of spiro-OMeTAD and, to a lesser extent, by the thinner TiOx layer. This also leads to
a reduction of the PCE for thicker layers and to pinholes and shunting for thinner spiro-OMeTAD

layers, resulting in an optimum thickness of around 370 nm.

Consequently, the measurements on the contacted film establish that the absorber layer and its
properties could be excluded from affecting the transport of photogenerated charges in working
devices. This highlights that rather the thickness of the extraction layers, in particular of the HTL,

is a major limiting factor for charge transport. Recently published investigations already
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demonstrate different approaches to replace the commonly employed material spiro-OMeTAD
by other organic or inorganic hole transporters such as EDOT-OMeTPA? or graphene*® and TiOx

by tin dioxide.*
4.3 Conclusions

In this study, we investigated the mobilities of light-induced charge carriers in both individually
contacted MAPI thin films and photovoltaic stacks based on this type of hybrid perovskite.
Employing the ToF photocurrent technique, we observe charge carrier mobilities of 5.8 + 0.3
cm?/Vs for holes and 6.3 + 0.2 cm?Vs for electrons in individual perovskite films in lateral
dimensions. Compared to the mobilities determined for the n— i—p architecture consisting of
FTO/TiOW/MAPI/spiro-OMeTAD/Au and resulting in values decreased by 3 orders of magnitude,
the photoactive perovskite layer can clearly be excluded from being a charge transport-limiting
factor in the device. Complementary ToF experiments on solar cells with varying spiro-OMeTAD
thicknesses demonstrate a significant increase of the transit time of charge carriers through the
device stack with increasing extraction layer thickness. By tuning the TiOy thickness, we observe
a similar effect on the transit times. From this, we conclude that mainly the thickness of spiro-
OMeTAD contributes substantially to the transit time and to the mobility in the stacked system.
Hence, the HTL represents a major transport-limiting factor in the working device that should be

considered in efforts aimed at further device and interface optimization.
4.4 Experimental Section

4.4.1 Perovskite Thin Film Synthesis

The synthesis procedure for methylammonium lead triiodide thin films is based on a method
recently published by Xiao et al.}” A solution ontaining Pbl, (1.25 M, TCl 98%) and
methylammonium iodide (1.25 M, Dyesol) in a 4:1 mixture of DMF and DMSO, respectively,
was spin-coated onto the substrate at 1000 rpm for 10 s followed by 5000 rpm for 30 s. After 7 s
of the second spinning step, 500 pL of anhydrous chlorobenzene (Sigma) were added on top of
the substrate. Finally, the substrate was annealed at 40 °C for 40 min and 100 °C for 10 min. The
obtained perovskite films revealed an average thickness of 350 nm, estimated via SEM cross-

sections.
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4.4.2 Laterally Arranged Gold Contacts on Glass

Prior to all subsequent optical lithography steps, glass sheets were cleaned with a 2% Hellmanex
solution and rinsed with deionized water. Afterwards the substrates were sonicated for 5 min in
acetone and later with 2-propanol and exposed to oxygen plasma for 10 min to ensure the removal
of surface residues and subsequent adhesion of the metallic contacts on glass. The structures were
created via microstencil lithography by depositing a 30 nm thick layer of gold through a
microscale shadow mask via thermal evaporation under vacuum (10~ mbar). Finally, the coated
glass sheets with inter-electrode distances between 36 and 80 um were cleaned with 2-propanol.
Deposition of the perovskite thin films was done according to the fabrication protocol mentioned
above. Additionally, the films were coated with a thin layer of poly(methyl methacrylate)
(PMMA) by spincoating 50 mg/mL PMMA in anhydrous chlorobenzene in order to avoid

degradation through ambient moisture.

4.4.3 Solar Cell Fabrication

Fluorine doped tin oxide (FTO) coated glass substrates (7 Q, Hartford Glass) were patterned using
zinc powder and 3 M HCI. Then the sheets were successively cleaned with deionized water, 2%
Hellmanex solution, then once again with deionized water, acetone and ethanol. Oxygen plasma
treatment for 5 min before applying the blocking layer aided in the removal of organic residues

on the surface.

The substrates were then covered with a sol-gel derived TiOx layer by spincoating the precursor
solution (see below), annealing at 150 °C (10 min) and calcining at 500 °C (45 min) in air.'? For
the sol-gel approach a solution of hydrochloric acid in 2-propanol (typically 35 pyL of 2 M HCI
and 2.5 mL of 2-propanol) was added dropwise to a solution of titanium isopropoxide in
anhydrous 2-propanol (367.5 pL titanium isopropoxide in 2.5 mL of 2-propanol) under vigorous
stirring. Next, the solution was filtered with a 0.25 um syringe filter and the remaining clear TiOy

solution was spin-coated onto the FTO substrates at 2000 rpm for 45 s.

To obtain different thicknesses of the blocking layer, TiOx was spin-coated layer by layer. After
deposition of the TiOx solution at 2000 rpm or 3000 rpm for 45 s, the substrates were annealed at
150 °C and the next layer was spin-coated using the same settings. This procedure was repeated
several times (see Table 4.1) and the resulting thicknesses were determined via SEM cross-

sections. SEM images were recorded with a FEI Helios G3 UC microscope.
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Table 4.1 Preparation parameters for different TiOy thicknesses in solar cells.

Spin speed (rpm) Number of layers Thickness of TiOylayer (nm)

2000 1 70+ 14
2000 2 120 +13
2000 3 150 + 14
3000 2 105+ 13
3000 3 130+ 15

After deposition of the hybrid perovskite film following the aforementioned synthesis procedure
and a short cooling period to room temperature, a thin layer of spiro-OMeTAD serving as hole
transporting material was spin-coated at different speeds to tune the layer thickness (see Table
4.2). For this purpose, a 100 mg/mL solution of spiro-OMeTAD in anhydrous chlorobenzene was
prepared and filtered. Oxidation of the material was performed by adding 10 uL of 4-tert-
butylpyridine (Sigma 96%) and 30 pL of a 170 mg/mL lithium bistrifluoromethanesulfonimidate
(Sigma 99.95%) solution in anhydrous acetonitrile (Sigma) to 1 mL of spiro-OMeTAD solution.
The doped solution was then spin-coated on the coated substrate, which was stored in a desiccator
at approximately 25% relative humidity to allow for oxidation of spiro-OMeTAD. Finally, 40 nm
thick top gold electrodes were deposited by thermal evaporation of gold under vacuum (>5 - 10°°

mbar).

Table 4.2 Preparation parameters for different spiro-OMeTAD thicknesses in solar ells.

Spin speed (rpm) Duration (s) Thickness of spiro-OMeTAD layer (nm)

500 40 740 £ 12
2000 )

1000 40 420+ 18
2000 5

1500 40 370+ 10
2000 5

2000 45 300 + 22
3000 45 260 + 18
5000 45 170 £ 13
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4.4.4 Solar Cell Characterization

J -V measurements were carried out with a Keithley 2400 source meter under AM1.5G simulated
sunlight with an incident power of ca. 100 mW/m?2 (Newport Oriel Sol2A), corrected for the
proper light intensity using a Fraunhofer ISE certified silicon cell. All photovoltaic devices were
measured under ambient conditions by pre-biasing at 1.5 V for 5 seconds under illumination,
before scanning from 1.5 to 0 V and back at a scan rate of 0.4 V/s. The illuminated square area of

the solar ells was about 0.0831 cm?, defined with a metallic aperture mask.

4.45 ToF Measurements

Charge carrier mobilities in laterally contacted thin films were determined via ToF measurements
(Figure 4.11). The films were illuminated from the semitransparent glass/gold bottom side by
employing pulsed laser excitation at 540 nm and a pulse width of 7 ns. To extract the
photogenerated charges, a constant dc field is applied at the electrodes solely for the measurement
period of approximately 1 s to prevent ionic migration within the perovskite.®1® The created
current is recorded as a function of time, resulting in ToF transients shown in Figure 4.2A. Charge
carrier mobilities in stacked solar cell devices were extracted from photocurrent measurements
employing the same experimental setup by illuminating the samples from the transparent glass
side. For all solar cells, a full data set comprising photocurrent transients at bias voltages between
1.2 and 3.0 V was recorded in steps of 200 mV to confirm the applicability of eq 4.1 to the
determined transit times (Figure 4.8B and D).

oPO
Nd:YAG (400_700 nm)
Ise length 7 N%

(pu 0H2)

repetition rate 2

trigger

Figure 4.11 Scheme of the experimental setup employed for ToF studies.
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5.1 Introduction

Light-emitting electrochemical cells (LECs) have recently emerged as a potential alternative to
organic light-emitting diodes (OLEDs) due to the use of air-stable injection layers and/or
electrodes, as well as its simple device architecture consisting of a single layer sandwiched
between two electrodes, for example, indium tin-oxide (ITO) and aluminum.** In addition, they
can operate at very low voltages, yielding highly efficient devices, which can be easily fabricated

under ambient conditions on any kind of substrate.?

In LECs, the active layer typically consists of either a mixture of a light-emitting polymer, an ion
conducting polymer and an inorganic salt or only one ionic transition-metal complex (iTMC).13
However, other luminescent materials can also be easily incorporated.®® For instance, Bader et
al. reported on yellow and orange LECs incorporating a blend of CdSe/ZnS quantum dots (QDs),
a PF/PPV copolymer-poly[(9,9-dioctyl-2,7-divinylene-fluorenylene)-alt-co-{2-meth-oxy-5-(2-
ethyl-hexyloxy)-1,4 phenylene}], and the polymerizable ionic liquid allyltrioctylammonium
allylsulfonate (ATOAAS) as the source of counter ions.” Recently, Qian et al. expanded this

concept to include blue, green, red, and white, conventional and flexible QD-LECs.®

The major limitation of inorganic QDs in lighting applications is the significant reduction of the
photoluminescence quantum yields (PLQY's) after ligand exchange, a step that is necessary for
their application in devices.® Additionally, all the developed QDs exhibit significant sub-bandgap
defects, which effectively limit the maximum device performance achievable.® This issue is,
however, not present in the newly developed organic-inorganic metal halide perovskites, where
grain boundaries and surface defects do not generate deep trap states within the bandgap.!! For
this reason, the application of these materials in lighting applications is expected to enable the

fabrication of highly efficient and low-cost devices.

