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1. Introduction

The emergence of hybrid organic-inorganic perovskites (HOIPS) as active components in
solar cells has sparked a rapidly growing interest in the scientific community (Figure 1). A
steep rise was witnessed in the power conversion efficiencies of perovskite solar cells
(PSCs), which currently peaks at a certified value of 22.1 %.™M Applications beyond solar
cells have also been studied, in spintronics,/? light emitting diodes,>4 lasers,“

photodetectors,>7 X-ray detectors,®! and gamma detectors.!
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Figure 1. The improvement in power conversion efficiency of perovskite solar cells over
the years, graphed together with the number of publications and the number of generated
citations (Web of Knowledge statistics 2018.01.01 search term: perovskite solar cell).

HOIPs are extremely versatile as a large portion of elements (or even organic
molecules) can be used as the building blocks of the perovskite lattice. The criteria that these
elements must meet are mainly size constraints (i.e., Goldschmidt tolerance and octahedral
factor). The interchangeability in composition is the reason behind the fact that several
properties of HOIPs are exceptionally fine-tunable.

Simple solution processes can be used to prepare efficient HOIP based devices (e.g.,
one-step, two-step and vacuum assisted processes). Throughout the years several different
methods (or improvements on an already existing one) aimed to gain better control over the
crystallization process of HOIPs. The optoelectronic properties of HOIPs show extreme
tunability and versatility. Their large absorption coefficient and composition dependent
bandgap makes them ideal materials for light absorbing and emitting applications. These
materials are mainly non-excitonic in nature (low exciton binding energy), which ensures
efficient charge carrier generation. Furthermore, their defect tolerant crystal structure (e.g.,

dominance of shallow point defects and the absence of impurity states) suppresses charge
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carrier recombination processes and their ambipolar charge transport improves charge
carrier extraction. These qualities are the underlying reasons for the remarkable efficiency
of the derived solar cells.

Currently the limiting factor of the commercialization of HOIP based devices is their
sensitivity towards several environmental factors (e.g., humidity, heat, light). Furthermore,
device architecture, operational conditions (such as built-in electric fields) and other
components of the devices (interfacial layers, electrode corrosion) can also detrimentally
affect device performance.

Electrochemistry as a characterization tool, has started to gain a foothold in the
evaluation of HOIP materials. Currently the field is in its infancy, however the first studies
are already available of HOIP based electrodes in different electrochemical applications
(e.g., Li-ion batteries, electrochemiluminescence). Electrochemical techniques can offer
valuable information about the charge carrier generation and transport in HOIPs. With the
aid of coupled techniques the chemical changes upon charge carrier generation can also be
unraveled. Fundamental optoelectronic properties can also be studied (e.g., band edge
positions, distribution of trap states). In addition, electrochemical methods can be also used
as synthetic tools. The use of HOIP photoelectrodes to drive certain reduction reactions (e.g.,
COz reduction) is an especially lucrative concept. Furthermore, electrochemistry can also
aid the assembly of HOIP based devices. All these opportunities call for coherent stability

tests, so the degradation of the HOIP based electrodes could be avoided.

1.1. Properties of Perovskites
1.1.1. Structural Considerations

Perovskites constitute an intriguing class of materials, which have played a pivotal
role in the evolution of materials chemistry and condensed matter physics. The
crystallographic family itself bears the name of the Russian mineralogist Lev A. Perovski.
However, the first perovskite compound (CaTiO3z), was discovered by Gustav Rose in 1839.
These materials adopt a general stoichiometry of ABXas. Initially oxide compounds
dominated this crystallographic family. In recent years the adaptability of the perovskite
structure to site substitution gave rise to a new class of perovskites, namely HOIPs.
Normally, the A site can be occupied by a monovalent organic cation (e.g.,
methylammonium (CH3NHs*, MA™), formamidinium (CH(NH2).", FA) or inorganic cation
(e.g., K*, Rb*, Cs*). The B site is a divalent metal cation (e.g., Pb%*, Sn?*, Ge?*) and the X



Ph. D. Dissertation 1. Introduction

site is occupied by halide anions (F~, CI7, Br7, I"), albeit pseudohalides (SCN~) and complex
anions (e.g., BF4, PFe") can also be considered. The 3 dimensional perovskite lattice
(Figure 2) is formed by corner-connected BXe octahedrons, and A cations that fill up the
12-fold cuboctahedral voids.

Figure 2. Crystal structure of a 3D HOIP, with a general stoichiometry of ABXa.

Although a multitude of elements can be incorporated into the perovskite framework,
there are several criteria that these elements must fulfill. The most important geometric
constraint is that the A cation must fit into the cuboctahedral voids formed by the BXe
octahedrons. A semiempirical geometric parameter, the Goldschmidt tolerance factor (t),[*%
can be used to predict the stability of a 3D perovskite structure, where ra, rg and rx are the
ionic radii of the A, B cation and X anion respectively:

T+ 1y

= V2(rg + %) .

For most 3D perovskites the Goldschmidt tolerance factor falls in the range of 0.8 <t < 1.0.
The lower this value is, the ideal cubic perovskite lattice becomes more distorted by the
gradual tilting of the BXg octahedral units in the lattice.™ As a result, if 0.8 <t < 0.9, the
appearance of orthorhombic, tetragonal and rhombohedral perovskite lattices should be
expected. Below t = 0.8, other crystal structures (e.g., ilmenite-type) become more stable.
Interestingly, in the case of lower dimensional perovskites, the structure can accommodate
larger A site cations than the Goldschmidt tolerance factor would suggest (t > 1).1224 Note

that lower dimensionality refers to the degree of connectivity of the BXe octahedrons. These

3
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lower dimensional perovskites, are specific cuts or slices of the parent 3D perovskite
structure.

The Goldschmidt tolerance factor is an often-used tool to predict possible material
compositions that could form a perovskite lattice. It has been shown that it is a necessary but
not sufficient condition as other space filling restrictions should also be considered.!*>16] One
such is the stability of the BXe octahedron, which can be described by the octahedral factor

(W):

p=— 2)

The formation of a perovskite lattice is expected if the octahedral factor falls in the range of
0.442 <u< 0.895.115181 From these two threshold conditions a simple map for perovskite
formation can be constructed (Figure 3). These calculations assume that the ions are rigid
spheres and that a close packing is achieved. These assumptions are straightforward in the
case of inorganic ions, however asymmetric organic cations (where hydrogen-bonding can
vary bond lengths) can pose a challenge.[*”] With these considerations recently more than

600 hypothetical organic-inorganic perovskites were identified.*8!
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Figure 3. Formation landscape of 3D lead (red line) and tin (blue line) perovskites as a
function of A-site cation and X-site anion size. Solid and dashed lines mark the bounds of
tolerance and octahedral factors respectively. Adapted from ref. [1%

The picture becomes even more complicated when the bonding/coordination
preference of the metal ion is considered.l*®! In this sense three different phenomena can

arise:
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e The lone s? electron pair of the B site metal ion is stereochemically active, it can shift
the metal ion away from the crystallographic center of the BXs octahedron, thus
causing a distortion in the perovskite framework.[?®) This effect is particularly
dominant in the case of Ge?* based perovskites and becomes less prominent in the
case of Pp?*.121.22

e In HOIPs the organic cation occupying the A site can also cause the distortion of the
perovskite framework, through directional hydrogen bonding to the halide cage.[??

e Jahn-Teller and related distortions can also affect the stability of the perovskite

lattice.[?]

Apart from ionic radii constraints an overall neutral charge must also be achieved. If
the A site cation is monovalent and the X site is occupied by a halogen, then the B site metal
must be divalent. However, there are exceptions to this rule, as equal number of +1 and +3
metal cations can yield an overall +2 charge. In this notion the formation of more complex
mixed-valent perovskites (e.g., Cs2Au(l)Au(l11)le) is also feasible, which further enriches

the already broad family of perovskites.[?42°]

1.1.2. Synthetic Strategies to Prepare Perovskites

A plethora of synthesis strategies are available to prepare HOIP layers with different
morphological features. The ultimate goal is to gain control over the overall crystallization
process and hence the different physicochemical parameters of the perovskite layer. This
enables fine-tuning of the perovskite layer properties towards a specific optoelectronic
application. In the next section the most prominent synthesis techniques are briefly

introduced (Figure 4).
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Figure 4. HOIP thin film deposition methods. A: Antisolvent assisted spin-coating method.
B: Two-step (sequential) deposition spin-coating method. C: Vapor deposition (co-
evaporation) method. Adopted from ref.[26]

One-step Solution Process — Solvent Engineering

During one-step methods, the HOIP precursors are dissolved in the same solution and
subsequently deposited on the substrate (Figure 4A). Variations in the type of solvent,?"]
concentration (ratio) of precursors,?22% annealing conditions,% and halide composition[?é]
can change the morphology of the films and thus have an effect on its optoelectronic
properties.?¥ In the initial studies the most common pitfalls of HOIP layer preparation were
inhomogeneous surface coveragel*® and non-uniform film thickness.*? It was shown that
an effective strategy to overcome these issues was the treatment of the wet-precursor film
with an antisolvent during spin coating.®**! This induces rapid crystallization of the
perovskite and results in a film with micron-sized crystals.®) Apart from the use of
antisolvents, additives can also improve the film morphology. For instance, the addition of
CI~ 1283136371 or 2-aminoethanol®® has an effect on the crystallization mechanism, and also
alters the chemical nature of the film forming precursor phases. These additives can even
bestow the perovskite films with enhanced water resistance.[*®!

Usually, high boiling point polar aprotic solvents such as dimethyl sulfoxide
(DMSO), N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), and vy-
butyrolactone (GBL) are used for the preparation of the precursor solution. In these solvents
the transition metals with an s? electron configuration that occupy the B-site in HOIPs readily

undergo complexation with halide ions. The formed complexes in the solution serve as
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precursors during the film formation (in the case of lead these are called “plumbates”).[
The solvents can donate a pair of electrons to form Lewis adducts with Pb?" .10 Thus it is
imperative to understand the solution chemistry of the formed lead complexes, to prepare
high-quality perovskite thin films.[2%41421 Depending on the composition of the solution the
solid-state precursor of the film formation can have markedly different features, which
ultimately governs the final properties of the perovskite films.[?°! In this vein the spectator

anions in the solution can also have an effect on the kinetics of the film formation.!3!

Sequential (Two-step) Process

The preparation of HOIP films can also be achieved by various sequential (two-step)
methods (Figure 4B).1*4 During these processes, a pre-deposited PbX, film (where X is
usually a halide) is instantaneously converted to the desired perovskite by its exposure to
methylammonium halide solution. It has been shown that this method is especially potent in
converting Pbl, deposited in a mesostructured substrate.**! However, when dealing with
planar substrates some residual Pbl, remains in the perovskite film.

High quality HOIP films can be formed through an interdiffusion process as well,
where the deposition of precursors and the conversion process is decoupled.[*sl To
completely eliminate the dissolution of the perovskite layer the Pbl, films were exposed to
methylammonium-halide vapors (VASP - vapor assisted solution process). This method
utilizes the kinetic reactivity of methylammonium iodide (MAI) and the thermodynamic

stability of the perovskite during the in situ growth process.

Vacuum Deposition Methods

Vacuum deposition methods (Figure 4C) favor the formation of extremely uniform, smooth,
pinhole free perovskite layers with crystallites in the scale of hundred nanometers.*’l The
HOIP thin films are prepared by co-evaporation of the precursors. The main advantage over
solution processed films is that the perovskite layer thickness is even and can be precisely
controlled.[*?! Furthermore, vacuum deposition methods offer the ability to prepare thin films

with multiple HOIP layers over large areas, with controllable doping.[“®!

Single Crystal Growth

Single crystals are ideal model systems to unravel the fundamental physical properties and
ultimate performance limits of HOIP optoelectronic materials. Several methods are available

to grow high quality HOIP single crystals. Three methods are frequently used: (i) antisolvent
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vapor assisted,[*! (ii) cooling a saturated solution,®™ and (iii) retrograde solubility
approaches.[’*53

An unusual property of many HOIPs is their loss of solubility upon heating, which is
termed retrograde solubility. This rare phenomenon is caused by the coordination of solvate
molecules and plumbates. The applicable solvent is different for each perovskite: MAPbCI3
— DMSO or DMSO/DMF mixture,®? MAPbBrs — DMF,® and MAPbI; — GBLFY. There
are two requirements to observe retrograde solubility in a solvent: the solvent should form
stable complexes with the plumbates in solution, and these complexes should dissociate at

elevated temperatures.

1.1.3. Optoelectronic Properties

Compared to conventional semiconductors, HOIPs possess unique electronic properties,
mainly dictated by the [BXs]* octahedra in the structure. According to theoretical
calculations in APbls type perovskites | 5p — Pb 6s forms the valence band (VB), and |1 6p —
Pb 6p forms the conduction band (CB).** The VB maximum and CB minimum lies at the
same point in reciprocal space, thus halide perovskites are usually direct bandgap
semiconductors. As the electronic structure is dominated by the [BXg]* units the A site
cation has little or no influence on the band positions. Thus, CsPbX3 and MAPbX3
perovskites have analogous electronic structures. Moreover, the similar dispersion at the
band edges results in comparable electron and hole effective masses in HOIPs. Theoretical
calculations yielded a me/mo = 0.19 and mn/mo = 0.25 value for MAPbIs, %81 which agrees
well with the results of high-field magnetoabsorption spectroscopic studies.® In the next

section various properties that make HOIPs attractive are discussed in detail (Figure 5).
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Figure 5. Summary of optoelectronic properties of HOIPs.
Large Absorption Coefficient

Efficient photovoltaic materials must possess a large absorption coefficient. This is
important for two reasons: it enables efficient light harvesting, and is a prerequisite for a
large open-circuit voltage (Voc) of a derived device. HOIPs are among the most efficient
light absorbers, as such MAPDbI; has an absorption coefficient greater than 3.0-10* cm™ in
the visible region.5"%¢1 The strong absorption property of this materials family is attributed
to the coexistence of a direct bandgap and the metal p — halide p transition.5 This p-p
optical transition is stronger than the p-s transition seen in other thin-film solar cell materials.
The cause of this is the lone pair effect of the B site metal, thus the CB of these perovskites
can be derived from the unoccupied p orbitals of the metal. These p orbitals have less
dispersion than s orbitals resulting in a greater density of states along the CB edges. !
Because of the large absorption coefficient, the active layer thickness in PSCs is in
the range of 0.3 — 0.6 um, which is three orders of magnitude thinner as in the case of silicon
solar cells. Apart from reducing material cost, this also impacts the magnitude of charge
carrier recombination in the devices. In thinner configurations, photogenerated carriers do
not have to travel far before they are collected, thus they are less prone to recombination.
This in turn affects the Voc of the derived devices.[5° Finally, we note that any distortion
in the crystal lattice can cause variation in the optical properties of perovskites. Therefore, it

Is imperative to preserve the 3D B-X framework to achieve high efficiencies.
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Absence of Impurity States

The steepness of the optical absorption edge of a material can be characterized by the Urbach
energy. Disorder of the microstructure or high density of deep traps can result in the
exponential curvature of the absorption near the edge. This sub-bandgap absorption can
contribute to Voc loss of a device. HOIPs possess small Urbach energy (MAPDI3 ~ 15 meV)
which further enhances their optoelectronic properties.’®¥ Furthermore, dramatic
improvement in device performance can be achieved through Cs* incorporation, which

reduces the Urbach energy and in turn increases the maximum attainable Voc.[6162

Tunable Bandgap

The bandgap of HOIPs lies in the wavelength regime of visible light (1.2 eV — 3.0 eV).
Through simple modifications to the perovskite structure or composition the electronic
properties and thus the bandgap of these materials can be fine-tuned.