Previously, electroluminescence (EL) from perovskite films was only achieved by using either
low temperatures (77-110 K) or by introducing light-emitting organic compounds into the crystal
lattice.*?%® EL from bulk films at room temperature was recently achieved by Tan et al.'® and Kim
et al.}” while Schmidt et al.*® reported on the first synthesis of methylammonium lead bromide
(MAPDBY3) perovskite nanoparticles (NPs), showing the possibility to use them as light-emitting
materials in OLEDs. This result represents an important contribution to the field, since the
preparation of perovskite NPs is the first step to facilitate their implementation in new thin film

device architectures by blending them with other electroactive materials.
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Here, we highlight two major aspects of our current work. First, we have expanded the
fundamental knowledge regarding the synthesis of new hybrid metal halide perovskite NPs,
showing that the photophysical features of this novel material can be tuned by exchanging the
organic cation group to formamidinium (FA). Second, we have fabricated the first MAPbBr3- and
FAPbBrs-based LECs featuring a luminance of around 1-2 cd/m? at low driving currents by
developing a deposition protocol based on spray-coating, bringing this technology closer to large-

scale applications.

5.2 Synthesis and Characterization of Hybrid Lead Halide

Nanoparticles

Both MAPbBr; and FAPbBrs NPs were prepared through the addition of octylammonium
bromide in a warm solution of oleic acid in octadecene followed by lead bromide (PbBr;) and
either MABr or FABr.28 Here, we have found that the dropwise addition of the solution containing
the organic cation is crucial to obtain pure compounds. Additionally, we have employed THF as
the precipitating agent in order to compatibilize the NP solution with the electrolyte solution,
necessary for device deposition. This procedure results in a yellow-orange colloidal solution of
highly crystalline perovskite NPs — see Experimental Section for more details. The addition of a
long chain alkyl ammonium cation was essential to limit the perovskite crystal growth, as

reactions prepared without this capping agent resulted in micron-sized crystals.8

Both synthesis protocols yielded highly crystalline perovskite NPs, which were characterized by
powder X-ray diffraction (PXRD) in order to ascertain their crystal structure (Figure 5.1). The
observed diffraction patterns obtained at room temperature correspond to the cubic crystal phase
with lattice constants of 5.939(2) and 6.000(2) A (both of a space group Pm-3m) for MAPbBr3
and FAPbBr; NPs, respectively; consistent with previous reports'®2, The size of the NPs was
characterized by transmission electron microscopy (TEM). TEM images showed that the size
distribution is not homogeneous since there are big aggregates as well as small-sized NPs (<10

nm) for both compositions as seen in Figure 5.2.
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Figure 5.1 PXRD pattern of both MAPbBr; (black) and FAPbBTr3; (red) NPs.

Figure 5.2 TEM images of (A, B) MAPDbBr; and (C, D) FAPbBr; NPs at different scale bars.

The photophysical features of MAPbBr; and FAPbBr; NPs were investigated by steady-state
absorption and photoluminescence (PL) spectroscopy in solution, Figure 5.3. In particular, the
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absorption spectra of the FAPbBTr3; colloidal solutions exhibit a narrow band at 542 nm, which is

13 nm red-shifted compared to that of MAPbBr; suspensions, Figure 5.3A. This is attributed

mainly to the reduction of the optical band gap of FAPbBr; NPs due to the larger unit cell.2
Indeed, the optical band gaps of MAPbBr; and FAPbBr; NPs were found to be 2.24 eV and 2.14

eV as estimated by Tauc plots, Figure 5.3C and D. More interesting is, however, the direct

comparison of the PL features between both types of perovskite NPs — Figure 5.3B. Both materials

exhibit a near band edge emission with a narrow full width at the half-maximum (FWHM) of

approximately 19 nm. This corresponds to features noted for bulk-like films,° indicating the high

quality and crystallinity of the prepared NPs. The exchange of MA to FA results in a red-shifted
emission spectrum, that is, going from 532 to 545 nm for MAPDbBrz and FAPbBrs; NPs,

respectively.
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Figure 5.3 (A) Normalized absorption and (B) PL spectra at 403 nm excitation wavelength and
~0.3 uJ/cm? pump fluence of MAPbBr; (black squares) and FAPbBTr; (red circles) NPs in THF.

Photographs of the solutions in THF are shown under (A) ambient light and (B) 365 nm excitation.

Tauc plots of (C) MAPbBTr; and (D) FAPbBrs NPs.
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In order to further examine the differences in their photophysical behavior, the NPs were
characterized in solution via time-resolved PL — Figure 5.4. The obtained data was fit by a simple

bimolecular recombination model:%- 22-23

f(t):a+bt

where a is related to the charge density at t = 0, and b is the recombination parameter. The fittings
suggest that the decay of the PL arises from bimolecular recombination of free charges, similar
to that observed in perovskite films.2® Since both NP solutions absorbed light similarly at the
excitation wavelength, and assuming that early time charge generation is similar for both
materials, we can directly compare the fitted recombination parameters. The radiative bimolecular
recombination rate of FAPbBrs NPs is approximately six times slower than MAPbBrz NPs —
Figure 5.4. While slow recombination dynamics are beneficial for solar cell operation,’® the
opposite is true for light emitting devices since a reduction of the PL quantum yield (PLQY) is
expected. To confirm this, the PLQYSs in solution were determined with an integrating sphere. In
line with the bimolecular recombination rate results, MAPbBr; and FAPbBr; NPs exhibited
PLQYs of approximately 15% and 5%, respectively. It is important to point out that, similar to
that noted by other groups,® the accuracy of the PLQYS is subjected to, the intrinsic scattering

process of the suspensions, and the self-absorption due to the very small Stokes shift.
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Figure 5.4 Time-resolved PL decay for MAPDBr; (black squares) and FAPbBTr; (red circles).
Solid lines in time-resolved PL decay curves are fits to the data with a simple bimolecular

recombination model.
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5.3 Fabrication of LECs based on Perovskite NPs

As a final step, we took advantage of the excellent stability of the perovskite NPs in solution to
prepare the first perovskite-based LEC devices. To this end, an electrolyte matrix comprised of
LiCF3SOs; and trimethylolpropane ethoxylate (TMPE) was added to the colloidal suspensions of
the perovskite NPs and immediately filtered. The mixture of NPs and electrolyte matrix was
spray-coated onto an ITO substrate which was modified by a 100 nm thickness of
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). In this work, active
layers with two different thicknesses of approximately 100-120 and 50-70 nm were prepared. To
finalize the devices, aluminum was evaporated as a top cathode with a thickness of 90 nm — see
Experimental Section for more details.

One of the most difficult challenges when utilizing easily up-scalable techniques like spray-
coating is the achievement of smooth and homogeneous films without degradation of the active
material during film preparation.?*2® To ensure this, the morphological and spectroscopic features
of the active layers were examined by means of alpha-step profilometry and atomic force
microscopy (AFM), as well as steady-state spectroscopy, respectively. AFM confirms that the
films show an homogenous coverage with no particular aggregation or phase separation features
and all give a similar root-mean-square (RMS) roughness of around 5-14 nm — Figure 5.5A.
Furthermore, it was found that the addition of the matrix does not impact the PL emission maxima

(Figure 5.5B and C) nor the PL decay dynamics (Figure 5.5D and E) compared to bare NPs films.
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Figure 5.5 (A) AFM top view image and 3D profile of perovskite NPs films used for device
fabrication. Normalized PL spectra of (B) MAPbBrz and (C) FAPbBr3; NPs films with (red circles)
and without (black squares) electrolyte matrix. Time resolved PL of films of (D) MAPbBr; and

(E) FAPbBr3 NPs with (red circles) and without (black squares) electrolyte matrix. Solid lines in

time resolved PL decay curves are fits to the data with a simple bimolecular recombination model.
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5.4 Characterization of LECs based on Perovskite NPs

Figure 5.6 depicts the luminance-current density versus applied voltage (LIV) of the perovskite-
based LECs. The LIV features of devices, which do not incorporate an electrolyte matrix, show
an injection voltage of around 15-16 V independently of the type of perovskite NPs, but no
luminance was detected, even when constant and pulsed voltage and/or current driving schemes
or current LIVs were applied. Upon the addition of the electrolyte matrix, the devices feature
injection voltages of around 11-12 V (at J > 0.1 mA/cm?) and maximum brightness of 1.3 cd/m?
and 1 cd/m? for MAPbBr; and FAPbBrs NPs, respectively. In a qualitative way, this finding
clearly demonstrates the relevant role of the electrolyte matrix in the device behavior.
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Figure 5.6 Luminance (red circles) - current density (black squares) vs applied voltage of
ITO/PEDOT:PSS (100 nm)/Perovskite NPs without electrolyte matrix (50-70 nm) and with

electrolyte matrix (100-120 nm)/Al (90 nm) devices based on (A) MAPDbBrz; and (B) FAPbBr;
NPs.

The electroluminescence (EL) spectra of both perovskite NPs based LECs are shown in Figure
5.7. In general, 3D plots of the EL during the LIV assays show no change in both the shape and
the maximum upon increasing the applied bias. In particular, the EL spectra of MAPbBr; and
FAPDbBr; NPs based devices are centered at 550 and 560 nm — Figure 5.7B. This represents a red-
shift of 20-30 nm compared to the PL spectra of the active layer — Figure 5.3B and Figure 5.7B.
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This finding has been typically observed in LECs and it is ascribed to the stabilization of the

excited state due to polarization under the applied high electric field during operating conditions.?

T T
—&— FAPbBr, |
—=— MAPDBr,

L | | L | !
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Figure 5.7 (A) 3D plot showing the EL spectra at different applied voltages during the LIV
experiments of ITO/PEDOT:PSS/FAPbBr; NPs-electrolyte matrix (60—70 nm)/Al devices and
(B) normalized EL spectra of ITO/PEDOT:PSS/perovskite NP-electrolyte matrix (60—70 nm)/Al
devices at 10 V.

The benefit of blending perovskite NPs with an ionic-based polyelectrolyte is clearly highlighted
by both the strong reduction of the injection voltage and the stable EL features. Thus, we can
postulate that perovskite NP-based devices show a common LEC behavior.** For instance, upon
application of a traditional constant voltage driving scheme, Figure 5.8A and C, the current
density increases followed by a slow increase of the luminance, reaching values of 14 and
10 mA/cm? and 2 and 0.25 cd/m? for MAPbBrs- and FAPbBrs-based devices. This behavior is
ascribed to the slow redistribution of the mobile ions at the electrode interface together with a fast
growth of the p- and n-doped regions,?! limiting the device performance. Recently, the
application of a pulsed current driving scheme has been proposed to prevent the fast growth of
the doped regions, while ensuring enough charge injection to provide an instantaneous emission.>
232 |n line with previous studies, upon application of a pulsed current scheme, initial high voltages
were required to maintain the desired current density as the redistribution of ions has not been
realized yet — see inset graphs in Figure 5.8B and D. This allows both charge injection and a very
slow redistribution of the mobile ions at the electrode interface. As such, the luminance is almost
instantaneous and the average voltage decreases over the first minutes and remains constant,
reaching maximum luminances of 1.8 and 0.8 cd/m? and efficiencies of 0.013 and 0.005 cd/A, as
well as lifetimes of several hours for devices with MAPbBrs and FAPbBrs NPs, respectively.
Since the average voltage profile remains practically constant, the reason for the loss in luminance

might be ascribed to the intrinsic device operating mechanism.?”3! It is important to point out that,
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in good agreement with the PL features of the NPs, the MAPbBr; NP-based devices outperform
FAPDbBr; NP-based ones.
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Figure 5.8 (A) Current density-luminance versus time of ITO/PEDOT:PSS/IMAPbBr; NP-
electrolyte matrix (100-120 nm)/Al driven by constant voltage of 14 V and (B) average voltage-
luminance vs time of the same device driven by a pulsed current using a block wave at a frequency
of 1 kHz with a duty cycle of 50% and an average current density of 13 mA/cm?. (C) Current
density-luminance versus time of ITO/PEDOT:PSS/FAPbBr; NP electrolyte matrix
(100-120 nm)/Al driven at 16 V and (D) average voltage-luminance versus time of
ITO/PEDOT:PSS/FAPbBr; NP-electrolyte matrix (100-120 nm)/Al driven at pulsed 1 kHz

current of 15 mA/cm? .

Finally, we have also evaluated the air stability of the devices stored under ambient conditions
for a period of two months. Surprisingly, both the device and the PL features do not seem to be
significantly affected as shown in Figure 5.9. In particular, the shape and maximum of the EL
spectra remain unaltered, while the two month old devices show slightly reduced luminance and
efficiency levels when compared to fresh devices. This is quite likely to the result of unbalanced
electron-hole recombination due to an increased leakage current caused by the degradation of the

active layer and accumulation of moisture over time when stored under ambient conditions.
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Figure 5.9 (A) Luminance—current density wversus applied voltage plot of
ITO/PEDOT:PSS/FAPbBr; NP-electrolyte matrix (60—-70 nm)/Al for fresh device and (B) the
same device kept under ambient conditions for two months. Electroluminescence spectra of both
fresh and two month old (C) MAPbBTr3;- and (D) FAPbBrs-based devices obtained at the maximum
luminance level of their respective LIV assays.
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Figure 5.10 PL spectra of (A, B) MAPbBr; and (C, D) FAPbBr; films as deposited and aged under
ambient conditions. (A, C) show the spectra of nanoparticles without the electrolyte matrix and

(B, D) with the inclusion of this element deposited on a glass slide.

5.5 Conclusion

In this work, we have demonstrated the implementation of perovskite NPs into light-emitting
electrochemical cells for the first time. We have synthesized hybrid perovskite NPs with two
different organic cations, which were then incorporated into the final device via an up-scalable
spray-coating technique. Exchanging the organic cation from MA to FA resulted in a 13 nm
red-shift of both the emission and the absorption spectra. Our results show that FA-based NPs in
solution exhibit a six times slower radiative recombination rate, which leads to a poorer PLQY
and, in turn, to a lower device performance. Additionally, we have investigated the origin of
photoluminescence in these materials. We conclude that PL arises from bimolecular
recombination of electrons in the conduction band and holes in the valence band. Moreover,
devices prepared with the electrolyte matrix showed stable yellowish green luminance at low

driving currents while those without this component did not show any EL features. Finally, we
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have demonstrated the stability of these devices and films stored under ambient conditions for
over two months. Overall, this study opens up a new route to study organic—inorganic metal halide

perovskite NPs and, additionally, opens a new avenue of research into the emerging field of LECs.

5.6 Experimental Section

5.6.1 Synthesis of Precursors

Methylammonium bromide (MABr) was prepared by following a published procedure.® In short,
24 mL of methylamine solution (33 wt % in ethanol) was diluted with 100 mL of absolute ethanol
in a 250 mL round-bottom flask. Under constant stirring, 8 mL of an aqueous solution of
hydrobromic acid (HBr, 48 wt %) was added to the flask. After stirring for 1 h at room
temperature, the solvent was evaporated. The obtained white solid was washed with dry diethyl

ether and finally recrystallized from ethanol.

Formamidinium bromide (FABr) was  synthesized  following a  known
procedure.’® Formamidinium acetate was dissolved in a double molar excess of aqueous HBr
(48 wt %), and the mixture was stirred at 50 °C for 60 min. The solvent and remaining HBr were
removed by rotary evaporation. Slightly yellow powder was washed with dry diethyl ether. Lastly,

recrystallization from ethanol led to the white crystalline product.

Octylamine (24.79 mL, 0.15 mol) was added to 200 mL of absolute ethanol in a 500 mL
round-bottom flask. HBr (5 M, 30 mL, 0.15 mol) was added to the solution under constant stirring.
After a reaction time of 1 h at room temperature, the solvent was removed by rotary evaporation.
The product was washed with diethyl ether until the powder became white. Then, octylammonium

bromide was recrystallized from 2-propanol.
5.6.2 Synthesis of Nanoparticles and Characterization Details

5.6.2.1 Synthesis of MAPbBr3; Nanoparticles

A solution of oleic acid (850 mg, 3 mmol) in 20 mL of octadecene was stirred and heated at 80 °C
in a 100 mL round-bottom flask under a N2 atmosphere. Then, a capping agent, octylammonium
bromide (126 mg, 0.6 mmol) was added to the flask, and the solution became cloudy. Lead(ll)
bromide (367 mg, 1 mmol dissolved in 1 mL of anhydrous DMF at 70 °C) was added to the
reaction vessel and a clear and colorless solution was formed. Subsequent and dropwise addition
of methylammonium bromide (44 mg, 0.4 mmol dissolved in 1 mL of anhydrous DMF) produced

a yellow dispersion. Lastly, nanoparticles were immediately precipitated by the addition of
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anhydrous THF (25 mL). The suspension was centrifuged at 7000 rpm for 10 min. The NPs’
sedimentation and the solution were removed. Subsequently, the NPs were redispersed in THF
and centrifuged three more times in order to remove the remaining oleic acid and octadecene. NPs
were dried in air to obtain an orange powder and finally placed into a vial and were redispersed

in anhydrous THF.

5.6.2.2 Synthesis of FAPbBrs Nanoparticles

A solution of oleic acid (170 mg, 0.6 mmol) in 4 mL of octadecene was stirred and heated at
80 °C in a 20 mL vial in air. Then, the capping agent, octylammonium bromide (25.2 mg, 0.12
mmol), was added to the vial and the solution became cloudy. Lead(ll) bromide (73.4 mg, 0.08
mmol dissolved in 200 pL of anhydrous DMF at 70 °C) was added to the reaction vessel and a
clear and colorless solution was formed. Subsequent and dropwise addition of formamidinium
bromide (10 mg, 0.08 mmol dissolved in 200 uL of anhydrous DMF) produced a yellow
dispersion. Lastly, nanoparticles were immediately precipitated by the addition of anhydrous THF
(15 mL). The suspension was centrifuged at 7000 rpm for 10 min. The NPs sedimentation and the
solution were removed. Subsequently, the NPs were redispersed in THF and centrifuged three
more times in order to remove the remaining oleic acid and octadecene. Nanoparticles were dried
in air to obtain orange powder and finally placed into a vial and were redispersed in anhydrous
THF.

5.6.2.3 Characterization Details

The powder XRD measurements were performed on a Huber Imaging Plate Guinier
Diffractometer G670 (Cu Kol radiation). Steady-state absorption spectra were measured with a
Lambda 1050 UV/vis spectrophotometer (PerkinElmer) using an integrating sphere. Steady state
efficiency and time-resolved PL measurements were performed with a Fluotime 300
spectrofluorometer (Picoquant GmbH). The excitation wavelength was fixed at 405 nm. The
emission for time-resolved measurements was monitored at the maximum intensity of the steady
state photo emission. 'H NMR spectra were acquired at 25.8 °C using a Bruker Avance Il HD
spectrometer with a 400 MHz magnet (9.4 T). The chemical shifts are reported in ppm relative to
tetramethylsilane (TMS). TEM measurements were performed with a JEM-2011 (JEOL)
equipped with LaBg operated at 200 kV and EDS (EDAX) detector. The PLQY'S were measured
using a Fluoromax-4 photometer with a quanta-phi integrating sphere upon excitation of 400 nm.
The films were prepared onto quartz slides. The samples were excited with Fluotime 300
Spectrofluorometer (Picoquant GmbH) with a diode laser at 405 nm with 800 ps pulse length and

at different excitation fluences. AFM characterization was performed under ambient conditions
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using SPM Nanoscope Illa multimode working in tapping mode with a HQ:NSC15/AL BS tip
(uMasch) at a working frequency of ~325 kHz.