As theoretical calculations predicted, the A-site cation has negligible contribution to
the band structure of the HOIPs.[®31 However, the incorporation of different sized cations
into the lattice can cause distortions in the perovskite framework, which in turn have an
effect on the electronic properties of the material.[®*¢1 The most prominent feature is that
through mixing A-site cations phase stabilization of elusive perovskite phases can be
achieved (as seen in the case of a-FAPbX3). [61.67.68]

The B-site cation is one of the fundamental elements that govern the electronic
structure of perovskites. Any exchange on this site leaves the perovskite framework and
lattice parameters intact. Through the gradual Sn(Il)-Pb(Il) exchange in MAPb1—xSnxls
continuous variation of the optoelectronic properties was achieved (Eq = 1.17 — 1.55 eV).[8*
"1 Interestingly, this exchange shows deviation from Vegard’s law. Namely, the bandgap of
the solid solutions is not a linear function of composition (lattice parameter). The mixed
compositions all showed lower bandgap values compared to the pure compounds.["]

X-site anion exchange has the most prominent effect on the optical properties of
HOIPs. In mixed-halide compounds the bandgap monotonously decreases in the series of
ClI">Br >1". By gradually varying the anion composition of CsPbCIxBrz-x and CsPbBryl3—x
nanocrystals their photoluminescence can be precisely tuned between 400-700 nm.["2731 A
similar bandgap tunability was found for MAPbCIxBrz—x and MAPbBIr«l3—«x (Figure 6A) as
well.["*771 This substitution mainly affects the VB position of the compounds, as the halide

p orbitals have a large contribution to the VB of perovskites (Figure 6B). In the case of

10
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MAPDBTr«l3-x this translates to a bandgap variation between 1.6 eV (x = 0) and 2.3 eV (x =
3). In the case of CI/Br and Br/I, all intermediate alloys can be realized, however the large
ionic size mismatch between CI/I raises a miscibility limit for these alloys (in the case of
MAPDCIxls—x ~ 5 % CI~ content).[?831.36.371 This alloying procedure can be used as a post-
synthetic procedure to convert pure perovskite thin films into their mixed-halide
counterparts.l’#81 However, such mixed-halide perovskites suffer from photoinduced phase
segregation of the solid solutions.[”®! During this phenomenon separate domains are formed
rich in only one of the constituent halides.® This effect is discussed in detail in Section
1.1.5.
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Figure 6. A: UV-vis absorption spectra of MAPbBr«l3 x thin layers. The inset shows the
determined optical bandgap from the onset of the absorption spectra. B: Representation of
the electronic band diagram of MAPbBTr«l3 x compounds.

Crystallinity of the samples also influences the measured bandgap. Compared to
polycrystalline films MAPbXs single crystals exhibit narrower bandgaps.[*>55381 This can
be attributed to lower trap densities due to higher-dimensional structurally coherent units

that are tighter in single crystals compared to their polycrystalline counterparts.

Low Exciton Binding Energy

In the early solar cell studies HOIPs were used in a similar fashion to organic sensitizers in
dye-sensitized solar cells (DSSCs).[2# During the evolution of PSC architectures, it was
found that the perovskite light absorbers can function effectively in a planar configuration
even without employing an electron transport layer (ETL)®284 or a hole transport layer
(HTL)[B28 This behavior raised questions about their photophysical properties, especially
about the interplay between excitons and free charge carriers in the material.

Excitons are composed of an electrostatically bound electron-hole pair. Free excitons

can be considered as the lowest excited state in an ideal crystalline material that can freely

11
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move through the lattice, without the transfer of a net charge. The ionization of an exciton
to separate charge carriers is thus a crucial aspect in optimizing photovoltaic devices (carrier
extraction). For MAPbIs low binding energy (Mott-Wannier type) excitons are predicted.®
These can easily dissociate, thus numeric simulations suggest that free charge carriers
dominate these materials.®”) It has been shown that the charge carrier generation for both
MAPDbI; and MAPbBrs shows non-excitonic bevavior.®88 Furthermore, the external
quantum efficiency of MAPDbBr3 based devices is unaffected by the use of an external
electrical field, which would have an effect if the charge carrier generation in these materials

were excitonic in nature. ]

Ambipolar Charge Transport

The small effective mass of electrons and holes in MAPDI3 signals high charge carrier
mobility (inverse relationship).**%% Furthermore, the fact that PSCs can function without
the use of specific ETLE284 or HTLE88] also indicates good ambipolar electron and hole
transport property of the material. This notion was confirmed by quenching experiments,
where selective electron and hole extraction was achieved. The electron-hole diffusion
length was in the range of ~100 nm in solution processed MAPbBrs and MAPbI3.°%92 The
investigation of MAPDI3 single crystals revealed a charge carrier diffusion length of ~ 8-10
micrometers.[**51 Currently, the record is held by mm thick MAPbIs single crystals, where
charge carrier diffusion lengths greater than 175 um under 1 sun illumination were shown.!
This long-ranged, balanced charge carrier diffusion can be considered a general property of
HOIP single crystals as the diffusion length is ~9 um in MAPbCI3,5% and is ~4-17 um in
MaPbBr3*®51],

The reason for the long charge carrier diffusion length lies in the rate of different
recombination scenarios (Figure 7) in the perovskite layer.[%909491 Both monomolecular
(first-order, i.e., geminate recombination of exciton and trap- or impurity-assisted
recombination) and bimolecular (second-order) recombination rates are extremely low in
HOIPs. Although Auger recombination (third-order) rates were found to be high, however

this recombination pathway is only dominant at high light intensities.[°

12
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Figure 7. Schematic representation of the various photophysical processes in perovskites
following photoexcitation. Adapted from ref.[*%,

Dominant Shallow Point Defects

One of the key features that allows perovskites to deliver remarkable solar cell efficiencies
is their unique defect tolerance.[®”%81 Defect states in a semiconductor can promote
recombination processes, and act as scattering centers for free-charge carriers, thus they
deleteriously influence the overall charge collection process.®® Most HOIPs are fabricated
through low-temperature solution processes and still possess small trap densities. The bulk
trap density in polycrystalline perovskite thin-films is ~10* — 101" cm™3, which becomes
even lower ~ 10*° cm™2 in perovskite single crystals.[**81 In comparison, the trap density of

polycrystalline silicon: ~10'° cm 3,111 GaAs: ~10'7 cm 3,10 TjO,: ~10'7 cm2.11%2 This low
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trap density in polycrystalline perovskite thin films can be attributed to their low
crystallization activation energy barrier.

Based on the large difference between trap densities of polycrystalline and single
crystal perovskites, interfaces and grain boundaries can also act as extended defects. This is
mainly caused by the altered stoichiometry of the material on the surface. This holds true for
the surface of single crystals as well.[*%3 Furthermore, the measured defect density is proved
to be facet-dependent.['®! To alleviate surface traps, tuning the synthesis conditions to
achieve preferred grain orientation or post-synthesis surface passivation strategies are
employed.[*®! Although theoretical calculations suggest that grain boundaries are inherently
benign, and they do not generate gap states, making polycrystalline perovskites single crystal
like,%81 the exact nature of grain boundaries in PSCs remains an open question to be

answered.

1.1.4. Instability of Perovskites

Several different phenomena can induce degradation in HOIP layers. Some of them originate
from the environment itself, while others arise from the specific solar cell architectures that
are currently used. Environmental factors, even in a completed solar cell architecture (quasi-
sealed), can compromise the integrity of the perovskite absorber layer. Diffusion of chemical
species (e.g., H20 or O) through the HTL is not hindered and can induce different chemical
reactions. In the next section the antagonists of HOIP layers are scrutinized (Figure 8).

Heat
MAPbX; degradation
caused by phase
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Hydration of MAPbX;
in presence of water

Ir;-tie:;a :;::J:Z:;s HOIP solar Light
g ; cell MAPbX; reacts with
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contact by reaction cause charge
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Figure 8. Important factors governing the stability HOIPs.
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Effect of Humidity

Perhaps the Achilles heel of HOIPs is their sensitivity to polar solvents, especially
water.[41:106-1101 The overall reaction for the degradation of MAPDI; is described by Eq. 3 as:

CHsNHsPbl;(s) » CHsNH,(g) + HI(g) + PbL,(s) ©)

However, the actual decomposition reaction is more complex with multiple intermediate
hydrated species.['%1%1 This alteration affects the light absorption characteristics and
induces morphological changes, where the perovskite crystals smoothen and become more
oriented.[1%1971 The detailed mechanism is described by Eq. 4-5. As the first step, hydrogen
bonding between water molecules and the MA™ in the lattice disrupts the 3D perovskite
framework. As a result, the structure is gradually transformed into lower dimensional
perovskite structures. First 2D perovskite sheets are formed that are separated by water,
which leads to the formation of isolated [Pbls]* octahedral units. The first step, where
MAPbIs-H,O is formed, is completely reversible.[*%]

4CH3;NH3Pbl; + 4H,0 = 4[CH3NH3Pbl, - H,0] (4)

4[CH3NH3Pbls - H,0] = (CH3NH53),Pbl - 2H,0 + 3Pbl, + 2H,0 (5)

Under ambient conditions, the formation of alternative degradation products other than Pbl>
was also confirmed. During the destruction of the 3D perovskite structure the presence of
amorphous o-PbO, PbCOs, and Pb(OH). was also shown.[** In a similar manner, ammonia
vapor can also rapidly degrade the MAPbI3 phase.[**Yl The nature of the halide in the
perovskite structure affects the overall water sensitivity of the compound, which increases
in the CI” < Br < I” order. The mixing of a more moisture resistant halide to a sensitive
system can improve the stability of the formed perovskite, however at the expense of device

efficiency.l’”]

Effect of Light

It has been found that illumination even in the absence of moisture can degrade MAPbI3.[1>
1141 The proposed mechanism is described by Eq. 6-8. As a first step MAPbIs is excited and
photogenerated electrons and holes are formed. Electrons from the CB of MAPDbI3 can be
transferred to adsorbed oxygen on the surface, thus forming superoxide anions. The formed
superoxide can simultaneously deprotonate MA™ and oxidize I, thus compromising the

stability. Note that the formation of water in EQ. 8 can initiate previously described
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degradation pathways. As expected, however perovskite films stored in nitrogen were stable

under steady state illumination.!**#14

hv > Eg 6
CH3NH3Pbl; ——S3 CH3NH5PbI; (6)
CH3NH3PbI; @)

s
2 2

05 + CH3;NHPbl; — CH3NH, + Pbl, + 0.51, + H,0 (8)

It was observed that the degradation reaction is more rapid when Al>Oz s used as the
mesoporous scaffold (instead of TiO,).1*'214 Thus, the use of TiO2 can suppress this
decomposition, by extracting the formed electrons from the MAPbIs surface before they can
react with the adsorbed oxygen. The opposite effect can also be achieved when MAPDI3
layers are forward biased in the dark and in the presence of O..*4 Under these
circumstances electrons are injected into the MAPDIz layer which initiate the rapid
deterioration of the active layer.

Effect of Heat

It is crucial to assess the thermal stability of HOIPs layers for two distinct reasons: to
optimize the annealing temperature during film deposition, and to ensure device stability
during operation.[10%11]

During preparation the perovskite films are annealed for a brief amount of time at
moderately high temperatures in the ~100 °C regime. This removes any excess solvent or
additive that would remain in the film. Furthermore, it facilitates the formation of the
perovskite crystal structure and ensures a proper coverage. In this sense a balance must be
found to remove all residual materials, without the degradation of the perovskite material.
However, the thermal stability of MAPbIz seems somewhat controversial.
Thermogravimetric studies suggest that MAPDbI; decomposes at ~300 °C.[50116-118] A weight
loss is observed between 270 and 340 °C and is attributed to the removal of organic
components from the structure (i.e., CH3NHsl or CH3NH; together with HI). Furthermore,
MAPDI3 undergoes a tetragonal-cubic phase transition at 56 °C,[*° which greatly limits its
application in functioning devices. These issues motivated the exchange of MA* to FA™ in

the perovskite lattice, to enhance its thermal stability.[67.120]
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Interfacial Layers

The obvious sensitivity issues regarding HOIPs has drawn the attention away from the other
constituents of the PSC architecture. The most commonly used ETL (TiO2) was found to be
a major contributor to the instability of PSCs.[*?!1 UV-light irradiated solar cells suffered
from rapid deterioration of their efficiency which was related to a drop in their charge
collection efficiency. Ultimately, this phenomenon was explained by the formation of deep
trap states within the mesoporous TiO framework caused by the UV irradiation.[*?) When
a UV-cutoff filter or Al,Os was used as the scaffold, this problem disappeared. The
deterioration of PSC performance is also related to adsorbed molecular O, connected to
oxygen vacancies in the TiO, framework (Ti%* ions), which leads to the formation of Ti**-
O, charge-transfer complexes. Upon UV excitation, the superoxide radical is oxidized by
the photogenerated holes, leading to the desorption of molecular oxygen and the formation
of a partially occupied deep trap state in TiO2.[*?1

Similarly, the HTL also poses a threat to the stability of PSCs. The additives used in
the deposition of the most common hole transport material (HTM) 2,2',7,7'-tetrakis(N,N'-
di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-MeOTAD), can also cause the
degradation of the solar cell device. It was shown that in the case of DSSCs 4-tert-
butylpyridine can evaporate from devices at low temperatures (~85 °C).[*?? Furthermore,
Li-bis(trifluoromethane)-sulfonimide (Li-TFSI), the material used to improve the
conductivity of the spiro-MeOTAD layer, is a deliquescent material and can draw moisture

from the air into the device.