5.6.3 Device Fabrication and Chracterization Details

All materials were purchased from Sigma-Aldrich and used as received. The devices were
prepared as follows. Indium tin oxide (ITO) coated glass plates were patterned by conventional
photolithography (Naranjo Substrates). The substrates were cleaned by using sequential
ultrasonic baths in detergent, water, and 2-propanol solvents. After drying, the substrates were
placed in a UV—ozone cleaner (Jelight 42—220) for 10 min. A poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) layer was doctor-bladed onto the ITO-glass substrate to
flatten the transparent conducting electrode, which increased the device preparation yield (400
pum substrate distance and a speed of 10 mm/s). The luminescent layer comprised perovskite NPs
and the polyelectrolyte matrix, LiCF3SOs, and trimethylolpropane ethoxylate (TMPE) with a
mass ratio of 0.3:1 dissolved in THF, respectively. The electrolyte mixture was prepared via
stirring for 5 h, followed by ultrasonication for 20 min after the perovskite NPs were added (1-2
mg/mL). We found this mixture as the most appropriate for spray-coating. Higher amounts tend
to quickly agglomerate, hampering the deposition procedure. Finally, the solution was filtered
using polytetrafluorethylene membrane filters with a pore size of 0.45 um. The process was
repeated until an orange stable suspension was achieved. The active layer was prepared via spray-
pyrolysis—i.e., Ar flow at 1.5 atm and 90 °C. These conditions resulted in homogeneous thin films
with a thickness ranging from 60 to 120 nm and a roughness of less than 5%, having no apparent
optical defects. The latter was determined using a Bruker “DektakxT” profilometer. Once the
active layer was deposited, the samples were transferred into an inert atmosphere glovebox (<0.1
ppm of Oz and H;O, Innovative Technology). The aluminum cathode electrode (90 nm) was
thermally evaporated using a shadow mask under high vacuum (<1 x 10°°mbar) using an
Angstrom Covap evaporator integrated into the inert atmosphere glovebox. Time dependence of
luminance, voltage, and current was measured by applying constant and pulsed voltage and
current by monitoring the desired parameters simultaneously through an Avantes
spectrophotometer (Avaspec-ULS2048LTEC) calibrated with a white LED in conjunction with a
Newport (1916-c) optical power meter equipped with a calibrated silicon diode and Botest OLT
OLED Lifetime-Test System. The electroluminescence spectrum was recorded using the above-

mentioned spectrophotometer.
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6.1 Introduction

Hybrid organic-inorganic (HOIP, CH3NHsPbXs, X = CI, Br, I) and all-inorganic lead halide
perovskite (CsPbX3) materials have the potential to revolutionize both photovoltaic and lighting
technologies.* However, the decomposition of the HOIP into PbX; and volatile products, such
as CH3NH,, HI and |2 due to the low lattice energy, has shifted the attention to the all-inorganic
perovskite nanocrystals (NCs). These are more stable to degradation induced by moisture,
oxygen, heat, light or combined effects thereof than their hybrid counterparts.>® Therefore, the
interest in these NCs has been at high levels after the first demonstration of their synthesis by

Protesescu et al.5*

The remarkable photoluminescence (PL) properties and simple synthetic routes of all-inorganic
perovskite NCs have already established their place in lighting applications.’** They exhibit
narrow size distributions as well as narrow PL emission bands with a full width at half maximum
(FWHM) of 12-50 nm® along with high PL quantum vyields (PLQYS) up to 95-100%.5" 12
Furthermore, this class of NCs exhibits high defect tolerance, meaning that they are highly
luminescent without any further electronic surface passivation, whereas such passivation is
obligatory to obtain a high PLQY from conventional quantum dots (QDs) based on metal
chalcogenides or metal pnictides.> 1 Additionally, tunable band gaps via quantum confinement
or simple changes in composition as well as the solution processability have revealed their
potential in light-emitting electrochemical cells (LECs), consisting of an active layer sandwiched

between two electrodes.>® 1416

Recently, the incorporation of conventional QDs in LECs was successfully demonstrated.”°
Inspired by these findings, we fabricated the first LECs based on HOIP NCs using an up-scalable
spray-coating technique.?’ These devices showed luminance of 1-2 cd/m? at injection voltages of
11-12 V. Additionally, we demonstrated the important role of the electrolyte matrix in the device
operating mechanism, as devices without this component displayed no detectable luminance.
Moreover, the devices were analyzed by applying both constant voltage and pulsed current
driving schemes, showing that LECs based on HOIP and all-inorganic NCs follow a common
LEC behavior.202!

Here, we show the successful synthesis of all-inorganic CsPbX3 perovskite NCs via the hot
injection method as well as their application in lighting schemes following the LEC concept.
LECs were fabricated by blending the CsPbX3 NCs with an ionic polyelectrolyte comprised of
trimethylolpropane ethoxylate (TMPE) and KCF3SOs. These devices featured a luminance of 8
cd/m? for mixed halide CsPb(Br/l)s NCs at low injection voltages of 4 V unlike their hybrid
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counterparts, which require injection voltages of around 11-12 V. Additionally, the spectral
electroluminescence (EL) width of the devices (~30 nm) is narrower than that of the HOIP based
NCs (~150 nm), owing to the homogeneous size distribution and superior structure stability of
the all-inorganic NCs. We also show that the addition of the salt KCF;SO3 enhances the device
performance due to improved carrier injection and suppresses halide segregation in mixed halide
systems with further stabilization of the lattice by potassium cations. As a result, we believe that
all-inorganic perovskite NC-based LECs provide an alternative route to circumvent complicated

fabrication processes of other perovskite-based lighting devices.

6.2 Results

6.2.1 Synthesis and Characterization of CsPbX3 NCs

We synthesized CsPbX3; NCs (X = I, Br, CI) following the hot injection method, where the
previously prepared cesium-oleate solution was reacted with a warm solution of the PbX; in a
high boiling solvent (octadecene) at 170 °C (for details, see Experimental Section).® OLA and OA
were added to the reaction flask to dissolve PbX, and to stabilize the NCs. Mixed-halide
perovskite NCs were prepared by mixing the appropriate ratios of PbX; salts. Photos of the NC
dispersions under UV light are displayed in Figure 6.1A.
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Figure 6.1 (A) Photographs of NC dispersions with different halide composition under UV-
illumination (366 nm) and their corresponding (B) PL spectra, (C) UV-VIS spectra and (D) XRD

patterns.

We investigated the optical features of the NCs in detail by obtaining steady-state PL and
absorption spectra of their dispersions (Figure 6.1B and C). Importantly, both can be tuned over
the entire visible spectral region by changing the halide ratio during the synthesis. Notably, all
samples exhibit sharp band edges in the absorption spectra. Additionally, the dispersions all
showed narrow emission line widths of 11-48 nm (Table 6.1) and high PLQYs of 40-80%,
whereby the low PLQYs (<50%) belong to chloride-based NCs. Furthermore, the high PLQYs
suggest that surface dangling bonds do not play a significant role in the emission. We emphasize
that the photostability of CsPbBr; NCs in solution is exceedingly high. Under continuous
excitation at 405 nm, only a small drop in PL intensity at the beginning of the measurement was
observed, as seen in Figure 6.2. These results highlight the suitability of the NCs for lighting
applications.
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Table 6.1 Full width half maxima of PL measurements of CsPbXz NCs with different halide

concentrations.

NCs FWHM (nm) NCs FWHM (nm)
CSPbC|3 14 CstBr1,75I1,25 26
CsPbCl,.25Brg7s 11 CsPbBrislis 38
CSPbCll,sBrl,s 17 CstBr1,25I1,75 49
CSPbC|0,7sBr2,25 18 CSPbBI"1|2 42
CstBr3 21 CSPbBI’o,75|2,25 40
CsPbBr2.2slo7s 21 CsPbls 37
CsPbBr:l; 24
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Figure 6.2 The photostability of CsPbBrs NCs under 405 nm light excitation.

Cesium-based lead halide perovskites are known to crystallize in orthorhombic, tetragonal and
cubic polymorphs of the perovskite lattice.® 222 However, here X-ray diffraction (XRD) data
show that all CsPbX3 NCs are in the cubic phase (Figure 6.1D). The reflections in the XRD
patterns are shifted due to the different unit cell sizes, resulting from variation of the halide
component. As expected, upon incorporation of CI- the lattice shrinks, and all the peaks shift to

higher angles while incorporation of I- expands the cell and the peaks shift to lower angles due to
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the larger unit cell. Furthermore, transmission electron microscopy (TEM) images not only
confirm the high crystallinity of the NCs but also show the fairly homogeneous size distribution

of the perovskite NCs (Figure 6.3).

Figure 6.3 TEM images of (A) CsPbBr; and (B) CsPbls NCs at different magnifications.

6.2.2 Fabrication of Light-Emitting Electrochemical Cells (LECs)

Taking advantage of the remarkable features of these perovskite NCs, we have successfully
fabricated LECs. We initially purified the NCs by washing them with toluene once after the
synthesis and found this process to be crucial for the formation of homogeneous films, as shown
in AFM images in Figure 6.4. Whereas the films prepared from the non-purified NCs showed the
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formation of micron-sized rods due to unreacted excess ligands in the solution, the films prepared
with purified NCs possessed a homogeneous morphology without any visible rods. We have
additionally analyzed the formed rods with TEM, resulting that they were formed by several NCs
as seen in Figure 6.5. For device fabrication, we mixed the purified NCs with TMPE polymer and
KCF3S0O; and spin-coated the solution on indium-doped tin oxide (ITO) coated glass substrates
modified by the deposition of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS). The devices were completed by thermal evaporation of aluminum (Al) serving as
the top electrode. A schematic structure of these devices is shown in the inset of Figure 6.6 (see
Experimental Section for further experimental details).
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Figure 6.4 AFM images of the films prepared with CsPbBrz NCs (A) before and (B) after

purification.
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Figure 6.5 TEM images of rods at different magnifications: (A) 1 um, (B) 0.5 um, (C) 150 nm
and (D) 100 nm.

To assess the quality of the all-inorganic NC-based LECs we compare their performance with that
of our previously demonstrated HOIP perovskite NC-based LECs using methylammonium lead
bromide (MAPbBr;) NCs.?% Corresponding luminance-current density versus applied voltage
(LIV) plots are depicted in Figure 6.6B and D for the HOIP NCs and all-inorganic CsPbBrs;
without any purification, respectively. The LIV assays show an injection voltage of around 4 V
with a maximum luminance of 5.4 cd/m? for the CsPbBr; NC based LECs. In comparison, the
HOIP-LECs display an injection voltage around 12 V with a maximum luminance of 1.4 cd/m?,
Additionally, the inorganic NCs show very sharp and narrow EL spectra in stark contrast to the
very broad EL emission of the HOIP-LECs (Figure 6.6A and C). This highlights some of the
advantages of all-inorganic perovskites for LEC devices.
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Figure 6.6 EL spectra (left) and luminance-current density versus applied voltage characterization
(right) of LECs with (A, B) MAPbBr; NCs?° and (C, D) CsPbBrs. The insets in B and D show the

architecture of LECs used in this work.

In general, the main reason for the rather low performance of single-layer devices is still unknown,
but it has been tentatively attributed to the electrochemical stability with respect to i) halide
segregation and ii) formation of hot spots located at surface defects where non-radiative
electron-hole recombination occurs.?* Therefore, some passivation is still needed to achieve stable

devices.?*%6

Here, we found that devices with mixed halide perovskite compositions exhibit different behavior
in the case that the salt KCFsSOs is added to the purified NC and TMPE polymer mixture (Figure
6.7). To study this effect, we focused on LECs with CsPbBr1sl175 NCs. Here, devices without
the salt exhibited an EL emission with a maximum at 640 nm and a secondary peak at 520 nm
(Figure 6.7A) evolved upon applying a high voltage (7 V) and low luminance of <1 cd/m? (Figure
6.7B). The low brightness of the devices is due to the reduced ionic mobility in the active layer
and the lack of efficient electron-hole recombination. This is a result of the working principle of
LECs, as ionic polyelectrolytes without salt do not control the growing doped regions near the

electrodes. On the other hand, devices with mobile ions show an injection voltage of around 4 V
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as well as a luminance of 8 cd/m? along with an EL spectrum centered at 640 nm up to an applied
bias of 10 V (Figure 6.7C and D). Moreover, 3D EL of these devices can be seen in Figure 6.8.
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Figure 6.7 EL of the LECs comprised of CsPbBri2sli.7s NCs (A) without salt and (C) with salt
(KCF3S0:s). LIV characterization of the same devices (B) without salt and (D) with salt at 10 V.
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Figure 6.8 3D EL of the devices in Figure 6.7 (A) with and (B) without salt (KCF3SQs).
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6.3 Discussion

The working principle of LECs is based on a p-i-n junction, where the ions accumulate at the
electrode interfaces once a voltage is applied. The doped regions grow with time, leading to the
formation of a p-i-n junction between them and the drop in the applied potential triggers the charge
recombination and light emission. 2" Therefore, an optimized salt concentration balances the
space charge effects at the interfaces, improving the conductivity of the layer by electrochemical
doping and increasing the current density as well as the recombination rate in devices.?3! For
perovskite NC-based LECs, the addition of salt, KCF3SOs, analogously provides small, mobile
ions that can accumulate in high concentrations near the electrodes. Therefore, the improvements
in injection voltage and luminance values are rationalized in terms of balanced charge carrier
injection after increased redistribution of ionic space charges, confirming the results of Li et al.
who demonstrated a single layer light-emitting diode using a perovskite/poly(ethylene oxide)
composite film with a low turn-on voltage thanks to the ionic conductivity of the film and thus

the formation of a p-i-n homojunction.®?

Our results show that all-inorganic perovskite-based LECs outperform their HOIP NC-based
counterparts, both in terms of injection voltages and total luminance.?® The improvement in the
luminance values can be attributed to the significantly higher PLQY's of the all-inorganic NCs
(40-80%), in comparison to only 5-15% obtained from HOIP NCs in our previous work.
Additionally, time-resolved PL measurements indicate that the inorganic perovskite NCs exhibit
significantly higher radiative recombination rates, as the PL lifetimes in the HOIP NCs are longer

despite a significantly lower quantum yield, as shown in Figure 6.9.
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Figure 6.9 Time-resolved PL spectra of HOIP (MAPDbBr3) and fully inorganic (CsPbBrs)
perovskite NCs in solution. The decay times (tye) are 30.9 and 4.3 ns for MAPbBr3 and CsPbBr3

NCs, respectively.
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Interestingly, we observe lower injection voltages in all-inorganic LECs, which we attribute to
the higher conductivity of inorganic perovskite CsPbBrs NCs than HOIP ones.?! Additionally, the
striking difference in the FWHM of the EL spectra between LECs based on the HOIP NCs and
all-inorganic NCs is likely due to their large distribution in size of the former that causes
degradation of the active layer upon application of the electric field and changes of the spatial
light distribution. Thus, this finding suggests that inorganic perovskite NCs are more stable and

maintain the same spectral shape in the devices.

Mixed halide perovskites are known to exhibit halide segregation upon illumination.**3* We have
also observed the same phenomenon with the application of voltage in our devices.* However, it
is noteworthy that this can be overcome with the incorporation of the salt KCF3SOs. This may be
due to the fact that the small K* cation can find a place in the cystal structure and cause a
contraction of the PbXe octahedral volume, thus improving the phase stability as Nam et al.
reported for CsPbl,Br; perovskite with the incorporation of KI.% Calculations have demonstrated
that the K* ions preferentially locate on interstitial sites rather than on substitutional sites due to
energetic reasons.*-* Thus, in light of these observations, the inclusion of K* cations in the active

layer seems to prevent halide segregation by occupying intersititial sites.

6.4 Conclusion

In this work, we have successfully synthesized all-inorganic perovskite NCs with different halide
compositions via a hot injection method. These NCs show high PLQY's and narrow PL emission
as well as a rather narrow size distribution. Taking advantage of the excellent optoelectronic
properties of these NCs, we have fabricated working LECs. Furthermore, we demonstrate an
enhancement of luminance values of LECs based on inorganic perovskite NCs as well as a
decrease in the injection voltages from 7 V to 4 V with the addition of a KCFsSO; salt, which we
attribute to improved control of space charge effects and balanced carrier injection. Our results
also show that the salt helps to stabilize the perovskite structure in mixed halide systems by
suppressing halide segregation. Moreover, our results suggest that all-inorganic perovskite NCs
are more efficient than hybrid organic-inorganic perovskite NCs due to their higher PLQY's and
narrower size distribution. Therefore, we believe that the use of all-inorganic perovskite NCs in
LECs shows promising potential for the development of efficient lighting technologies with single

layer solution-processable devices.
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6.5 Experimental Section

6.5.1 Synthesis of CsPbX3; NCs and characterization details

The NCs were synthesized according to a published report by Protesescu et al.® All chemicals
except olelylamine (OLA) were purchased from Sigma Aldrich and used as received. OLA
(approximate Cis-content 80-90%) was purchased from Acros Organics.

Cs-oleate was prepared by following procedure: Cs,CO;3 (0.814 g), octadecene (ODE, 40 mL) and
oleic acid (OA, 2.5 mL) were loaded into a 250 ml 3-neck flask and dried under vacuum for 1 h
at 120 °C. Then, the solution was heated under N, to 150°C until Cs,COs reacted with OA.

OLA and OA were dried under vacuum for 2 h at 120 °C before use. ODE (10 mL) and PbX;
(0.376 mmol, X=Cl, Br, I) or mixtures of the lead halide salts were loaded into a 100 ml 3-neck
flask and dried under vacuum for 1 h at 120 °C. Dried OLA (1 mL) and OA (1 mL) were injected
into the flask at 120 °C under a N2 atmosphere. After all PbX, was solubilized, the temperature
was increased to 140-200 °C, the Cs-oleate solution (0.8 mL, prepared as described above) was
quickly injected and the reaction mixture was then rapidly cooled by an ice-water bath. In the
synthesis of CsPbCl; NCs, the higher temperature of 150 °C and 1 mL of trioctylphosphine (TOP,
Fluka) were necessary to solubilize the lead salt. The resulting solution was centrifuged at 120000
rpm for 10 min and the solids were redispersed in 1 mL toluene. The NCs were centrifuged at

12000 rpm for 10 min and the precipitate was used for the fabrication of LECs.

The powder XRD measurements were performed using a Cu-K,;-source on a G670 Imaging Plate
Guinier Diffractometer (Huber Diffraktionstechnik GmbH & Co. KG) . Steady-state absorption
spectra were measured with a Lambda 1050 UV-VIS spectrophotometer (PerkinElmer, Inc.)
using an integrating sphere. Steady-state photoluminescence measurements were performed with
a Fluotime 300 spectrofluorometer (Picoquant GmbH). The excitation wavelength was fixed at
405 nm. TEM measurements were performed with a JEM-2011 (JEOL GmbH) equipped with
LaB6 operated at 200 kV and an EDS (EDAX) detector. AFM characterization was performed
under ambient conditions using a NANOINK atomic force microscope with Si n-type tip with a
radius of <10 nm in tapping mode with a scan rate of 0.2 Hz, a proportional gain of 50 and an
integral gain of 30. The PLQY's were measured using an integrating sphere in a Fluorolog-3
FL3-22 (Horiba Jobin Yvon GmbH) spectrometer. For the photostability measurements, a
colloidal solution of CsPbBr; NCs was continuously illuminated at an excitation of 405 nm, and

the intensity of the PL maxima (515 nm) was recorded as a function of excitation time.
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6.5.2 Fabrication of LECs and Characterization Details

ITO-coated glass substrates were patterned by etching with zinc powder and an HCI solution
(3 M). The substrates were washed with deionized water and a 2% Hellmanex detergent solution.
They were consecutively cleaned with deionized water, acetone, and ethanol and dried by
pressurized air. The substrates were further cleaned with 2-propanol before the deposition of
PEDOT:PSS. PEDOT:PSS (Heraeus) was diluted with 2-propanol at a ratio of 1:2 and this
solution was spin-coated (dynamic dispense) on ITO substrates at 2000 rpm for 45 s. The layers
(50-60 nm) were annealed at 120 °C for 10 min. The precipitate from the purification of NCs was
used for creating the active layer. 0.25 mL of trimethylolpropane ethoxylate (TMPE, 5 mg/mL in
hexane) was added to the NCs. Thereafter, 5 uL of KCFsSO; (1 mg/mL in THF) was added to the
mixture of polymer and NCs. This mixture was deposited on PEDOT:PSS layers via spin-coating
(static dispense) at 1000 rpm for 30 s, resulting in a thickness of 60-70 nm. The aluminum cathode
(90 nm) was thermally evaporated using a shadow mask under high vacuum (<1x10-® mbar) using
a Covap evaporator (Angstrom Engineering) integrated into the inert atmosphere glovebox.
Current density and luminance versus voltage were measured using an Avaspec-ULS2048LTEC
spectrophotometer (Avantes) calibrated with a white LED in conjunction with 1916-c optical
power meter (Newport Corporation) equipped with a calibrated silicon diode and an OLT OLED
Lifetime-Test System (Botest Systems GmbH). The EL spectrum was recorded using the

above-mentioned Avantes spectrophotometer.
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Mechanically Stacked Perovskite/CIGS Tandem Solar Cells

7.1 Introduction

Tandem solar cells offer avenues to overcome the Shockley-Queisser efficiency limit of single
junction solar cells as well as a further path to reduce the cost per watt of solar electricity.* In
these configurations, a more complete harvesting of the solar spectrum can be achieved by the
absorption of high-energy photons in the top-cell, where the botttom-cell receives the transmitted
low-energy photons.* Although a monolithic two-terminal (2-T) device is more practical and
simple to fabricate, it requires sophisticated simultaneous optimization of several elements such
as current matching between the device and a careful design of the full fabrication sequence in
order not to damage the bottom-cell.> On the other hand, the development of practical tandem
devices has been hampered due to the lack of appropriate wide-band gap top-cell materials to be
integrated with existing photovoltaic cells at low cost.