Electrode Corrosion

In completely assembled PSC architectures, it was found that corrosion of the metal top
contact can also negatively influence the stability of PSCs. In cases where Ag was used,
discoloration of the top contact was observed after several days.[*? This can be attributed
to the migration of iodide ions through the HTL to the Ag contact, where the formation of
Agl occurs. This issue also affects other type of top contacts (e.g., Ca, Al, Cr/Cr,03).[1?4

Interestingly, Au as a top contact is also prone to such corrosion events, 11241251

The Effect of Electric Fields

Perovskites, especially CsPbBrs and CsPbls, are well known ionic conductors, as the
activation energy for the migration of the halide-ion vacancy is low.[*?®! In HOIPs there are
several candidates for the migrating species. All perovskite forming ions can participate (in
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the case of MAPDI;z e.g., MA*, Pb?* and 1) in the overall migration process. Furthermore,
additional species from the decomposition scenarios should be also considered (H*).[*?1 The
likelihood of ion migration (i.e., activation energy of migration) depends on several factors:
(i) size of the drifting ion, (ii) distance of the vacancy from the ion, (iii) charge of ions and
(iv) crystal structure of the material. Theoretical studies agree that the probability of
migration follows the I > MA* > Pb?* trend. In materials with the ABX3 perovskite
structure, the vacancy-mediated diffusion process is the most common (Figure 9A).
Experimental studies suggest the dominance of electric field induced migration of MA* and
I” ions. A redistribution of MA™ occurred when a lateral MAPbI3 solar cell was electrically
biased.[*2-12% After applying a small electrical field, the MA* ions accumulated in the
cathode region and were depleted in the anode and central region of the cell. This phenomena
led to a switchable photovoltaic effect in such devices. 12712%1 The case of I~ migration
seemed to be a more elusive problem. At elevated temperatures, the movement of I through
interstitial vacancies was shown.[*% |~ migration in a Pb-anode/MAPbIls/Agl/Ag-cathode
arrangement was also the cause of the formation of Pbl, layer near the Pb anode.™™3! It was
also demonstrated that at elevated temperatures the use of electrical bias in a lateral MAPDI3
cell can cause the formation of a thin Pbl, layer in the middle of the cell. The electric field
driven movement of this Pbl, layer was explained by the massive movement of I” and MA*
ions.[*32 There are several ion-migration pathways that can participate in the overall process
(summarized in Figure 9B). Not just point defects, but bulk defects, surface and grain
boundaries play an important role in ion migration. The grain size of the perovskite films
has a pronounced effect on the extent of ion migration.[*2>1% |t is more difficult to induce
photovoltaic switching in PSCs with large grains and this property is directly proportional

to the extent of migration in the layer.[*?°]
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Figure 9. Illustration of the different migration pathways in a MAPDI3 lattice. A: The
migration of I-, Pb®*, and MA* ions through vacancies. B: Different migration pathways
considering bulk-point defects, lattice distortions, and grain boundaries. Adapted from ref.

[134]
The effect of ion-redistribution on PSC stability and performance is somewhat controversial.
It was observed that electric field induced movement of ions can cause the formation of
pinholes in the perovskite layer, which can have a detrimental effect on device
performance.!*?®] Furthermore, the formation of Pbl. inside the perovskite absorber layer is
also an unwanted phenomenon.!*32 Also, by introducing periodic “day/night” cycles into the
long term stability test, pronounced fatigue-degradation was observed. This was attributed
to the detrimental effect of ion migration during the night cycles.[**® However, it was also
shown, that the pronounced ion migration can help to heal an already degraded device.[*36:137]
It is also interesting, that the migrating I” ions can reach the ETL and react with it. It was
shown that employing a [6,6]-phenyl Cs1 butyric acid methyl ester (PCBM) HTL, the
migrating |~ effectively doped it, thus improving the performance.!*?71 In the case of mixed-
halide perovskites, the migration of ions have an even more pronounced effect on their

optoelectronic properties, as it causes phase-segregation. This phenomenon will be covered
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thoroughly in Section 1.1.5. It is also worth mentioning that electric field induced ionic

migration is the main cause of the severe current-voltage hysteresis experienced in PSCs. %]

1.1.5. Light-Induced Phase Segregation in Mixed Halide Perovskites

The ability to tune the bandgap of mixed halide perovskites through halide composition is
an attractive strategy to design solar cells with tailored response.[®1.6313%1 Several research
groups have evaluated solar cell performance under short-term irradiation and they
considered the photovoltaic performance to be stable.[**% Halide ion migration in PSCs plays
an important role in determining the overall photovoltaic performance.[*4-2431 |_jght soaking,
for example, leads to migration of ions and vacancies toward the oxide interface influencing
the observed photovoltage.[**4 Another property of the mixed halide lead perovskite is its
ability to undergo phase segregation under continuous illumination.[0140.145-148] For
example, when MAPbX3 (X = Br, I, 1:1 ratio) is subjected to long-term (> 20 min) visible-
light irradiation, it undergoes phase segregation to yield iodide rich and bromide rich

domains as described by Eq. 9.

n MAPbBrl;_, + hv —

9)
(n — 2m) MAPbBryI5_, + m MAPbBT,_yI5_y,, +m MAPbBr, I5_, _,,

Upon stopping the illumination, the segregated phases are restored to the original
mixed phase.2491 In previous studies, the kinetics of halide ion segregation as well as dark
recovery was monitored. The origin of the segregation has been explained using different
models. These include entropy of mixing,**®! halide ion defect driven movement of ions, "]
and polaron induced lattice strain.'*% It was also found that the excitation intensity and
duration of irradiation determines the dark recovery.*4"150 However, up to this point the
effect of halide ion segregation on the performance of PSCs was missing. This raises the
obvious question: What is the impact of long-term light irradiation (or light soaking) on the

performance of mixed halide perovskite solar cells?

1.1.6. Electrochemical Properties of Perovskites

In unraveling the reasons behind the unparalleled optoelectronic properties of HOIPs the use
of (photo)electrochemical techniques started to gain a foothold recently. These powerful
tools are capable of probing charge carrier generation and transport in HOIPs. Fundamental

optoelectronic properties (e.g., band edge positions, distribution of trap states) can be probed
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using spectroelectrochemistry. Furthermore, the use of other coupled techniques can
contribute to the understanding the chemical changes at the interfaces and in the electrode
material itself upon charge carrier generation. The use of electrochemical techniques is not
restricted to probing physicochemical properties of HOIPs but can also be used as a synthetic
tool in the assembly of complex perovskite architectures. Electrochemistry can even be
invoked as a possible lead removal strategy in HOIP recycling scenarios.[*>!]

The extreme sensitivity of HOIPs to polar solvents made all electrochemical
measurements rather challenging. Recently, it was demonstrated that (photo)electrochemical
measurements can be performed in dichloromethane-based electrolytes in the presence of
different reversible redox couples (e.g., ferrocene and benzoquinone).[*®? The assembled
liquid junction cells showed remarkable stability for prolonged irradiation. In this notion,
electrochemical impedance analysis was performed to estimate the flatband potential and
charge carrier density of different HOIPs.[*521581 A very thorough study investigated the
electron injection process into formamidinium lead halide perovskite using
spectroelectrochemistry.[*>¥ It was demonstrated in this study that it is very difficult, yet
possible, to probe band edge positions via charge carrier injection. During these experiments,
however, an irreversible electrochemical reduction occurred, thus making the picture even
murkier. An overview of the possible solution chemistry events was given, although without
taking into account the likely contribution of the electrolyte ions.*> A similar approach was
followed for mixed CsPbXs (X = CI7, Br, and I") perovskites, where it was assumed that
band edge positions can be simply determined from voltammetric data.[**°!

Apart from determining various physicochemical properties, coupled
(photo)electrochemical techniques can offer a fast and convenient way to perform
combinatorial analysis of the performance of various HOIP compositions. Scanning
electrochemical microscopy can be effectively used to determine the optimal composition
of different perovskite compounds in a semiconductor array arrangement.[**63571 |n terms of
delivering the highest photocurrent, the optimal excess Pbl, content of MAPbI; layers!*°®l
and the optimal MASNIs—xBryx composition™>" were determined in a liquid junction setup.

By encapsulating the HOIP layer in a photoelectrode assembly, their use as efficient
photocathodes in H, generation in aqueous media was also shown.[**® The photocathodes
retained more than 80 % of their efficiency for ~1 h. The effective protection of the HOIP

electrode can pave the way of using these materials in solar fuel generation scenarios.[*>
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Li-ion Batteries

Halide perovskites of the CsPbX3 family can be considered as fast ionic conductors, because
of their high ionic conductivity.[*?®! This means that their crystal structure remains rather
frozen, while ionic species are migrating through the lattice. The complex defect chemistry
makes it difficult to discern the diffusivity of specific ions through the perovskite lattice.
However, an extrinsic Li* source (e.g., through a solution/perovskite interface) can be used
to determine ionic diffusion kinetics in HOIPs.['%% In such a case, electronic and ionic
transport is decoupled, because the migration and intercalation of Li* (the slower process)
determines the kinetics of the diffusion process. In highly lithiated 3D MAPbBTr3 electrodes
the ionic conductivity was found to be 102 Q* cm™, which falls in the range of superionic
conductors (10 Qtecm™ - 101 Q1 cm™). As the perovskite lithiation progresses, specific
capacity values as high as 400 mA h g * were reached.!*5%1611 3D MaPbBr; electrodes exhibit
a highly reversible lithium uptake and release without severe distortion of the perovskite
lattice (topotactic intercalation). It was proposed that the lithiation proceeds in a fashion that
multiple Li* are intercalated into the same unit cell. In this sense, the formation of
LixMAPbBr; compounds were assumed, where x approaches 3. MAPDI3 has inferior specific
capacitance and stability compared to MAPbBr3 based electrodes. A summary of specific
capacitance values can be seen in Table 1. All specific capacitance values for the first
discharge cycle greatly surpass the theoretical limit for MAPbBrs (56 mA h g1), which
raises suspicion that a conversion event or another effect is also in play.[*%2! Furthermore,
these results are often not supported by any intercalation mechanism. Theoretical
calculations and experimental results suggest that in the case of MAPbCIs and MAPbBr3 the

conversion process to LiX and Pb metal dominates the electrochemical behavior.[*6%
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Table 1. Summary of the performance of the HOIPs used in Li-intercalation studies. In

brackets the charging current density is shown.

Potential Specifi
window capacitance

MAPbBr, ggomthh;) [160]
ethylene carbonate :
MAPbBr ethyl-methyl 520mAhg’ 30 % after 20 [164]
! o 00V-20V (200 mA g?) cycles
o e s SomAiel s
. g cycles
MAPbI 1O MLiPE, 44 mA h gt 20 % after 100 [161]
3 (200 mA g1) cycles
MAPbI ethylene carbonate : 476 mA h g 40% after 50
3 dimethyl carbonate (100 mA g1) cycles
(1:1) 1605 mA h g! 13 % after 50
(C/HL,NH,),PbI, with 5 % 0.0V _,2',5+V (100 mA g1) cycles [163]
fluoroethylene vs. LiLi 4 o
CH,0OPbl,  carbonate and 1.0 M 280 mA h s 40 % after 50
LiPF, (100 mA g1) cycles

The performance of lower dimensional perovskite materials was also evaluated,
where, 1D and 2D HOIPs vastly outperformed their 3D counterparts.l*% A common feature
of all Li" intercalation experiments is the strong fading of the specific capacitance over the
course of cyclization. In the case of lower dimensional HOIPs, this can be attributed to the
irreversible nature of the reduction of Pb(I1) to metallic Pb.[*631 Lower dimensional HOIPs
are more prone to this effect, which ultimately results in the formation of LixPby alloys. In
the case of 3D HOIPs,

characterization/sensitivity was insufficient) and the fading of the specific capacitance is still

no metallic lead formation was found (or the
unexplained.*® To exclude the effect of electrolyte on the stability of HOIPs, a solvent
toolkit was proposed to perform lithium intercalation experiments in the future.[*6°]

In the case of CsPbBrs nanocrystals, electrochemical Li-doping was explored.[166:167]
Extremely high negative voltages were used to perform Li* intercalation, thus the formation
of metallic Pb was observed. Interestingly, a reversible electrochromic behavior was shown
for the Li-doped CsPbBrs electrodes. However, these studies also lack an exact mechanism

behind the observed phenomena or any quantification of the incorporated amount of lithium.
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Electrochemiluminescence

Electrochemiluminescence (ECL) could be employed to investigate charge carrier transfer
under various electrochemical conditions. Most studies on this matter focus exclusively on
understanding the properties of CsPbBrz. Several irreversible redox processes were
identified by cyclic voltammetry for CsPbBrs nanocrystal (NC) based electrodes.[18:169 A[|
of these were attributed to the presence of charged states of the NCs. However, this
assumption is quite problematic, because it completely disregards the possibility of chemical
change (Faradaic processes) of the CsPbBrs NCs. Electrochemically generated electrons and
holes were injected in rapid succession into the CsPbBrs NC electrodes and the annihilation
of the ECL signal was monitored. This was performed by potential switching experiments,
where the potential of the CsPbBrz NC electrodes was switched rapidly between an electron
injecting potential to a hole injecting potential. Relatively weak and fading ECL signals were
observed, which were attributed to the unstable nature of the radicals from CsPbBr3.1168]
However, this phenomenon more likely signals the chemical change of the perovskite layer.
An increased stability was observed when ethyl-acetate was used as the solvent. It was
proposed that ethyl-acetate can act as a co-reactant in the ECL reaction.[6°]

ECL of both MAPbBr3t® and CsPbBrs*"! were studied in aqueous media as well,
but the stability of the films was not addressed. In a recent study, long carbon chain acids or
amids were used to stabilize CsPbBrs NCs in aqueous media.['”? These ligands orient
themselves with their polar head groups, making the surface of the perovskite NCs surface
hydrophobic. This strategy was found to stabilize the CsPbBrs NCs in aqueous media for a
few hours, but the degradation of the layers was still inevitable.

Despite the above examples, solid and coherent knowledge about the fundamental
electrochemical behavior of these materials is still missing. In this notion several questions
remain unanswered: What is the electrochemical window to safely conduct electrochemical

experiments and what are the redox events that were left unexplained?

1.2. Perovskite Solar Cells

Long-term device instability is the most pressing issue that hampers PSC commercialization.
As more effort was put into understanding the fundamental properties of HOIPs, better
control over device stability was achieved. It is imperative that apart from the degradation
of HOIPs, the role of the interfaces in the devices must be precisely evaluated. Each interface

and contact layer in the device plays a crucial role in determining the overall stability. When
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control over the interfaces is achieved, the devices will be absent from the initial rapid decay
(often termed burn-in) and the gradual slower decay of their efficiency.l!”®! Few studies
already reported extremely durable PSCs with over 1000 hours of continuous operation

without substantial decay, under ambient conditions (combined stresses of light (including

UV light), oxygen and moisture). (17317

1.2.1. General Solar Cell Architectures

To understand how different optoelectronic properties of HOIPs shaped the applicable solar

cell architectures a quick overview on the evolution PSCs is presented in the following

section (Figure 10).1761
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Figure 10. The evolution of PSC architectures. Adapted from ref.[176],

Three components are necessary to fabricate DSSCs: (i) a mesoporous n-type
semiconductor scaffold (e.g., TiO2), (ii) a light absorber (or sensitizer) anchored on the
surface of the scaffold (e.g. organic dyes, inorganic quantum dots), and (iii) a redox active
electrolyte (e.g., l2/13").171 In these architectures it is imperative to use a high surface area
mesoporous scaffold. This ensures that sufficient amount of sensitizer can be adsorbed on
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its surface to maximize the absorption of the incident sunlight. Usually in the case of organic
sensitizers this requires films as thick as 10 um. HOIPs were initially utilized as alternative
sensitizers in DSSC architectures. The pioneering study reported a 3.8 % efficiency for a
MAPbDI; based liquid junction cell.’®? This was further improved to 6.5 % by optimizing the
mesoporous TiO; layer properties and the MAPbIs deposition procedure.®®! Both of these
studies pointed out the instability of the HOIP layer to prolonged exposure to the
electrolyte.[82831 To overcome this issue, the use of all-solid state architectures offered a
convenient way. This architecture already gained a foothold in the DSSC community
because of the fear from leakage of the liquid electrolyte.l}”®l In these cases, the electrolyte
is exchanged to either a small molecule (e.g., spiro-MeOTAD) or a polymeric HTL.[17]
However, in such architectures the poor infiltration of the HTL limits the thickness to a few
micrometers, thus strongly absorbing materials must be used to obtain high efficiencies. As
HOIPs have an order of magnitude larger absorption coefficient then organic dyes, they
performed remarkably well in solar cells utilizing extremely thin absorbers. The devices
delivered power conversion efficiencies of 7.6 % for MAPbI,CI, 8% and 9.7 % for
MAPDI3.18 Interestingly, when the scaffold was exchanged to insulating mesoporous Al,O3
the PSCs delivered an increased efficiency of 10.9 %.1*8 This is only possible if the
perovskite coating is continuous on the surface of the scaffold and can sustain long range
electron transport to the back-contact. Furthermore, electron transport through the HOIP is
much faster than through the ETL. This arrangement constitutes an entirely new class of
solar cell architectures, termed meso-superstructured solar cell.[B4121180.182 |t has been
demonstrated that PSCs can function without either an ETLE?84 or a HTLES81, A two-
component TiO2/MAPDI3 solar cell can deliver 5 % efficiency under simulated full sunlight,
employing a Au cathode.*®! Even a 300 nm thick perovskite absorber can generate and
transport both electrons and holes to the collecting contacts with close to unity efficiency.®
As an ultimate demonstration of ambipolar transport, planar heterojunction PSCs showed
high efficiencies of over 15 %.1%2 This finally demonstrated that the perovskite
semiconductors can exhibit sufficiently good ambipolar charge transport and participate in
all of the principal roles of SC operation: light absorption, charge generation, and transport
of both electrons and holes. To realize flexible and low-cost PSCs, an inverted design is
generally adopted, as metal-oxide ETL lack the required flexibility for such applications. In
an inverted design a HTL (poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)) is first deposited on the fluorine doped tin oxide (FTO) covered glass.[*8
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The highest efficiency is 19.9 % that was obtained in inverted PSC, which is on par with the
best performing regular architecture PSCs.[28

Electron Transport Layer

PSCs can function efficiently without the use of an ETL, however its presence is necessary
to achieve high-performance. Its role is to facilitate electron collection and transport from
the perovskite to the current collector electrode. Thus, the material used as an ETL must
meet strict requirements. These include: (i) good electron mobility, to enable fast electron
transport within the material, (ii) wide bandgap, to ensure high transparency and allow more
light to pass through the material, and (iii) compatible energy levels with the employed
perovskite, to facilitate charge transfer and efficiently block holes. Currently, mostly
inorganic materials are used (e.g., TiO2, ZnO, SnO2, WO3), but several organic materials
have emerged over the years.[®¢87] |n a general solid-state DSSC design, apart from the
mesoporous-TiO2 layer (mp-TiO2), a blocking-TiO layer (bl-TiO2) must be used. It is
crucial to use such a compact blocking ETL layer, to prevent charge recombination on the
FTO/perovskite interface.

Based on the dimensions of the used TiO: four categories can be distinguished: (i)
0D (nanoparticles) (ii) 1D (nanorods, wires, tubes) (iii) 2D (nanosheets) (iv) 3D (branched
nanowires, rods, fibers). The most commonly used building blocks for the mesoporous layer
are TiO2 nanoparticles. The size, shape and crystallinity of the nanoparticles ultimately
determine the performance of the derived PSCs. Furthermore, the thickness of the layer
should also be optimized. The bottleneck in achieving high efficiencies is the infiltration of
the perovskite into the labyrinth-like structure. This seems to be a universal challenge, as all
the structures suffer from inadequate perovskite filling.[86.187]

In the case of flexible electronics, the exchange of the inorganic ETL layer to a more
bendable material is necessary. Organic semiconductors are ideal candidates, however the
use of in an inverted architecture is necessary in this case. This is caused by the difficulty of
preparing a pinhole-free film in a conventional design. The most prominent organic materials
are fullerenes such as Ceo and PCBM. These materials were found to decrease the density of
defects at the perovskite/ETL interface.186:187]

Based on the above considerations, it seems that the electron extracting interface is
the most sensitive part of PSCs, thus it is imperative to understand the exact nature of the

ETL/perovskite interaction. Furthermore, there are several phenomena (e.g., hysteresis) that
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are tied to this specific interface. Thus, it is important to find an answer for the question:
How does the nature of the ETL/perovskite interface influence the charge recombination

process?

1.2.2. Hole Transport Layer

On the other side of the PSC the HTL serves several purposes: (i) it is a physical/energetic
barrier between anode and perovskite layer, efficiently blocking electron transfer to anode,
(i) it improves the efficiency of hole transfer, (iii) influences the Voc of the device, (iv)
protects the metal contact from degradation, and (v) might also increase the stability of the
PSCs.*%1 To deliver high efficiencies, a material should offer: (i) high hole mobility to
reduce losses during hole transport, (ii) compatible ionization potential with the HOIP, to
minimize injection losses, (iii) high thermal stability and resistance to external degradation
factors (e.g., moisture, oxygen and light), and (iv) low cost. HTMs employed in PSCs can
be divided into inorganic (e.g., NiO, CuSCN and Cul) and organic categories. The organic
HTMs form three subcategories: (i) small molecules such as spiro-MeOTAD, (ii) oligomers
and (iii) polymers (e.g., poly(3-hexylthiophene) (P3HT), PEDOT, and poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)) (Figure 11).116818

ﬁq\\ %‘] CHs
T g — Y = CH,—fCH}—CH / \
_{) T a5 (\_/\_Y@ %, : 2): i o o /@\
f HaC CH,
e, J;‘ " {/7\ \*/ M 4@; i / \ /EM\]\ N
= %\ S n s R
B n

2,2",7,7"-tetrakis(N,N'-di-p-

methoxyphenylamine)-9,9'- Poly[bis(4-phenyl)(2,4,6-
spirobifluorene Poly(3-hexylthiophene)  Poly(3,4-ethylenedioxythiophene)  trimethylphenyl)amine]
Spiro-MeOTAD P3HT PEDOT PTAA

Figure 11. Skeletal structural formula of commonly employed organic hole transporter
materials.

Among small molecule HTMs the most widely employed molecule is spiro-
MeOTAD. Currently it is considered as an essential building block of record breaking PSCs.
However, the use of spiro-MeOTAD has drawbacks of its own, such as: (i) high-cost, owing
to the multi-step synthesis and difficult purification of the HTM, (ii) the necessity of dopants,
caused by the low conductivity of pristine spiro-MeOTAD, and (iii) the sensitivity to

atmospheric conditions, which is especially severe, when it is doped with Li-TFSI. The low
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charge carrier mobility in pristine spiro-MeOTAD arises from its inherent triangular pyramid
configuration that leads to large intermolecular distances. Dopants such as Li-TFSI and 4-
tert-butylpyridine are added to suppress charge recombination as well as to improve the
contact between absorber and HTM. 28]

In pursuit of cost-effective and stable HTMs, polymers with higher hole mobility
than dopant-free small molecules, are also considered in PSCs. Few common examples are
P3HT, PTAA and PEDOT:PSS which achieved promising power conversion efficiencies in
PSCS.[1887190]

1.3.  Conducting Polymers as Hole Transporters in Perovskite Solar
Cells

Several research groups focus on the synthesis of new organic HTMs for perovskite
PSCs.118-1901 |nterestingly, this growing interest has not been accompanied by an
improvement of the arsenal of preparation techniques, and spin-coating is almost exclusively
employed to deposit these polymer films.

In a n-i-p PSC design, polymeric materials that are soluble in perovskite antisolvents
are studied (e.g., P3HTI7 190192 gnd PTAARL Although it was demonstrated that PEDOT
accepts holes as effectively as spiro-MeOTAD,!*%! its use (apart from a few examples™®-
191) has been restricted to inverted solar cell designs (p-i-n junction). This limit is rooted in
the fact that the direct spin-coating of the PEDOT:PSS aqueous solutions would immediately
destroy the perovskite layer. The inverted designs, however, pose further challenges, such
as overcoming the energy mismatch between FTO/PEDOT and attaining adequate surface
coverage of the perovskite layer (determined by the morphology of the underlying PEDOT
film).

Although electrodeposition of the HTM has showed promising results in the case of
DSSCs,197 it remained an elusive task for the n-i-p PSC architecture up to this point. This
is mainly caused by the instability of MAPDbIz in polar solvents,*®! where most
electrochemical syntheses are carried out. Further complications arise from the dynamic
exchange between the ions in the perovskite layer and ions present in the solution, which
can alter the composition of the perovskite layer.l*% It has been demonstrated recently that
the electrochemical properties of MAPDbI3 521561 and related materials (1531551571 can be
studied in dichloromethane based electrolytes. However, special care must be exercised,
because the use of an external electrochemical bias can also induce unintended side reactions

(e.g., corrosion of the perovskite layer). Under carefully controlled conditions,
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electrodeposition offers superior control over several efficiency-determining factors (e.g.,
morphology, regularity, conductivity, optical absorption, and layer thickness).*®1 This
raises the question: Is it possible to employ electrochemical deposition methods and use

conducting polymers as the HTL of HOIP based solar cells in a n-i-p design?
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2. Aims

During my research | aimed to find answers to the questions raised in the introduction:

e What is the impact of long-term light irradiation (or light soaking) on the

performance of mixed halide perovskite solar cells?

e What is the electrochemical window to safely conduct electrochemical experiments

and what are the redox events that were left unexplained?

e How does the nature of the ETL/perovskite interface influence the charge

recombination process?

e st possible to employ electrochemical deposition methods and use conducting
polymers as the HTL of HOIP based solar cells in a n-i-p design?

As the first step, | aimed to find a solvent/electrolyte system, where electrochemical
measurements could be carried out. For these experiments, the chosen model systems were
FTO/TiO2/CsPbBrs; and FTO/TiO2/MAPDIs. My aim was to identify the redox alterations of
these materials and to ultimately determine an electrochemical stability window. As a next
step, | coupled transient absorption spectroscopy with electrochemical methods to elucidate
the role of TiOz in the charge recombination process. As electrochemistry can be also used
as a synthetic tool, I also investigated the possibility to electrochemically prepare a PEDOT
HTL in MAPbDIz electrodes, thus forming a regular n-i-p junction solar cell. As an
introduction to solar cell characterization and PSC preparation | also studied the interaction
of light with mixed-halide PSCs. I investigated the effect of phase segregation on the optical
and electronic properties of mixed halide solar cells.
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3. Materials and Methods

3.1. Materials

Chemicals used for the synthesis of CsPbBr3 nanocrystals

e lead (Il) bromide (PbBr, — Alfa Aesar, 99.999 %)

e cesium carbonate (Cs.COgz, Alfa Aesar, 99.9 %)

e oleic acid (OAc, Sigma Aldrich, 90 % technical grade)

e oleylamine (OAm - Sigma Aldrich, 70 % technical grade)
e 1-octadecene (ODE, Sigma-Aldrich, 95 %)

e acetone (Fischer Scientific, HPLC grade)

e n-hexane (Sigma-Aldrich, 95 % anhydrous)

e n-heptane (Sigma-Aldrich, 99 % spectrophotometric grade)
e ethanol (KOPTEC, 200 proof, anhydrous)

Chemicals used for the preparation of the MAPbBr«l3.x solutions

e lead (1) iodide (Pbl, — Sigma-Aldrich, Ultradry, beads, — 10 mesh, 99.999 %)
e lead (I1) bromide (PbBr2 — Alfa Aesar, 98+ %)

e methylammonium-iodide (MAI — Dyesol)

e methylammonium bromide (MABr — Dyesol)

e dimethylsulfoxide (DMSO — Sigma-Aldrich, anhydrous, > 99.9 %)

e n,n-dimethyl formamide (DMF — Sigma-Aldrich, anhydrous, 99.8 %)

Chemicals used for the preparation of bis-EDOT

e 3,4-ethylenedioxythiophene (EDOT — Sigma Aldrich, 97 %)
e tetrahydrofurane (THF — VWR, 99.7 %)

e n-buthyl-lithium (n-BuLi — Alfa Aesar 2.5 M in hexane)

e copper(Il) chloride (CuCl, — Sigma Aldrich, 99 %)

Chemicals used for the preparation of the bl-TiO2 and mp-TiO; layer

e titanium diisopropoxide bis(acetylacetonate) (Sigma-Aldrich, 75 wt% in
isopropanol)
e 1-butanol (Sigma-Aldrich, 99.8 %)
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e titanium (IV) chloride (TiCls — Alfa Aesar, 99.6 %)
Chemicals used for the electrochemistry experiments

e 3,4-ethylenedioxythiophene (EDOT — Sigma Aldrich, 97 %)

e dichloromethane (DCM - Sigma Aldrich, anhydrous, > 99.8 %, contains 40—150
ppm amylene as stabilizer, dried over 3A molecular sieves)

e tetrabutylammonium-hexafluorophosphate (BusNPFs — Sigma Aldrich, for
electrochemical analysis, > 99.0 %)

e tetrabutylammonium-tetrafluoroborate (BusNBFs — Sigma Aldrich, for
electrochemical analysis, > 99.0 %)

o tetrabutylammonium-perchlorate  (BusNCIO4s — Sigma  Aldrich, for

electrochemical analysis, > 99.0 %)

3.2. Synthesis
3.2.1. Synthesis of CsPbBrs Nanocrystals

The Cs-oleate precursor (0.306 g Cs,COs, 2.8 cm® of OAc and 3 cm® ODE) was injected
into a PbBr, precursor solution (0.808 g PbBr,, 6 cm® OAc, 6 cm® ODE and 6 cm® OAm) at
170 °C. Highly luminescent, yellow colored CsPbBrz NCs were formed immediately after
injection. The NCs were cooled to room temperature, purified via centrifugation, carefully
washed with acetone, and re-suspended in 3 cm® of a 95/5 V/V% n-hexane/n-heptane

mixture before further use.