In the last decade, hybrid halide perovskites have been developed as efficient absorber materials
for solar cells, rivaling the efficiency of copper indium gallium selenide (CIGS), cadmium
telluride (CdTe) and polycrystalline silicon (Si). The perovskites have become highly attractive
for use in tandem solar cells due to their easy band gap tunability and solution processability on
various substrates.” Unlike I11-V semiconductors that suffer from lattice and thermal-expansion-
coefficient mismatches as well as expensive vacuum-based film growth®®, halide perovskites
offer versatile low-temperature deposition techniques such as spin-coating’®, doctor-blading'?,
slot-die coating®? on the bottom-cell without requiring any lattice matching thanks to their softness
and defect-tolerance*. Therefore, perovskites have made significant progress in the past few years

in their integration in tandem configurations.” 1314

A fundamental requirement for a successful tandem solar cell is the extraction of current at higher
voltage from the top-cell than from the bottom-cell. In turn, this requires high radiative efficiency,
a marked feature of the family of hybrid organic-inorganic perovskites, which allows certain
perovskite blends to obtain lower voltage differences between the equivalent voltage of the band
gap and V. than those of other thin-film devices such as CdTe, CIGS, organic and dye-sensitized
solar cells.®® However, this difference is much larger for many wide band gap halide perovskites
(Eg> 1.6 eV) due to the photoinduced phase-segregation of the mixed halide perovskite systems,
creating trap-forming iodide-rich domains and highly disordered bromide-containing perovskite

blends.® 16

The perovskite material layer is not the only critical optical layer in a semitransparent perovskite
top-cell. In particular, the transmittance of the contacts plays a significant role in determining

overall efficiency in tandems since they need to allow as many photons as possible in the long

116



Mechanically Stacked Perovskite/CIGS Tandem Solar Cells

wavelength region to reach the bottom device.® The typical requirement of transparent
conductors for thin film solar cells is transmittance of 80% for wavelengths between 400-1100

nm. Additionally, all contacts must minimise voltage losses.™

In this work, we elucidated the transparency of perovskite top-cells employing the wide band gap
perovskite, Cso10MAg.15FA07sPbIBr, with a band gap of 1.73 eV in a four-terminal (4-T)
perovskite/CIGS tandem configuration. To this end, we have utilized different transparent
conductive oxides (TCOs) for both substrate and back electrode in perovskite solar cells (PSCs).
We find that the transmittance of the substrate is more critical than the back electrodes’
transmittance to exploit the CIGS efficiency, obtaining 1 % more efficient CIGS solar cells with
IO:H substrates due to the higher transmittance in the long wavelength region. Moreover, the
cause of the low observed V. despite the wide band gap of the perovskite was unveiled by
detecting compositional changes of the perovskites under illumination and bias in X-ray
diffraction (XRD) measurements. Lastly, we suggest solutions to not only improve the efficiency
of PSCs by improving design but also to overcome the Vo deficiency by preventing halide
segregation and better Fermi level alignment between valence band (VB) of perovskite and hole-
transport material (HTL). Thus, we believe that our results will contribute to the development of

novel tandem solar cells although there is still too much room to improve both PCE and V. values.

7.2 Fabrication of Mechanically Stacked Perovskite/CIGS

Tandem Solar Cells

Theoretical simulations predict the highest efficiencies for tandem stacks when the band gap of
the perovskite top-cell is in range of 1.70-1.85 eV.! Accordingly, we have chosen a perovskite
composition of Cso.10MA.15FA0.7sPb1:Br which shows the absorbance spectra with a sharp band
edge around 730 nm that corresponds to a band gap of 1.73 eV (Figure 7.1A), as estimated via a
Tauc plot of direct band gap (inset of Figure 7.1A). We also confirmed the phase purity and
crystallinity of the wide band gap perovskite by acquiring the X-ray diffraction (XRD) pattern of

a perovskite thin film, shown in Figure 7.1B.
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Figure 7.1 (A) Absorbance spectra of a wide band gap Cso.10MAo.15sFA0.7sPbI2Br perovskite on
glass. The inset in (A) shows the corresponding Tauc plot. (B) XRD pattern of the wide band gap
perovskite layer of identical composition on FTO/SnOx.

After confirming the perovskite suitability for tandem applications, we fabricated four-terminal
(4-T) perovskite/CIGS tandem solar cells illustrated schematically in Figure 7.2. With a CIGS
bottom subcell, the semi-transparent perovskite top-cell used in this work was in a typical stack
composed of TCO/SnO,/C60-Self-Assembled-Monolayers (SAM)/SiO, NPs/Perovskite/spiro-
OMeTAD/MoO,/TCO. Briefly, we deposited the electron transport layer (ETL) SnOx on different
TCOs (such as fluorine doped tin oxide, FTO and hydrogenated indium oxide, 10:H) via atomic
layer deposition (ALD). Before the absorber deposition, we functionalized the surface of SnOy
with a C60-SAM in order to reduce nonradiative recombination at the interface!’ and deposited
SiO, nanoparticles (NPs) to increase the wetting of the surface. The wide band gap perovskite
absorber, Csp10MAg.15FA07sPbI:Br was then deposited by a two-step spin-coating procedure
employing the antisolvent method. The solar cells were finalized by spin-coating of
2,2',7,7"-tetrakis(N,N-dimethoxyphenylamine)-9,9'-spirobifluorene (Spiro-OMeTAD) as the hole
transport layer and sputtering of TCO back electrodes (such as indium doped zinc oxide, 1ZO or
IO:H). The detailed description of the device fabrication can be found in the Experimental

Section.
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Figure 7.2 Device architectures used in this work.

7.2.1 Transmittance of Transparent Conductive Oxides in Tandems

In tandem solar cells, the efficiency of the configuration strongly depends on the design of a semi-
transparent perovskite subcell with excellent photovoltaic performance and concurrently
outstanding transparency to allow as many photons as possible in the long wavelength region to
reach the bottom device. To this end, we fabricated semi-transparent PSCs with different TCOs
(as a substrate and a back electrode) to investigate the effect of tranparency of the top-cell on the
performance of the CIGS subcell.

First, we prepared PSCs on different substrates, namely 10:H and FTO, to investigate the substrate
transparency. As shown in Figure 7.3A, the transmittance of the perovskite filter rises
significantly around 700 nm, leading to an efficient transmittance of low-energy photons for the
bottom CIGS solar cells, with an average value of around 75 % and 65 % for PSCs with 10:H and
FTO substrates, respectively. Next, we analyzed the influence of transmittance of the back
electrode in PSCs on the CIGS performance by preparing semitransparent PSCs on FTO and IO:H

substrates with different back-electrodes such as 1ZO and 10:H. For a given substrate (FTO or
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10:H), the transmittance of the PSCs does not differ substantially, regardless of the type of back
electrode (Figure 7.3B). For example, the same back electrode shows different transmittance on
different substrates (green and blue solid lines in Figure 7.3B) or similar transparency on the same
substrates (green solid and dotted lines in Figure 7.3B). Thus, we conclude that the choice of

substrate decides the transparency of the top-cell rather than the back electrode in tandem solar
cells.
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Figure 7.3 (A) Transmittance of PSCs on FTO and 10:H and EQE of PSCs and CIGS solo and
under perovskite filter. The blue and green solid curves represent the EQE of PSCs with FTO and
10:H substrates, respectively. The blue and green solid lines with dots represent the EQE of CIGS
solar cells under PSCs with FTO and 10:H, respectively. (B) Transmittance of semitransparent
PSCs in different combinations of TCOs as a substrate and back electrode.

The higher transmittance of 10:H substrates (Figure 7.3A), particularly in the long wavelength
region (~1000 nm) enables achieving higher CIGS performance under the perovskite filter. For
instance, as seen in Table 7.1, the performance of CIGS solar cells under 10:H based perovskite
solar cells is almost 1% higher than that achieved with the FTO counterparts (8.61 and 9.46 % for
FTO and 10:H substrates, respectively), consistent with the higher EQE of the same cells (lines
with dots in Figure 7.3A). Furthermore, as seen in Table 7.1, the performance of CIGS solar cells
under the perovskite filter on the same substrate with different back electrodes is similar (8.69 %
for 1ZO and 8.61 % for 10:H), confirming that the transparency of the PSCs does not change with
different back electrodes. Thus, the overall tandem efficiencies reach 18.8 and 17.8 % for FTO
and 10:H substrates with 10:H as a back electrode, respectively (Table 7.1).
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Table 7.1 Performance summary of perovskite cells on different substrates (S) with a back
electrode of 10:H and different back electrodes (BE) on FTO substrates, CIGS stand-alone and

with filter, and 4-T tandem cell. (RS:reverse scan and FS:forward scan)

PCE Vo Jsc FF
(%) (V) (mAlcm?)