3.2.2. Synthesis of CH3sNHsPbBrxl3x

A one-step synthesis was used for the preparation of MAPbBr«ls—x solutions, which is based
on the previously described Lewis base adduct method. % The MAPbBr«l3—x precursors are
mixed together followed by the addition of DMSO so that the molar ratio of MAPbBIyl3-x:
DMSO is 1:1. To prepare thin films for the spectroelectrochemistry experiments, a precursor
concentration of 0.36 M was used, while this was increased to 1.5 M for the preparation of
solar cells. Prior to spin-coating the solutions were stirred for 1 h at room temperature and
were filtered with an inorganic membrane filter (0.2 um pore size, G8549141, Whatman)

before use.
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3.2.3. Synthesis of Bis-EDOT

The preparation of bis-EDOT was carried out by Ullmann coupling, using lithiated EDOT
and copper(11)-chloride.[2°"

3.3. Methods

3.3.1. Electrode/Solar Cell Preparation

The presented work relies on three different architectures (Figure 12). The PSCs consisted
of a FTO electrode coated with a thin bl-TiO2 layer, a mp-TiOz layer, the perovskite absorber
layer, a spiro-MeOTAD layer and a gold contact completed the solar cell (Figure 12A). To
study light-induced segregation phenomena solar cell architectures without the top gold
contact were also prepared (Figure 12B). To mimic the solar cell architectures, the
electrodes for the electrochemistry studies were prepared almost identically. The preparation
procedure was the same until the perovskite deposition. A thinner layer of perovskite was
used, to ensure significant transmittance of the layers in a wide wavelength range. In the case

of electrodes, the upper HTL and gold contacts were omitted (Figure 12C).

A ‘ B C

Completed solar cell Partially assembled solar Electrode
cell

Figure 12. Schematic representation of the different architectures used throughout the
experiments. A: Complete solar cell, B: partially complete solar cell and C: electrode.

Briefly, the FTO substrates were washed with soap, rinsed with deionized water,
sonicated in ethanol for 20 minutes and finally plasma cleaned prior to use. First a TiO>
blocking layer was spin-coated from a 0.15 M titanium diisopropoxide bis(acetylacetonate)
solution in 1-butanol. Immediately after spin-coating, the layer was subjected to a heat
treatment for 5 minutes at 125 °C under glovebox conditions (N2 atmosphere, H,O < 0.1
ppm, O2< 0.1 ppm). This was followed by the spin-coating of a mesoporous TiOz layer from
an ethanol-based suspension with a concentration of 0.12 g cm3. Details about the TiO;
paste used for the preparation of the suspension can be found elsewhere.?%l1 After spin-
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coating, the mesoporous layers were calcined for 1 hour at 550 °C in air. The FTO/bl-
TiO2/mp-TiO2 samples were then subjected to a TiCls treatment step. For this, agueous
solution of 20 mM TiCls was prepared and the samples were immersed into it at 90 °C for
10 minutes. This step was followed by a final calcination step for 30 minutes at 500 °C in
air.

The FTO/TiO./CsPbBrs electrodes were prepared with a method using subsequent
cycles of NC deposition and annealing. Deposition of the NCs on the substrate was followed
by annealing at 250 °C for 3 minutes, and this cycle was repeated until bulk films were
formed with the desired optical density of Asignm ~ 0.8. The CsPbBr; coated electrodes were
kept in glovebox (N2 atmosphere, H,O < 0.1 ppm, O2 < 0.1 ppm) after preparation and used
immediately.

The FTO/TiO2/MAPbI3 electrodes were prepared by an antisolvent assisted one step
method. During spin-coating, the samples were subjected to an antisolvent treatment step
with diethyl-ether (Sigma-Aldrich, for HPLC, > 99.9 %, inhibitor-free). After the spin-
coating, the samples were immediately transferred to a preheated hot-plate (65 °C for 1 min)
to ensure evaporation of the antisolvent. This was followed by an annealing step at 100 °C

for 2 min.

3.3.2. Spin-coating Protocols

bl-TiO2 — a three-step dynamic coating procedure on a 5 cm x 5 cm substrate: (1) at
700 rpm for 8 s, (2) at 1000 rpm for 10 s and (3) 2000 rpm for 40 s (acceleration 1000 rpm).
0.5 cm™2 of bl-TiO; solution was used.

mp-TiO2 — a one-step static coating procedure on a5 cm x 5 cm substrate: (1) at 2000
rpm for 20 s (acceleration 1000 rpm). 1.0 cm 2 of mp-TiO- suspension was used.

MAPbDBr«l3-x — a one-step static coating procedure on a 2.5 cm x 2.5 cm substrate:
(1) at 4000 rpm for 25 s (acceleration 1200 rpm). 50 pl of perovskite solution was used. 0.5
cm3 diethyl ether was dispensed on the spinning substrate in a continuous motion in less
than 4 s during the early stage (6 s elapsed time) of the film formation.

CsPbBrs — dynamic coating procedure on a 2.5 cm x 2.5 cm substrate: at 5000 rpm

for 20 s (acceleration 1000 rpm) 20 ul of stock solution, and annealing at 250 °C for 3 min.
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3.3.3. Preparation of CHsNHsPbls Solar Cells

During the preparation of PSCs multiple layers are spin-coated on an FTO substrate.
schematic representation of the different layers was already shown in Figure 12A. As the
preparation of PSCs requires multiple steps, it is important to know whether there are no
errors during the fabrication procedure. To mitigate the effect of human error during solar
cell preparation MAPbI3 solar cells were fabricated regularly (Figure 13A). The summary
of the efficiencies of these cells are shown in Figure 13B. Several flaws of the preparation
procedure were weeded out during the initial period and the use of only the highest-grade
chemicals was justified. To be able to draw meaningful conclusions it was imperative to

reproducibly fabricate these solar cells.

i Fresh TiCl,
) ngh purity Pbl,

o

Efficiency / %

44 devices
218 cells
Naverage™ 14-0+1.8%

Figure 13. A: Photograph of a fully assembled MAPDI3 solar cell. B: The evolution of
MAPDI3 solar cell efficiencies throughout the course of the work.

3.3.4. Inducing Phase Segregation

To induce phase segregation in the solar cells, they were subjected to white light irradiation
with an incident power density of 100 mW cm™2. The light from the Xe-lamp source was
passed through an AM 1.5 filter beforehand. To ensure that thermal effects have miniscule

contribution to the phase segregation process, a water filter was placed in front of the
samples.

3.3.5. Electrodeposition of PEDOT

The electrodeposition of PEDOT hole transporter on the FTO/TiO2/CH3NH3Pbls electrodes
was carried out from a 0.01 M bis-EDOT and 0.1 M BusNPFs containing dichloromethane

electrolyte. The deposition potential and the growth of the PEDOT layers were monitored
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by potentiodynamic methods coupled with spectroelectrochemistry. Ultimately, however
potentiostatic deposition was used to control the thickness of the deposited PEDOT layers,
by controlling the polymerization charge density. To remove the contribution of the
charging/discharging of the electrochemical double layer to the passed charge density a
pretreatment step was introduced prior to the electrodeposition at E = +0.5 V for 60 s in the
polymerization media. After the polymerization was finished the solar cells were rinsed with
dichloromethane (as-is solar cells). In the case of post-treated solar cells, the post treatment

step was carried out immediately after the polymerization.

3.4. Physical Characterization
3.4.1. Electrochemistry/Spectroelectrochemistry

The electrochemical measurements were carried out with a Gamry potentiostat in a standard
three-electrode setup (see the schematics of the setup in Figure 14). The
FTO/TiO2/perovskite electrodes functioned as the working electrode, a Pt mesh (1 cm?) as
the counter electrode (cleaned by “Piranha solution”, water and finally DCM), and a
Ag/AgCl wire as a pseudo-reference electrode. The home-made Ag/AgCI pseudo-reference
electrode was a Ag-wire having AgCl deposited on its surface. This is generally applied in
organic media, because it can be considered as a secondary electrode, with very low chloride
ion concentration. Its potential was calibrated before and after the experiments, by measuring
the formal potential of the ferrocene/ferrocenium redox couple in DCM (0.01 M ferrocene
and 0.1 M BusNPFg). Cyclic voltammetry was used, and the formal potential was found to
be E = +0.45 + 0.04 V vs. our Ag/AgCI. All cells were assembled in a glovebox (N2
atmosphere, H.O < 0.1 ppm, O2 < 0.1 ppm) and sealed hermetically to ensure inert

conditions.

Potentiostat/galvanostat
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Figure 14. Schematic representation of the spectroelectrochemical setup, together with the
photograph of the cell.
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Prior to electrochemical experiments all conducting salts were dried in a vacuum
oven under the conditions listed in Table 2. The water content of the solutions was

monitored by Karl Fischer titration, and kept below 10 ppm.

Table 2. Drying conditions of the different conducting electrolytes.

. . . Drying .
o}
Conducting salt | Melting point / °C e O Time / hours
160 140

Bu,NBF,
Bu,NCIO, 220 180 6
Bu,NPF, 240 180

Cyclic Voltammetry

During cyclic voltammetry (CV), the potential of the working electrode is changed between
two vertex potentials with a constant sweep rate, while the current response of the system is
measured (potentiodynamic technique). When a sufficient potential value is reached to drive
a certain chemical reaction (e.g., corrosion, electropolymerization) the system responds with
acurrent increase (in absolute value), depending on the rate of the reaction (this is in addition
to the non-characteristic capacitive current recorded for the given electrode). From a cyclic
voltammogram the onset potential then can be determined, which corresponds to least
amount of energy to drive the reaction at a detectable rate at a given electrode under specific

circumstances (such as temperature, ionic strength of solution or type of the electrolyte).

Potentiostatic Measurements

During potentiostatic measurements a constant potential is applied (with respect to the
reference electrode) to the working electrode, while the current response of the system is

measured. By integrating the current-time curve the passed charge can be determined.

In situ Spectroelectrochemistry

If an electrochemically induced redox event (either in the solution or on the electrode
surface) is coupled with a color change, UV-vis spectroscopy (Varian Cary 50 Bio) can be
used to monitor the corresponding color change. Correlating the current response with the
absorbance change of the electrode can help distinguish between distinct electrode reactions

(e.g. corrosion, electropolymerization). This coupled technique can help evaluate the
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reversibility of certain reactions. Most of the electrochemical techniques can be coupled with

UV-vis spectroscopy as long as a transparent electrode and electrochemical cell is used.

3.4.2. Ultrafast Transient Spectroelectrochemistry

During a pump-probe measurement, the light absorbing sample (e.g., semiconductor) is
excited by a short laser pulse (pump), which is followed by another light pulse (probe) to
measure how the first pulse altered the absorption of the sample (Figure 15). The probe
pulse should be less intense than the pump as it should not induce changes to the sample.
These measurements are sensitive to changes in the ground state and excited state of a
material. By varying the delay time between these two pulses, kinetic data of the absorption
change can be recorded. Femtosecond transient absorption spectroscopy (TAS) allows the
measurement of processes that occur on the picosecond timescale (e.g., excited state energy
transfer, inter- and intramolecular electron transfer reactions) in various solvents as well as
in heterogeneous systems, such as thin films. This spectroscopic method allows to
simultaneously record kinetic and spectral data regarding the excited state decay of the

materials of interest.

7 i Chopper . -
Clark-MXR [—-’“
A

Sample cell

CPA-2010

—_—
Delay stage

Probe
P

Frequency multiplier (2x,3x) X::_‘::;?”R

Figure 15. The used measurement setup for the ultrafast transient spectroelectrochemistry
measurements.

Measurement Setup

Two key components of the system are the chopper and the delay stage. The chopper is used
to remove a number of pump pulses from the pulse train at a certain frequency, which allows
to probe the sample in both the excited (Apump+probe) and ground (Aprobe) State. The data

collected is the difference between the two measurements.

Lyrob
AA = Apump+probe - Aprobe = lOgI e i (10)
pump+probe
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The probe is redirected through the delay stage, which staggers (in time) the arrival of the
pump and probe pulses at the sample. The pulse train is then sent through a Sapphire crystal
to generate a white-light continuum, which defines the wavelength regime of the
measurements.

Three factors limit the time-resolution and timeframe of the technique: (i) the laser
pulse width, (ii) the precision of the delay stage (iii), and the length of the delay stage. The
laser pulse width (150 fs in our case) is an important factor in the measurement of kinetic
data. Any process that occurs on roughly the same time-scale as the pulse width will be
difficult to resolve kinetically, as its excited state dynamics will be obscured within the
duration of the laser pulse. The delay stage can accurately move a small enough distance to
delay the pump and probe pulses by 20 fs (a delay stage translation of about 5 mm). The
result of this is that the accuracy of the measurement is greater than 20 fs. The length of the
delay stage is also a limiting factor in the system. The delay stage (0.48 m) only allows a
total delay time of 1600 ps between pump and probe arrival time in the system. With a longer
delay stage measurements over a larger time window can be performed, however in most
cases, a long delay stage can complicate the system setup causing the system to become

impractical.
Transient Absorption Spectral Features

The recorded spectra are generally complicated as they contain contributions from several
events: (i) ground state bleach, (ii) stimulated emission, and (iii) induced absorption (Figure
16A). The pump pulse excites the optically active material, which causes a ground state —
excited state transition (green arrow). This results in the decrease of population in the ground
state, resulting in the diminishing of the signal related to the ground state. Therefore, at the
wavelength of the ground state absorption the difference absorption signal becomes negative
(Figure 16B). This contribution to the absorption spectrum is called ground state bleaching
(GSB). Over time this signal fades as the excited state returns to the ground state. Stimulated
emission (SE) arises when the probe pulse interacts with population already in an excited
state and induces their emission (red dashed arrow). This phenomenon will also show up as
a negative signal on the difference absorption spectrum (Figure 16B). Because when the
pump pulse interacts with the sample the detector will receive the sum of the photons from
the probe and the photons emitted by the sample (lpump+probe > lprobe). Similarly, to

fluorescence signals SE exhibits a Stokes shift (red shift compared to the absorption spectra).
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Induced absorption (1A) is the result of the excited state absorbing another photon and thus
occupying an even higher excited state (blue dotted line). This can only occur in the excited

state, thus it appears as a positive signal on the difference absorption spectra (Figure 16B).
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Figure 16. A: Energy levels of a hypothetical optically active sample and some quantum
transitions influencing the difference absorption spectrum. B: The corresponding
difference absorption spectrum with the separate contributions of the different transitions.