Perovskite top-cell RS 10.22 1.05 15.35 0.64
FTO (S) - I0:H (BE) FS 10.07  1.09 15.34 0.60
CIGS without filter 2094 0.71 38.52 0.77
with filter 8.61 0.68 16.30 0.78

4-T tandem cell - FTO 18.83
Perovskite top-cell RS 8.33 1.12 14.95 0.50
IO:H (S) - I0:H (BE) FS 783 112 14.91 0.47
CIGS without filter ~ 21.06 0.71 38.56 0.77
with filter 9.46  0.68 17.72 0.79

4-T tandem cell - 1O:H 17.79
Perovskite top-cell RS 8.69 1.10 14.80 0.59
FTO (S) - 1Z0 (BE) FS 8.47 111 14.77 0.52
CIGS without filter  21.26  0.71 38.35 0.78
with filter 8.69  0.68 16.19 0.79

4-T tandem cell - 1ZO 17.38

Moreover, the current-voltage (J-V) measurements of both subcells are shown in Figure 7.4,

highlighting that semitransparent PSCs with different substrates show almost no hysteresis. As
seen in Table 7.1, the PSCs exhibit a PCE of 10.22 %, a short-circuit current (Jsc) of 15.35
mA/cm?, a fill factor (FF) of 64 % and an open-circuit voltage (Vo) of 1.05 V on FTO, whereas
the performance decreases to 8.33 % with a Js. of 14.95 mA/cm?, a FF of 50 % and a Vo of 1.12
V in 10:H cells. Furthermore, the EQEs of the semitransparent PSCs (Figure 7.3A) show a very

sharp edge at the bandgap around 730 nm and closely follow the absorption data (Figure 7.1B).

The better performance of FTO cells can be also explained by EQE results, as these substrates

absorb more in the short wavelength range (~300 nm) than 10:H cells as shown in Figure 7.3A.
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Figure 7.4 J-V curves of the CIGS cell with and wihout perovskite filter as well as reverse and
forward scan of semitransparent PSCs on different substrates with a back electrode of 10:H. Black
solid line stands for J-V curve of stand-alone CIGS, whereas red solid line represents the J-V
curve of CIGS in tandem configuration. Blue and green curves show the J-V scans of PSCs with
FTO and 10:H sunbstrates in tandem configuration, respectively. Filled and unfilled dots are for

reverse (RS) and forward scan (FS).

7.2.2 1s Vo Improving with an Increase in Band Gap?

Raising the Br content is effective at increasing the band gap of the structure, yet equivalent rises
in the Vo fail to materialize in full devices.'® Therefore, the V. of wide band gap solar cells used
above in tandem configuration is still limited to below 1.2 V, corresponding to a high voltage
deficit of 550 mV compared to ~400 mV in lower-bandgap perovskite counterparts.'® This could
be due to the segregated phases in the mixed halide perovskites, where the band gap is lowered
due to the iodide-rich domains which pin the Vo..? Therefore, we conducted a series of XRD
measurements on the perovskite, Cso.os(FA0.83MA0.17)0.95Pb(lo.s3Bro.7)s, under illumination and

bias.

Figure 7.5A and B show the comparison of the perovskite peaks at 24.6° and 28.4° and before and
after illumination patterns clearly reveal changes in the peak shape and thereby the crystal

structure, in particular on the small-angle side. This small-angle feature can be hypothesized to
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be due to ascribed to the formation of an iodide-rich phase under illumination due to the increased
lattice parameter compared to the original peak. The formation of a smaller shoulder-like feature
on the large-angle side also indicates a Br-rich phase. Furthermore, we analyzed the evolution of
the peak at 14.1° as seen in Figure 7.5C, exhibiting asymmetric broadening (green to red curve)
on the small-angle side, which can be again attributed to the formation of a dominant iodide-rich
phase. The Full-Width at Half-Maximum (FWHM) of this peak in Figure 7.5D continously
increases with time due to more pronounced halide segregation and increasing inhomogeneity of

the cystal structure.

However, these structural changes are fully reversed after 7 days without illumination and bias to
their original positions as seen in all XRD patterns and FWHM in Figure 7.5. Therefore, we
attribute the V. deficiency in wide band gap perovskites to the phase segregation under
illumination and bias due to halide migration, assuming that these structural changes will be more

dominant in wide band gap perovskites containing 33 % Br.
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Figure 7.5 (A) XRD spectra of the perovskite peaks at 24.6° and 28.4° before and after
illumination and bias as well as after relaxation. (B) Enlargement of the perovskite peak at 28.4°.
(C) Monitoring of the perovskite peak at 14.1° under white-light illumination and AC bias by in-
situ XRD measurements. (D) Full-Width at Half-Maximum of the 14.1° peak in (C).

7.3 Future Outlook

The tandem configuration used in this work in principle has the potential to break a world-record
of perovskite/CIGS tandem solar cells, but it is presently limited by the PCEs of PSCs despite the
outstanding performance of the stand-alone CIGS cell. The PCE losses in PSCs in this work are
attributed to the architectural design of the PSCs, which causes some shorting in the solar cells,
particularly in 10:H substrates. In addition to this, the active area might be damaged during the

cutting of the solar cells in order to fit on top of CIGS solar cells. However, these issues can be
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easily solved by a new design for the PSCs. Lastly, we believe that using an optical coupling
spacer between the two cells will also push the performance of CIGS tandem cells since it
minimizes the optical loss for the bottom-cell resulting from the multiple reflections in the air gap

between the subcells.?

Additionally, the low Vo is still a problem in wide band gap PSCs but we believe that this
challenge can be tackled by the following suggested solutions. First, smaller cations like
potassium ions which possibly locate on the defect sites in the perovskite structure and stabilize
the perovskite structure further?> can be used in order to prevent the halide segregation.
Furthermore, the reason of V. deficiency can be a misalignment of the Fermi levels between
perovskite and HTL. With the incorporation of bromide into the perovskite structure, the VB of
perovskite is lowered, meaning that holes cannot be collected efficiently due to the larger
difference® in between the VB of perovskite and HTL. In this case, charges will accumulate at
the interface and increase the charge recombination, causing a decrease in Voc 0f PSCs. Therefore,
HTLs with a deeper VB might solve this problem and improve the Vo of PSCs, provided the

misalignment is the reason for the V. deficiency.

7.4 Conclusion

In conclusion, we have optimized the transparency of perovskite top-cell in 4-T perovskite/CIGS
tandem solar cells by using different TCOs in the top-cell, achieving 75 % transmittance. We
revealed that the 10:H used as a substrate has a higher transmittance than FTO counterparts in the
long wavelength region, which improves the CIGS performance under a semitransparent
perovskite filter by allowing more photons to pass through to the bottom-cell. In addition, our
results showed that the transmittance of the substrate is more critical than the back electrode’s
since PSCs with 1ZO and 10:H as back electrodes led to similar PCEs in CIGS. Furthermore, the
Vo deficiency in PSCs was ascribed to the phase segregation in mixed halide wide band gap
perovskite caused by illumination and bias during the J-V measurements. Thus, in addition to
transparency improvement of perovskite top-cell, we believe that overall efficiency of tandem
solar cells can be further boosted by redesigning the architecture of PSCs and preventing V. losses
in PSCs.
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7.5 Experimental Section

7.5.1 ETL Deposition

Fluorine-doped tin oxide (FTO) coated glass substrates (<7 €/sq) were patterned by etching with
zinc powder and HCI solution (3 M). The substrates were washed with deionized water and a 2%
Hellmanex detergent solution. They were consecutively cleaned with deionized water, acetone
and ethanol and dried by pressurized air. The substrates were further cleaned by oxygen plasma
for 5 min before the deposition of ETL.

SnOx ETL was prepared by atomic layer deposition on FTO coated glass substrates.
Tetrakis(dimethylamino)tin (IV) (TDMASN, Strem, 99.99%) was used as a tin precursor. The
deposition was conducted at 118 °C with a base pressure of 5 hPa in a Picosun R-200 Advanced
ALD reactor. The precursor was held in a glass vessel at 75 °C. Ozone was produced by an ozone
generator (INUSA AC2025). Nitrogen (99.999%, Air Liquide) was used as the carrier gas and
purge gas with a flow rate of 50 sccm. The growth rate measure, determined by ellipsometry on
Si (100) substrates placed next to the FTO during depositions, was 0.69 A/cycle. The Cauchy
model was used for the SnOy layer.

The ETLs were functionalized with C60-SAM (Aldrich), where a concentration of 0.5 mg/mL in
anhydrous chlorobenzene (CB, Sigma Aldrich, 99.8%) was heated to 50 °C for 30 min to dissolve.
Later, this solution was filtered through a PTFE syringe filter after it cooled down. It was spin-
coated at 3000 rpm for 30 s on substrates with ETLs which were plasma-cleaned for 5 min. Lastly,
these films were annealed at 120 °C for 10 min. In order to increase the wetting of the surface
after deposition of C60-SAM, we spin-coated 0.2 wt% of SiO, nanoparticles (NPs) in anhydrous
ethanol at 2000 rpm for 30 s and the substrates were annealed at 100 °C for 10 min. The SiO, NPs
were synthesized following a procedure reported by Bogush et al.?
ethanol (2.71 ml), ammonia (101 pl) and tetraethyl orthosilicate (TEOS, 114 pl) and H2O (27 pl)

for 3 mL of a 1.2 wt% dispersion. The solution was stirred at 30° C for 3 hours, resulting in a size

, using fixed amounts of

of around 20 nm.

7.5.2 Perovskite Deposition

The cations methylammonium bromide (MABr), methylammonium iodide (MAI),
formamidinium bromide (FABr), formamidinium iodide (FAI) were purchased from Dyesol.
Cesium bromide (CsBr, 99.999% metals basis) was purchased from Alfa Aesar. Cesium iodide

(Csl, 99.999%) and all solvents (anhydrous) were purchased from Sigma Aldrich. Lead iodide
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(Pbly), and lead bromide (PbBr;) were purchased from TCI. All chemicals were used without any

further purification.

The perovskite solution for Cso.10MAo.15FA0.7sPbI2Br, was prepared by mixing 1.3 M solutions of
FAPDI,Br, MAPDI,Br and CsPbl,Br at a ratio of 75%:15%:10% in volume percentage. FAPbI,Br
and MAPDI.Br were dissolved in the mixture of dimethyformamide (DMF):dimethylsulfoxide
(DMSO) (4:1 of volume ratio), whereas CsPbl,Br was dissolved in pure DMSO due to the low
solubility in DMF and heated up at 80 °C for 30 min. The exact amounts of the precursors are
shown in Table 7.2. The perovskite deposition was performed in a nitrogen-filled glove-box by
spin-coating of the precursor solution on the substrates with a 2-step program consisting of 2000
rpm 10 s and 6000 rpm for 20s. 10s before the program ends, chlorobenzene (CB) was dropped
on the spinning sample to accelerate the crystallization process. The sample was annealed at
100 °C for 30 min.