Ultrafast-spectroelectrochemistry

TAS measurements are usually conducted on thin film samples or solutions placed in a
cuvette. However, by replacing the cuvette with an electrochemical cell, and using
transparent electrodes, the measurement can be coupled with electrochemical techniques.
A Clark MXR-2010 laser system (775 nm fundamental, 1 mJ/pulse, FWHM=150 fs,
1 kHz repetition rate) was used to perform the ultrafast transient spectroelectrochemistry
measurements. The data was collected using a Helios software from Ultrafast Systems. The
fundamental was separated in an intensity ratio of 95/5, where the 95% was doubled in
frequency to generate the 387 nm excitation pump. The remaining 5% was used to generate
a white light continuum via a CaF. crystal. This light was used as the probe for all
measurements. The intensity of the excitation pump was modulated so that the maximum
change in absorbance remained constant in all measurements (AAs2onm ~ —0.25), which
corresponded to a pump excitation of about 12 uJ cm™2. This was done to ensure that similar
amounts of charge carriers were generated in each measurement. A three-armed
electrochemical cell with a fused silica cuvette body was placed at the spatial overlap of the

pump and the probe. The electrode was kept at a constant potential while the TA spectra
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were recorded. The sampling spot was adjusted between every measurement to ensure the
sampling of a fresh electrode area.

3.4.3. X-ray Photoelectron Spectroscopy

To gain information on the surface composition and the distinct chemical states of elements
on the electrode surface X-ray photoelectron spectroscopy (XPS) was used. XPS is a highly
surface sensitive technique, thus the information is acquired from the upper 1-10 nm region
of the sample.

The XP spectra were recorded with a PHI VersaProbe 1l system. The binding energy
scale was corrected by fixing the main C 1s component to 284.8 eV, corresponding to the
adventitious carbon. For spectrum acquisition and evaluation, the MultiPak software was
used. To fit the XP spectra and determine the elemental composition of the different samples
a Shirley background was used. First the spectra of the pure CsPbBrz samples were fitted.
From these fittings the profile shape, position and FWHM of the fitting functions were
determined. For the electrochemically treated samples these fittings functioned as starting
parameters, from which the shape and FWHM was held constant for each subsequent fitting.
Small variation in the peak position was allowed for each fit. If the fitting was inadequate,

another component was added to the process.

3.4.4. Scanning Electron Microscopy

Top-down and cross-sectional scanning electron microscopic (SEM) images were captured
using a FEI Helios NanoLab™ DualBeam™ instrument. Elemental composition of the
samples was analysed by energy dispersive X-ray spectroscopy (EDX).

3.4.5. X-ray Diffraction

X-ray diffraction (XRD) patterns were collected using a Bruker D8 DISCOVER instrument
with Cu Kq X-ray source (A = 1.5406 A), in the 20—80 ° range, with a 2 ° min ™! scan rate.
3.4.6. Raman-spectroscopy

Raman spectroscopic measurements were performed on a DXR Raman Microscope using a

green laser (A = 532 nm), operating at 10 mW laser power at room temperature.
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3.4.7. Solar Cell Characterization

J-V Curves

A solar cell behaves in the dark like an ideal diode, namely it only lets through current in
one direction. This behavior should manifest itself in the response of a solar cell in the dark.
The j-V curve of a solar cell under illumination is the superposition of the measured dark
current and the generated photocurrent. Several parameters can be determined from the j-V
curve of a solar cell (Figure 17A) such as: open-circuit voltage (Voc), short circuit current

density (jsc), fill-factor (FF), and maximum power point (Pmax).
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Figure 17. A: Typical j-V response of a MAPbI3 solar cell under dark, reverse and
forward sweep conditions. The sweep rate was 50 mV s-* and the used illumination was 1.5
AM 100 mW cm-2. B: The equivalent circuit model of a realistic solar cell.

The jsc and the Voc are the maximum current and voltage respectively from a solar
cell. The FF is defined as the ratio of the maximum power from the solar cell to the product
of Voc and jsc. Graphically, the FF is a measure of the "squareness" of the j-V curve. The
efficiency is the most commonly used parameter to compare the performance of one solar
cell to another. It is defined as the ratio of energy output from the solar cell to input energy
from the Sun. In addition to reflecting the performance of the solar cell itself, the efficiency
depends on the spectrum and intensity of the incident sunlight and the temperature of the
solar cell. Therefore, conditions under which efficiency is measured must be carefully
controlled to compare the performance of one device to another. Terrestrial solar cells are
measured under AM 1.5 conditions and at a temperature of 25 °C. From these values the
efficiency of the solar cell can be derived as:

_ Pyax  FF jsc Voc

= = (11)
7 PIn PIn
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The shape of a j-V curve can be indicative of parasitic losses in the cell. These
resistive losses can severely distort the shape of the j-V curve. These can be integrated into
the equivalent circuit model of the solar cell (Figure 17B). One of the losses acts as a series
resistance (Rseries). Three causes for this behavior can be identified: (i) current passing
through the emitter and base of the solar cell, (ii) contact resistance between the metal contact
and the solar cell, and (iii) resistance of the top and rear metal contacts. The main impact of
Rseries IS to reduce the FF, although excessively high values may also reduce the jsc as well.
Significant power losses caused by the presence of a shunt resistance (Rshunt), Which is
typically caused by defects in the material (recombination), rather than poor solar cell design.
Low Rshunt causes power losses in solar cells by providing an alternate current path for the
light-generated current. Such a diversion reduces the amount of current flowing through the
solar cell junction and reduces the voltage from the solar cell.

The characterization of the solar cells was performed in a 2-electrode setup on a
Princeton Applied Research PARStat 2273 potentiostat under 1 sun conditions. The voltage

was swept with a 50 mV s~ sweep rate.

IPCE measurement

During an incident photon to charge carrier conversion efficiency (IPCE) measurement the
current response of the solar cell is recorded in the function of the wavelength of the incident
light (technically external quantum efficiency measurement). IPCE measures how efficiently
the solar cell converts photons to charge carriers. Two types of quantum efficiencies can be
distinguished: external and internal. The difference is that internal quantum efficiency only
considers photons that are absorbed by the material and excludes photons that are reflected
or transmitted at a given wavelength.

The IPCE curve can be used to determine the overall current response of a device to
a given light source with known spectral distribution. By using the spectral distribution of
solar light (AM 1.5 100 mW cm™2) this should be equal to the jsc value determined from a
J-V curve (if the j-V sweep represents the true performance characteristics of the device). A
certain degree of discrepancy between the two measurements can be expected considering
that IPCE measurements are carried out at a single wavelength with much lower intensity
than one sun irradiation.[?°?l IPCE measurements were taken with a Newport Oriel Quantum

Efficiency Measurement System.
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4. Results and Discussion

4. Results and Discussion

4.1. Establishing the Electrochemical Stability Window of Perovskite
Electrodes

4.1.1. UV-vis Spectroscopic Studies of the Dissolution of CsPbBrs Electrodes

After screening a large pool of solvents and electrolytes, we concluded that DCM is a viable

candidate. Most perovskites are stable in this medium and it readily dissolves commonly
employed electrolytes. To probe the stability of the films, a series of UV-vis spectra were
recorded in pure DCM as well as in different DCM based electrolytes for a period of 60 min

(Figure 18). All absorbance spectra show a pronounced feature at 518 nm which

corresponds to the excitonic transition of CsPbBrs. After an initial absorbance increase,

where the film became cloudy and slightly opaque, the films began to dissolve.
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Figure 18. UV-vis absorbance spectra of FTO/TiO2/CsPbBrs films in different electrolytes,
after different immersion times. A: pure DCM, B: 0.1 M BusNBF4 in DCM, C: 0.1 M
BusNCIO4 in DCM, D: 0.1 M BusNPFg in DCM.

The normalized absorbance traces, measured at 518 nm, are compared in Figure 19

for the different electrolytes. The rate of dissolution is related to the complexing ability of
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the anions as well as the specific interactions between the different anions in the solution
and the cations in the perovskite lattice.[?932% The following definite trend was found in the
dissolution rate: BF4s > ClO4 >> PFg¢ . Based on these observations, we have chosen
BusNPFg for all further experiments. We note here that even trace amounts of water can
completely ruin the stability of these samples (in our experiments the water content was
always kept below 10 ppm). Therefore, electrochemical experiments involving lead halide
perovskites should be conducted in an inert environment. This can either be achieved by
performing measurements inside a glove box or inside a sealed electrochemical cell that has
been thoroughly purged. The latter option was used for all experiments discussed in my
dissertation. Additionally, the water content of both the pure solvents and the solutions needs
to be checked (e.g., by Karl Fischer titrations) and additional drying steps should be

employed if necessary.
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Figure 19. Normalized absorbance change at 518 nm of FTO/TiO2/CsPbBr3 electrodes in
different DCM based electrolytes. The error bars were derived from measurements on
three separate films.

4.1.2. Spectroelectrochemistry of CsPbBrs Electrodes

In the next step, two separate spectroelectrochemical experiments were carried out, where
the potential was scanned from the open circuit potential (OCP) value to both anodic (Figure

20) and cathodic directions (Figure 22).

46



Ph. D. Dissertation 4. Results and Discussion

1 4q
AMS (a)——1. cycle B 5 (a) 0ov Cn
(b) ——IL. cycle l{n)—gf&
" —— Il cycl ) — ~
§ « eree (@) —06V E °g
3 o 10 g o) —08V g =
E 3 (fl—10v £ g2 »
> a g (@—12V 3 ®
) g m—risv = directi P
2 015 H j @ 16y 2 scan direction g
3 b g 05 —8v 8 - g
z c 2 a R~ £
2 g oJfreeterntata 2
3 oo 3 (a) —— First oxidation halfcycle| <
00 a (o) —=—Absorbance @518 hm |
X r 0
0.0 04 08 12 16 400 500 500 700 300 00 03 08 09 12 15 18
Potential vs. Ag/AgCl |V Wavelength / nm Potential vs. Ag/AgCl / V

Figure 20. Spectroelectrochemical data, recorded for FTO/TiO2/CsPbBrs films in 0.1 M
BusNPFs/DCM electrolyte (10 mV st sweep rate). A: Three subsequent CV curves
recorded during oxidation B: UV-vis spectra recorded at various potentials during

oxidation. C: The first oxidation half cycle plotted together, with the absorbance change at
the excitonic peak.

Under positive (anodic) bias, the first oxidation wave was situated at +0.8 V,
followed by a second oxidation peak starting at +1.3 V. In fact, this second wave is a sum of
two peaks, as seen from the shoulder in Figure 20A. These redox events are reflected in
distinct changes that occur in the optical behavior shown in Figure 20B. To tie the optical
changes to redox events the first oxidation half-cycle was plotted together with the
absorbance change of the excitonic peak (Figure 20C). During oxidation, the absorbance
increased below 530 nm in the first oxidation step with the onset of ~+0.6 V. The absorbance
drastically decreased during the second step (onset ~+1.3 V). The shape of the initial
absorbance increase (i.e., difference absorbance spectrum) mirrors the initial spectrum of the
electrode (Figure 21A) which indicates that the perovskite structure is preserved in the film
even with a surface etching phenomenon occurring which causes the increase in absorbance
(Figure 21C). In addition, the absorbance increase (and opacity) witnessed upon immersion
into 0.1 M BusNPFs is also very similar (Figure 21B). Overall, we think that this absorbance
increase is not rooted in the formation of a new material, but in other physical factors (e.g.,

scattering) which enhances the absorption of the perovskite film.[2%]
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Figure 21. A: UV-vis absorbance spectrum of a FTO/TiO2/CsPbBrs film in 0.1 M
BusNPFe. Difference spectra after B: different immersion times and C: oxidation
treatment.
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As for the reduction, there was a single redox peak centered at —1.4 V, where notably
higher current densities were measured compared to the oxidative events (Figure 22A). As
a result of the reduction, there was a rapid decrease in the absorbance at the excitonic peak
characteristic to the perovskite material (Figure 22B and C). In parallel, there was an
increased non-characteristic absorption in the whole wavelength range, which was also

confirmed by the reflective metallic appearance of the film (Figure 23).
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Figure 22. Spectroelectrochemical data, recorded for FTO/TiO2/CsPbBr; films in 0.1 M
BusNPF/DCM electrolyte (10 mV s~ sweep rate). A: Three subsequent CV curves
recorded during reduction B: UV-vis spectra recorded at various potentials during

reduction. C: The reduction half cycle plotted together, with the absorbance change at
excitonic peak.

Figure 23. Photographs of FTO/TiO2/CsPbBrs electrodes treated at selected potential
values for 30 s.

4.1.3. Chemical Composition of Reduced/Oxidized CsPbBrs Electrode Surfaces

The question naturally comes, whether the peaks on the cyclic voltammograms in Figure
20A and Figure 22A correspond to Faradaic events (i.e., reduction of ions) or they are
simply related to electron and hole injection into the CB and VB, respectively; and thus,
represent band energy values. To probe the possible changes in the CsPbBrs structure, the
electrodes were polarizedatE=-1.4V,+0.8 V, and +1.5 V for 30 s in 0.1 M BusNPF¢/DCM
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solution. After carefully washing the electrodes with DCM and drying them in an Argon

stream, XPS measurements were carried out to analyze the chemical composition of the

surface. Several important trends can be revealed by the careful analysis of the XP spectra

(Figure 24): (i) the intensity of the Br-related signal decreased during all treatments and a

new species developed during the reduction; (ii) the F~ signal emerged upon oxidation and

this trend was more pronounced for samples treated at more positive potentials; (iii) in

parallel, a new electron-rich form of Cs* developed for the oxidized samples; and (iv) a new

form of oxygen arose in the reduced sample (in addition to the adsorbed oxygen moieties).
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Figure 24. High resolution XPS data for the FTO/TiO./CsPbBr3 electrodes treated at
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solution. A: Cs 3d, B: Pb 4f, C: Br 3d, D: F 1s, E: O 1s XP spectrum.
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Taking these trends together as a whole, we propose the following explanations. The
obvious reduction reaction is the formation of Pb at negative potentials (as also confirmed
by SEM-EDX analysis, shown later). Pb is partially re-oxidized to PbO upon air exposure
while preparing the electrode for XPS measurements, confirmed by both the Pb and O
signals. During oxidation, the Br- and Pb?* content is gradually lost due to the destruction
of the CsPbBrs structure. In parallel, the F~ content (with a binding energy typical for PFg")
increased significantly, suggesting the formation of CsPFs on the surface. This notion was
further confirmed by SEM-EDX, which proved the presence of P in the oxidized samples.
These trends are quantified in Table 3, where the surface composition of the various samples
is presented. The larger dispersion in the case of the reduced electrodes further confirmed

the inhomogeneity of these samples, to be shown later on the SEM images.

Table 3. Compositional analysis of the surface of the electrochemically treated
FTO/TiO2/CsPbBrs electrodes using XPS. The standard deviation values were derived
from analyzing XP spectra captured from three different spots of the sample.

| Sample | Br/at% | Cs/at% | _Pb/at%

As-is 59.9+0.6 22.6+1.0 17.5+£0.4 0
Reduced (-1.4V) 40.7£2.7 20.6+£0.8 269+5.7 11.8+7.5
Oxidized (0.8 V) 222+1.8 159+£1.0 8.4+0.7 53.6+2.1
Oxidized (1.5V) 96+1.0 143+0.5 52+09 71.0£ 1.5

To further quantify the above-mentioned trends, we deconvoluted the spectra in
Figure 24, which allowed for quantitative analysis of the surface composition, and
specifically to determine the amount of the various species. For example, upon the oxidation
of CsPbBrs, we assume the formation of CsPFs. By analyzing the Cs 3d region, two distinct
species were identified. By assigning the ones at 738.3 eV and 724.3 eV to CsPbBr3 and the
ones 739.6 eV and 725.2 eV to CsPFs, we calculated the theoretical Br-, F~ and Pb?* content
(Table 4). As seen in Table 4, a very good match was found between the measured and

calculated data.
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Table 4. Compositional analysis of the surface of the FTO/TiO2/CsPbBr3 electrodes
oxidized at selected potential values using XPS.

Ig:::le(ri l;s:lé:,::o sz:l:::,t':o Average CsPFg / | Calculated | Measured | Calculated | Measured | Calculated | Measured
6 3 o
/ at% (739.3eV) | (725.2eV) CsPFg /% at% F/at% F/at% Br [ at% Br [ at% Pb /at% Pb /at%
Oxidized

7.2 42.9 53.6 26.1 22.2 8.7 8.4

Eeosy 159 488% 412% 450

lsy 143 812% 667% 739 106 634 71 111 96 37 5.2

4.1.4. Structural Changes of Reduced/Oxidized CsPbBrs Electrodes

To further confirm the above conclusions, XRD analysis was also performed. We note that
we consider XPS analysis to be more informative, due to the very small thickness of the
films employed in this study. In addition, because of the complexity of the system, and the
large number of possible corrosion products, there are notable overlaps among the various
diffractions. Because of these two factors, we only make qualitative conclusions, which are
in line with the XPS data presented above. Figure 25 shows the XRD patterns of
FTO/TiO2/CsPbBrs electrodes, held at the same potential values as those presented in Figure
24.
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Figure 25. A: XRD patterns for the FTO/TiO2/CsPbBrs electrodes treated at selected
potential values (as is, —1.4 V, +0.8 V, +1.5 V) for 30 s in 0.1 M BusNPF¢/DCM solution.
The peaks marked with # represent overlapping diffractions of CsPbBrz and the FTO/TiO>

substrate. B: Magnified regions of the diffraction patterns of the samples held at —1.4 V
and +0.8 V. The peaks marked with * belong to the untreated FTO/TiO2/CsPbBr3
electrodes.

The characteristic diffraction peaks of CsPbBrs were identified on all diffractograms
at15.3°,21.7°, 26.6°, 30.8 °and 33.8 ° 2 theta values.[”® Upon oxidation, a gradual decrease
was witnessed in the intensity of these diffractions (Figure 25A), although because of the

overlap of several diffractions this is not trivial for the first view. In addition, low intensity
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diffractions related to CsPFe developed at 2 theta = 21.6 °, 30.7 ° and 36.4 ° (PDF: 00-034-
0506). Note that the elemental composition, deduced from XPS data, semi-quantitatively
confirmed the formation of CsPFe. A substantial decrease in the intensity of the diffractions
associated with CsPbBr3 was seen as a result of the cathodic treatment. In addition, PbO-
related diffraction peaks appeared (PDF: 00-085-1288), suggesting that the formed Pb is
readily re-oxidized to PbO upon air exposure.?%l Based on the above observations, the

plausible reactions (12)-(14) are summarized below:

Oxidation: CsPbBr; = PbBr, + Cs* + 0.5Br, + e~ (12)
PbBr, - Pb?* + Br, + 2e~ (13)
Reduction: CsPbBr; + 2e~ - Pb + Cs* + 3Br™ (14)

To validate that the observed chemical changes are a direct consequence of the redox
events identified on the voltammetric scans (Figure 20A and Figure 22A), control
measurements were carried out at milder conditions, of which —0.4 V, +0.4 V, and simple
immersion (i.e., no electrical bias was employed) were chosen. As seen in Figure 26, there
was no change when the electrode was placed into the solution and when only moderate bias
was employed. Most importantly, only negligible amounts of F~ was detected (due to
physisorbed PF¢), and the Br, Cs, Pb, and O elements were of identical chemical nature to

those in the pristine sample (Figure 26).
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Figure 26. High resolution XPS data for the FTO/TiO2/CsPbBr3 electrodes, treated at
selected potential values (OCP, —0.4 V, and +0.4 V) for 30 s in 0.1 M BusNPFs/DCM
solution. A: Cs 3d, B: Pb 4f, C: Br 3d, D: F 1s, E: O 1s XP spectrum.

The quantitative surface composition analysis also supported these qualitative

observations (Table 5).

Table 5. Compositional analysis of the surface of the mildly treated FTO/TiO2/CsPbBrs3
electrodes using XPS.

Pb / at%

Immersed 533+1.2 23.6+1.6 16.3+0.7 69+1.9
Oxidized (0.4 V) 52.84+0.4 21.6+0.8 16.6+1.6 90+1.1
Reduced (-0.4 V) 56.7+ 0.6 24.0+0.1 16.4+0.8 30+1.5
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4.1.5. Morphological Changes of Reduced/Oxidized CsPbBrs Electrodes

Morphological changes that occurred during the redox events were visualized using SEM
and SEM-FIB (to capture side-view images). The pristine sample adopts a granular
morphology typically seen for CsPbBrz and it remains almost intact under mild

electrochemical conditions (Figure 27).

Figure 27. SEM images for the FTO/TiO2/CsPbBr3 electrodes treated at selected potential
values (A: OCP, B: +0.4 V, and C: —0.4 V) for 30 s in 0.1 M BusNPFe¢/DCM solution.

The top view and cross-section images are compiled in Figure 28. When the
electrodes were exposed to more extreme electrochemical conditions (under the same
circumstances as the samples discussed above), notable changes happened. Upon reduction,
the particulate morphology disappeared, and a compact film was formed at certain areas of
the electrode (Figure 28B and Figure 29). At lower magnification, we could even observe
formation of dendrites. EDX analysis confirmed that the dendrites are made of Pb (Figure
29). During oxidation, rectangular particles were formed, which grew with the increasing
potential (Figure 28C and D). For the sample held at +1.5 V bias potential, the underlying
mesoporous TiO2 became visible because of the destruction of the original perovskite film
(Figure 28D). What is common in all cases is that the initial compact film turned into a
porous one. Thus, the applied potential impacts the morphology to a different extent (Figure
28E-H). The side-view images provide similar insights: (i) the CsPbBr3 disappears at certain
areas and the TiO» becomes visible, (ii) a hollow structure is formed upon oxidation (Figure

28G and H), due to the dissolution of the perovskite.

54



Ph. D. Dissertation 4. Results and Discussion

Figure 28. SEM images of CsPbBr3 films both from top and side views. A, E: pristine, B,
F: reducedatE = —1.4V, C, G: oxidized at E = +0.8 V, D, H: oxidized at E = +1.4 V. All
treatments lasted 30 s in 0.1 M BusNPFe/DCM solution.
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Figure 29. SEM image and EDX data recorded for a FTO/TiO2/CsPbBrs electrode treated
atE=-1.4Vfor 30sin 0.1 M BusNPF¢/DCM solution.

4.1.6. Spectroelectrochemistry of PbBr2 Electrodes

To better understand the nature of these redox transformations, control experiments were
carried out with FTO/TiO2 and FTO/TiO2/PbBr: films (Figure 30). The PbBr, was more
resistant towards oxidation, as the FTO/TiO2/PbBr, was stable up to +1.6 V (vs. +0.7 V in
the case of CsPbBrs). This suggests that only the third oxidation peak in Figure 20A is
related to either PbBr» or the substrate, while the other two waves (at less positive potentials)
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are characteristic to CsPbBrs. As for the reduction, a more interesting trend was seen: the
CsPbBrz was more stable than PbBr», as this latter was reduced at 450 mV less negative

potential.
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Figure 30. Three subsequent CV curves recorded in 0.1 BusNPFs/DCM solution (10 mV
s~1 sweep rate), during the A: oxidation and B: reduction of the PbBr- films deposited on
FTO/TIO> electrodes. UV-vis spectra recorded during C: oxidation and D: reduction
processes.

4.1.7. UV-vis Spectroscopic Studies of the Dissolution of CHsNHsPbls Electrodes

To see whether the observed behavior is unique to CsPbBrs or it is more general, we
extended our study to MAPDI3. Largely, the stability of the films was worse in all electrolytes
studied in the present investigation (Figure 31 and Figure 32). The initial absorbance
increase (and any opacity), however was not seen in this case. This is a major difference in
the behavior of the two perovskite-based electrodes, which may be rooted in the increased
sensitivity of iodide based perovskites. Since the stability, obtained in 0.1 M BusNPFe
solution was still not ideal, the electrolyte concentration was decreased to 0.01 M through

which a reasonable lifetime was ensured (Figure 31E)
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Figure 31. UV-vis absorbance spectra of FTO/TiO2/MAPDbIz films in different electrolytes,
after different immersion times. A: pure DCM, B: 0.1 M BusNBF4 in DCM, C: 0.1 M
BusNCIO4 in DCM, D: 0.1 M BusNPFg in DCM, E: 0.01 M BusNPFg in DCM.

The normalized absorbance traces, measured at 470 nm are compared in Figure 32

for the different electrolytes. A similar trend was found for the complexing ability of the

used anions as in the case of CsPbBrs films.
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Figure 32. Kinetic curves of the normalized absorbance change at 470 nm, recorded for
FTO/TiO2/MAPDIs in different DCM based electrolytes. The error bars were derived from
the measurement of three separate films.

4.1.8. Spectroelectrochemistry of CHsNHsPbls Electrodes

The observed degradation trend at both positive and negative bias, was the same as in case
of the CsPbBrs. Spectroelectrochemical studies revealed two oxidation- and one reduction
steps, at E = +0.8 V, +1.1 V, and —0.75 V, respectively (Figure 33). Careful inspection of
the cathodic wave revealed a shoulder at E =—0.95 V. These redox events were coupled with
a massive decrease in the absorbance related to the dissolution of MAPDI3, and the
degradation rate was especially high during reduction (Figure 33B and Figure 34).
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Figure 33. Spectroelectrochemical data, recorded for FTO/TiO2/MAPDI; films in 0.1 M
BusNPFe/DCM solution (10 mV st sweep rate), during the first A: oxidation and B:
reduction half cycles together with the absorbance changes at 470 nm.
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Figure 34. Three subsequent CV curves recorded during the A: oxidation and B: reduction
of FTO/TiO2/MAPbI; electrodes in 0.01 BusNPF¢/DCM solution (10 mV st sweep rate).
UV-vis spectra recorded during the first C: oxidation and D: reduction half-cycle.

4.1.9. Spectroelectrochemistry of Pbl2 Electrodes

Similarly to the previous example, control experiments were carried out with the Pbl, films

(Figure 35). Interestingly, Pbl, was less resistant to oxidation compared to MAPbls. Pb?*

was reduced at the same potential in case of both films (see Figure 34B and Figure 35B),

indicating the similar chemical nature of Pb?* in the two compounds.
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Figure 35. Three subsequent CV curves recorded in 0.1 BusNPFs/DCM solution (10 mV
s~ sweep rate), during the A: oxidation and B: reduction of the Pbl2 films deposited on
FTO/TiO: electrodes. UV-vis spectra recorded during the first C: oxidation and D:
reduction half-cycles.

4.1.10. Potential Diagram of Optically Active Perovskite Electrodes

Taking the above results together, we constructed a potential diagram (Figure 36) to
compare the potentials of the various redox events, deduced from the spectroelectrochemical
studies. The position of the redox events was always calculated from the onset potential of
the redox waves. The band edge positions of the perovskite materials were obtained from
previous literature data, and serve semi-quantitative comparison, because the film
preparation methods were not identical.?"2%1 This representation, together with the
previously demonstrated structural analysis, allows to answer the initial question of whether
the currents measured during the voltammetric curves are related to charge carrier injection
into the materials and/or to real Faradaic events. As for CsPbBr3, a good match can be
revealed between the potential of the reduction peak and the CB edge; as well as the second
oxidation peak and the VB edge. More interestingly, the first oxidation event occurs at a less
positive potential than the VB, meaning that the CsPbBrs is irreversibly oxidized before hole

injection could take place. Based on all the evidences gathered in this study, these potential
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values should be considered as cathodic and anodic corrosion potentials, respectively. There
Is a comparable situation in the case of MAPDI3, but here the second reduction peak matches
the potential of the CB. This means that an irreversible chemical transformation occurs
before the CB could be populated with electrons. These observations highlight the difference
between the solar- and electrochemical cell scenarios because in a solar cell, the
photogenerated holes (in the case of CsPbBrs) and the electrons (in the case of MAPDI3) do
not corrode the electrode material as they are transferred quickly to ETL and HTL. If not
scavenged quickly, these electrons and holes can induce degradation based on the energy
levels illustrated in Figure 36. Addition of an electron acceptor (redox mediator) to the

solution can also increase the stability in a similar manner.!*54
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Figure 36. Comparison of the band edge positions and the potential of various redox
events detected for the studied two lead halide perovskites.