Table 7.2 The exact amount of the precursors for the preparation of perovskite solution.

Chemicals Mol concentration (M) Weight (mg)

FAI 0.87 149.6

1 mL - FAPbI,Br FABr 0.43 53.8
DMF:DMSO (4:1) Pbl, 0.87 401.1
PbBr; 0.43 157.8

MAI 0.87 138.3

1 mL - MAPDI,Br MABr 0.43 48.2
DMF:DMSO (4:1) Pbl, 0.87 401.1
PbBr; 0.43 157.8

Csl 0.87 226.2

1 mL - CsPbl,Br CsBr 0.43 91.6
DMSO Pbl, 0.87 401.1
PbBr; 0.43 157.8

7.5.3 HTL and Back Electrode Deposition

2,2°,7,7-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’-spirobifluorene (75 mg,  spiro-
OMeTAD, Borun Chemicals, 99.8%) was dissolved in 1 mL of anhydrous chlorobenzene and
filtered through a 0.45 pum syringe filter. Later, this solution was doped with 10 pL 4-tert-
butylpyridine  (Sigma-Aldrich, 96%) and 30 pL of a 170 mg/mL lithium
bistrifluoromethanesulfonimidate (Li-TFSI) (Sigma-Aldrich, 99.95%) solution dissolved in
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anhydrous acetonitrile (Sigma-Aldrich). This solution was deposited by spin-coating at 1500 rpm
40 s and 2000 rpm 5 s in a nitrogen-filled glove-box. The samples were stored in air at a relative
humidity of 25-30%. 40 nm of Au was deposited as a back electrode by thermal evaporation at
9 - 107" mbar.

Molybdenum(V1) oxide (Sigma, 99.97%) was thermally evaporated in a Leybold Univex 450
vacuum system. The deposition rate (up to 1 nm/s) and layer thickness was adjusted via the
heating current of the boron nitride crucible and controlled by a quartz crystal unit.

All sputtering processes were performed in a von Ardenne CS730S cluster system at ambient
temperature with a base pressure before sputtering of 107 mbar. During sputtering the pressure
was adjusted by a butterfly valve and the total gas flow. The total sputtering gas flow was
controlled by three mass flow controllers attached to pure argon gas, a mixture of argon-hydrogen
(8%, 5N, Air liquide) and argon-oxygen (8%, 5N, Air liquide). 10:H was deposited via reactive
sputtering (DC) from a In,O3 target (Toshima, 4N , d = 200 mm) with a gas mixture of hydrogen,
oxygen and argon. 1ZO was sputter-deposited (DC) from a (In203)0.9(Zn0)o 1 target (Toshima, 4N,
200 mm) in a oxygen argon sputtering atmosphere. The sputtering conditions for the layers are
shown in Table 7.3.

Table 7.3 The sputtering conditions for TCO preparation in semitransparent solar cells.

Layer Power Pressure (O} H. Total gas Time Thickness
(W) (ubar) (%) (%) flow (sccm) (s) (nm)
10:H 800 5 2.8 2.8 45 75 160
12O 800 15 1.2 0 45 75 180

7.5.4 CIGS Solar Cells

CIGS solar cells have been supplied by ZSW Baden-Wirttemberg and were fabricated according

to the published procedure.®

7.5.5 Solar Cell Characterization

J-V measurements were performed under a WACOM WXS-90S-5 Solar simulator (IEC-60904-
9, Class A). A customized 3D-printed setup was used to align the top cell and bottom cell on top
of each other with an air filled gap of 2 mm in between. Each subcell has exactly the same aspect

ratio with an area of A = 0.5 cm2. The J-V responses of the cells were measured simultaneously
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using customized software and a Keithley 2000. The perovskite top cell was pre-biased for 5 s at
1.5V before measuring reversely from 1.5 to -0.2 V at 0.2 V/s and subsequently forward from -
0.2 Vto 1.5 V. The CIGS bottom cell was measured from -0.2 VV t0 0.8 VV at 0.2 V/s.

The transmittance and quantum efficiency measurements were performed with a Bentham
PVE300 device characterization system and the corresponding BENWIN+ Software v3.0. An
integrational sphere was used to detect the diffuse and direct transmittance of the perovskite top
cell in a wavelength range of 300-1300 nm. The EQEs of top and bottom cells were measured
without extra light biasing in the same wavelength regime at a chopper frequency of 500 Hz.
Before measurement, the system was calibrated using a Si- (300-1100 nm) and Ge-detector (800-
1800 nm). The same 3D-Printed holder as in the J-V measurements was used to stack the tandem

cell.

7.5.6 Characterization of Perovskite Films

XRD measurements were performed with a Bruker D8 Discover X-ray diffractometer operating
at 40 kV and 30 mA, employing Ni-filtered Cu K, radiation (A = 1.5406 A) and a position-
sensitive LynxEye detector. XRD patterns were smoothed using a Savitzky-Golay algorithm in
Figure 7.5. Samples were illuminated using a simulated LED solar spectrum at a tilted angle,
resulting in an intensity of around 0.4 sun. An AC bias was applied by a Tektronix AFG3022
digital function generator. Measurements were performed under ambient conditions in air

(relative humidity (34 + 5) %, temperature (24 + 2) °C).

To realize a reasonable compromise between measurement time (~30 min) and resolution for the
in-situ measurements, we focused on rather small 26 intervals and recorded X-ray diffractograms
consecutively every hour while illuminating the sample with a solar-spectrum white-light LED
(~0.4 sun, due to tilted angle) and applying an AC bias with an amplitude of Viyax =+ 0.5V at a
frequency f =990 Hz. Additionally, as an overview, diffractograms from 10° to 30° were recorded
before and after illumination (presented here from 23.7° to 29.3°). The relaxation of the crystal

structure was monitored after 1, 2, and 7 days in the dark without any bias.

Absorbance spectra were recorded using a PerkinElmer Lambda 1050 spectrophotometer

equipped with a 150 mm integrating sphere.
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8 Conclusion

This thesis focused on the intrinsic degradation factors of halide perovskites in device concepts
covering lighting devices and solar cells. In the first part, a solution to reduce the hysteresis of
perovskite solar cells is suggested by tuning the Fermi level alignment between SnOx ETL and
perovskite absorber. Thermal annealing the SnOx ETL at different temperatures in air allows for
the fine-tuning of their Fermi level. A strong correlation between the Fermi level positions of
SnOx and trap depth suggest that deep traps cause charge accumulation at the interface, leading
to enhanced charge recombination at the ETL-perovskite interface which results in higher
hysteresis in solar cells on the basis of the trapping-detrapping charge transport mechanism in
SnOx layers. Together with partially eliminating trap states in the ETL or at the ETL-absorber
interface, a reduction in the trap energy provides a better Fermi level alignment and hence in more

efficient and hysteresis-free solar cells.

The investigations of charge transport characteristics by ToF measurements demonstrate that the
mobilities for both electrons and holes are decreased by 3 orders of magnitude in the stacked solar
cells compared to perovskite-only-thin films. This result strongly suggests that the perovskite
cannot be a charge transport-limiting factor in the photovoltaic devices. Complementary studies
where the thicknesses of the charge extraction layers are varied show that the transit time of charge
carriers significantly increases with thicker layers of both TiO; and spiro-OMeTAD, concluding
that the transport time of photoinduced charge carriers is mainly determined by the charge-

selective layers.

Furthermore, the scope of the halide perovskites was extended to the synthesis of hybrid organic-
inorganic perovskite nanoparticles (NPs) with two different organic cations and their application
in lighting devices constructed according to the concept of LECs. Exchanging the cations from
MA to FA results in a red-shift in both emission and absorbance spectra as well as six times lower
recombination rate, leading to a lower PLQY, and in turn to a lower device performance. LEC
devices based on these NPs demonstrate the importance of the electrolyte matrix by showing

stable luminance, while those without this component do not exhibit any EL features.

The NP concept together with their application in lighting devices was further studied by
exchanging the organic cations with Cs to obtain CsPbXs. The corresponding nanocrystals (NCs)
were synthesized via a hot injection method, resulting crystalline NCs featuring a homogenous

size distribution and in high PLQYSs. The inorganic mixed halide NCs comprising bromide- and
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iodide-based LECs emitted at around 8 cd/m? at low driving currents. The use of the salt KCF3SOs;
in the active layer decreased the injection voltage and also prevented the halide segregation in the

perovskite NCs, attributed to a further stabilization of the perovskite lattice with potassium ions.

Finally, the importance of the transparency of the perovskite top-cell was unveiled in 4-terminal
(4-T) perovskite/CIGS tandem solar cells, employing different TCOs as substrates as well as back
electrodes. It was found that the transparency of the top-cell is determined by the transparency of
the substrate rather than the semitransparent back electrode. Here, 10:H substrates can achieve
higher transmittance at the long wavelength region in comparison with FTO counterparts. The
observed Vo loss in the resulting tandem cells is attributed to an intrinsic feature of these
perovskites, namely halide segregation indicated by XRD measurements.

Although halide perovskite optoelectronics have shown almost the same improvements in a few
years as 50 years of silicon solar cell research, there are still several important hurdles to tackle
for potential industrial applications. Their instability towards extrinsic factors such as UV light,
moisture and oxygen is one of the main concerns of halide perovskites. However, these issues can
be presumably alleviated by using the sealing technologies that have been developed for organic
electronics. On the other hand, the intrinsic degradation processes associated with the perovskite

material itself still remain as a serious issue requiring further mechnaistic research.

Despite the efforts presented in this thesis to prevent the hysteresis of PSCs associated with
intrinsic features of perovskites, more efforts should be invested to understand the origin and
mechanism of this phenomenon. Interface engineering is expected to offer ways to remove the
hysteresis. On the other hand, the favorable and tunable optical band gap of these materials
provides an advantage over other photovoltaic materials in tandem configurations with crystalline
silicon and CIGS solar cells as well as potential colourful applications in lighting devices.
Although a solution is suggested in this thesis to prevent the halide segregation, the long-term
stability of wide band gap lead halide perovskite materials is not known yet. With the great body
of knowledge developed and with the enormous advances achieved so far, a bright future is

expected for this intriguing family of optoelectronic materials.
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