4.1.11. Best Practice for Electrochemical Experiments

To conduct electrochemical studies with metal halide perovskites in a reliable manner, the
experiments need to comply with the basic principles of electrochemistry. One needs to
make a careful choice of solvent, electrolyte, and electrochemical window to ensure the
stability of the electrode within the timeframe of the experiment. Given the sensitivity of
perovskite films to polar solvents, one needs to exercise caution while drawing conclusions
from the studies performed in aqueous media.[*%817% |t should also be noted that conclusions

obtained with certain special electrolytes, such as Li* or reversible redox couplest?*®l which
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are pertinent to certain specific applications, cannot be simply generalized. The researchers
should provide data to support the stability test by monitoring the absorption and/or surface
spectroscopy measurements before and after electrochemical measurements. This is the only
way to ensure that the observed redox processes are chemically reversible. However, there
is a safe electrochemical window to conduct electrochemical experiments. One should be
able to conduct electrochemical or spectroelectrochemical experiments by adopting the
conditions presented in Table 6.

In addition to the experimental considerations, careful analysis of the results is
equally important. First of all, the electrochemical process behind the measured redox waves
must be clearly identified to draw meaningful conclusions. It should be decided whether the
current response reflects a chemical (Faradaic) process or simple charging/discharging (i.e.,
electron or hole injection). If it is a chemical process, one should study its chemical and
electrochemical reversibility. Similarly, it should be clarified whether it is a redox process
limited by mass-transport from the solution or a surface confined one. If there is certainly no
process other than charge injection, then voltammetric curves can be employed to determine
band edge positions. Similarly to organic semiconductors?®, however, the onsets of the
redox peaks*> and not the position of the peak maximal*®! have to be correlated with the
respective band edge positions. Finally, during prolonged experiments migration of mobile
ions within the perovskite structure might also happen thus complicating the picture even

further.[24

Table 6. Parameters to conduct (spectro)electrochemical experiments.

CsPbBr, MAPbI,

Electrochemical window -1.0-+0.6 V vs Ag/AgCl -0.65 —+0.55 V vs Ag/AgCl

Solvent DCM DCM

Electrolyte BuyNPF, <0.1 M Bu,NPF,, <0.01 M

Time Window (maximum) Two hours One hour

Electrode Substrate FTO, FTO/Ti0O,, glassy FTO, FTO/Ti0,, glassy
carbon carbon
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4.2. Ultrafast Transient Spectroelectrochemistry of Perovskite
Photoelectrodes

The stability of CsPbBrs films in DCM and the BusNPFs electrolyte has enabled us to
conduct electrochemical and spectroelectrochemical measurements on this system. The
oxidation and reduction onset were found around +0.65 and —1.2 V vs. Ag/AgCl,
respectively for this system (Figure 20C and Figure 22C). The inactivity of CsPbBr3 film
between these two onsets offers an electrochemical window to carry out
spectroelectrochemical measurements. Thus, a potential window of —0.6 to +0.6 V vs.
Ag/AgCIl was selected for spectroelectrochemical investigations of FTO/CsPbBrs and
FTO/TiO2/CsPbBrs electrodes. The absorption spectra recorded before and after the
electrochemical cycling within this window showed little changes in the absorption spectra
(Figure 37).
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Figure 37. A: Time vs. applied potential curve recorded during electrochemical stability
measurements. The potential was ramped from —0.6 V to +0.6 V and then back to —0.6 V.
B: Time vs. the normalized absorbance at 518 nm (excitonic peak) of the
FTO/TiO2/CsPbBrsfilm used for the electrochemical stability test. C: Absorbance spectra
of the FTO/TiO2/CsPbBrz film before and after the cycling of applied bias.

4.2.1. Transient Absorption of CsPbBrs with Applied Bias

The low exciton binding energy facilitates charge separation following the bandgap
excitation of perovskites. The charge separation and charge recombination process in metal
halide perovskite films can be readily probed through TAS.[29:93:96.212-215] The time-resolved
spectra of a FTO/TiO2 /CsPbBrs electrode recorded without applied bias is shown in Figure
38. The disappearance of the excitonic band as indicated by the bleaching at 520 nm
represents charge separation. With increasing time, the bleaching at 520 nm recovers as the

photogenerated electrons and holes recombine.[?'?
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Figure 38. Difference absorption spectra of an FTO/TiO2/CsPbBr; film measured A: in

vacuum (without electrolyte) and B: in DCM containing 0.1 M BusNPFs electrolyte (with

electrolyte) under OCP conditions (no external bias was used). C: Respective bleaching
recovery profiles recorded in the two different media.

Figure 39 shows the time-resolved TA spectra of FTO/TiO2/CsPbBrs electrodes
while being held at four different applied potentials. The significant feature emerging from
these spectra is the effect of applied potential on the shape of the spectra during bleaching
recovery. The time-resolved spectra recorded at —0.4 and +0.4 V show very similar features
to those recorded in the absence of applied bias (Figure 39A and B). Thus, qualitatively,
the applied bias has no effect on the spectral evolution of transients in this potential regime.
On the other hand, the spectra recorded at extreme cathodic (—1.2 V) and anodic (+1.0 V)
potentials show variation in the spectral features with recovery time (Figure 39C and D).
In addition, the maximum bleaching intensity is significantly diminished. Thus, at these
extremes a major fraction of the perovskite has degraded and become non-responsive to
excitation. These discrepancies in the TAS reaffirm the instability of the perovskite film at
these electrochemical bias potentials (in close agreement with the previously shown
electrochemical results). Thus, in any electrochemical experiment involving metal halide
perovskites one should exercise additional care so that the film is not subjected to irreversible

reduction or oxidation.
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Figure 39. Time resolved transient spectra recorded following 387 nm laser pulse
excitation (4 cm~2) of FTO/TiO2/CsPhBrs3 electrode in a spectroelectrochemical cell
with deaerated DCM containing 0.1 M BusNPFs electrolyte. The spectra were recorded at
applied potentials of A: +0.4V; B: —0.4V; C: +1.0 V and D: —1.2 V vs. Ag/AgCI.

4.2.2. Effect of Electrochemical Bias on the Charge Carrier Recombination

To further probe the effect of electrochemical bias on the charge carrier recombination in
CsPbBr3 films the bleaching recovery (520 nm) was monitored at several different potential
values between —0.6 V to +0.5 V vs. Ag/AgCl (Figure 40). As discussed in previous studies,
upon laser pulse excitation the bleaching recovery follows simple second order decay.[?'?]
Given the equal concentration of electrons and holes, one expects a linear relationship
between reciprocal of concentration of charge carriers (monitored with AA) and time. The
contribution of trapped charge carriers at high excitation intensity becomes negligible.[?6]
Also similar magnitude of bleaching was maintained (AA = —0.25 at 520 nm) so that the
initial charge carrier concentration is the same for all sets of measurements. The bleaching
recovery profiles recorded at different applied potentials and the fitting of the data to second

order kinetics (1/AA versus time) are shown in Figure 40A and Figure 40B respectively.
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Figure 40. A: Bleaching recovery profiles, B: kinetic fit 1/AA vs. time and C: relative
pseudo first order rate constants determined from the slope of plots in B with the dashed
line to guide the eye (The magnitude of bleaching was kept constant at AA = —0.25 for all
these experiments so that initial charge carrier concentration is same in all experiments).
The applied potentials range was between —0.6 and +0.6 V vs. Ag/AgCl.

The straight-line plots of 1/AA versus time confirm the validity of second order
kinetics at all applied potentials. Since the initial carrier concentrations were kept similar in
all these bleaching recovery experiments, the slopes can be directly compared to obtain
relative rate constants or lifetimes of charge carriers. At negative applied potentials, the
bleaching recovery exhibits kinetics similar to that recorded in the absence of applied bias.
The apparent rate constant k (pseudo first order) obtained from the slope was ~2.5 -10° s*
and is not influenced by the applied bias significantly.

The pseudo first order rate constants measured at different applied potentials showed
an interesting trend as the applied bias was increased from —0.6 V to +0.6 V in steps (Figure
40C). At 0.0 V and more negative potentials the rate constant of charge carrier
recombination showed little variation. On the other hand, at anodic bias (more positive than
0.0 V vs. Ag/AgCl) faster decay kinetics was observed. An increase by a factor of three in
the bleaching recovery rate constant was seen as the applied bias was increased to +0.6 V.
Since electrons are depleted from the TiO2 layer under anodic bias, one can expect an
additional pathway for photogenerated electrons to participate in the charge injection into
TiO2 film (ker). The competing charge injection process thus renders faster bleaching
recovery at anodic bias. These observations are consistent with the mechanism of charge

injection from excited molecular sensitizer into TiO> that is influenced by the applied
bias.[217'218]

4.2.3. Reversibility of Bleaching Recovery Kinetics to Applied Bias

It is imperative to check whether the observed effect of applied electrochemical bias on the
bleaching recovery rate constant was reversible. In another, separate experiment the TA

spectra were recorded under a forward scan (—0.6 V to +0.5 V) followed by a reverse scan
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(+0.5 V to —0.6 V). The lifetimes derived from the inverse slope of 1/AA versus time plots
are taken as a measure for comparison. These apparent lifetimes obtained at set potentials

during forward and reverse scans are presented in Figure 41.
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Figure 41. Dependence of bleaching recovery lifetime determined from the inverse slope of
the kinetic fit of 1/AA vs. time. Measurements were carried out with FTO/TiO2/CsPbBr;
electrodes in deaerated DCM containing 0.1 M BuyNPFs electrolyte. The electrodes were

biased at set potentials in the range —0.6 V to +0.5 V vs. Ag/AgCl and excited with 387 nm
laser pulse to record time resolved TA spectra.

The decay profiles recorded at a set potential during forward and reverse scans
showed the same trend of dependence on the applied bias. Overall, the trend of decreasing
lifetimes with increasing positive bias follows the same trend as that seen in Figure 40.
There seems to be a small hysteresis in the measured lifetimes when the scan is reversed.
Additionally, spectra taken from both the forward and reverse scans show no change in the
shape of the features seen in the TA spectra (Figure 42).
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Figure 42. Difference absorption spectra of an FTO/TiO2/CsPbBrs; film at different
applied potentials on a forward and reverse scan. Spectra are shown for A: —0.4V
forward; B: 0.0 V forward; C: +0.4 V forward; D: —0.4 V reverse; E: 0.0 V reverse; F:
+0.4 V reverse. The same film was used for all measurements seen here. However, the film
was moved to different positions so that degradation due to the pump laser pulse would not
occur.

To check the hypothesis that the electron accumulation in TiO- films increases the
lifetime of photogenerated electrons, spectroelectrochemical experiments were carried out
with FTO/CsPbBr3 films (i.e., without TiOz layer). Interestingly the bleaching recovery was
not influenced by the applied electrochemical bias (at least within the studied time-range).
The bleaching recovery lifetime remains unchanged at applied potentials in the range of —0.4
V — +0.5 V vs. Ag/AgCI (Figure 41). These experimental results further elucidate the role

of TiO2 in influencing the charge carrier recombination processes in perovskite films.
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Figure 43. Dependence of bleaching recovery lifetime determined from the inverse slope of
the kinetic fit of 1/4A4 vs. time. Measurements were carried out with FTO/CsPbBr3
electrodes in deaerated DCM containing 0.1 M BuyNPFs electrolyte. The electrodes were
biased at set potentials in the range —0.4 V to +0.5 V vs. Ag/AgCl and excited with 387 nm
laser pulse to record time resolved TA spectra.

4.2.4. The Influence of TiO2 Layer on Bleaching Recovery Lifetime

The results presented in Figure 40 and Figure 41 show the decrease in bleaching recovery
time as we subject the FTO/TiO2/CsPbBrs electrode to anodic (positive) bias. Since the
bleaching recovery is indicative of the charge separation, one can relate the measured
lifetime to electron survivability following bandgap excitation of the perovskite film. The
band energy diagram in Figure 44 shows a possible scenario of Fermi level changes during
open circuit and electrochemical bias conditions. Mesoscopic TiO2 layer, which is in contact
with perovskite films, responds to applied bias by accumulating electrons under negative
bias or depleting electrons under positive bias. Earlier studies carried out with TiO> films
alone or dye sensitized SnO> films have shown the electron accumulation under negative
bias.[?1%2201 The electron depletion in TiO: films under positive bias has pronounced effect
on the charge injection rate from excited Ru(ll) polypyridyl complex to metal oxide
films.[217218] A similar scenario is expected to emerge when a FTO/TiO2/CsPbBrs electrode
is subjected to electrochemical bias. If the TiO> film has excess electrons, as in the case of
negative applied bias, we see suppression of electron transfer from excited perovskite to
TiO2. Hence charge carrier recombination is the only process dictating the carrier lifetime.
On the other hand, under anodic bias, the electron transfer from excited CsPbBrs to TiO> is
greatly favored and this process now competes with recombination with holes. As a result,
the bleaching recovery rate constant increases (or lifetime decreases) as the
FTO/TiO./CsPbBrs electrode is subjected to positive bias.
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Figure 44. Schematic diagram illustrating the band energies and the Fermi level response
to applied bias. The charge transfer from excited perovskite to TiO2 (ket) competes with
the charge recombination (ki) is influenced by the electron accumulation (or depletion)

during electrochemical bias

The role of mesoscopic TiO> film in PSCs remains an intrigue. PSCs can perform
well without the presence of a TiO2 mesoscopic layer. For example, planar MaPblz based
solar cells with a different ETL (e.g., fullerenes) can deliver efficiencies in the range of
20%.[2212221 'yet the champion cells that utilize mesoscopic metal oxide architecture exhibit
superior performance.??l Thus the role of TiO; as an ETL that captures electrons from
excited CsPbBrs seems to play an important role in delivering superior device performance.
The influence of electron accumulation (or depletion) on the charge recombination rate is a
good indication why higher efficiencies are observed in photovoltaic devices containing
mesoscopic TiO> films.

It has been a common practice to manipulate the j-V characteristics through light
soaking or applying cathode bias.[??/ The PSCs show higher efficiency as the cells pretreated
with cathodic bias (or light soaking) exhibit higher photovoltage. Under these pretreatment
conditions electron accumulation occurs in the TiO> film as reflected from a small increase
in photovoltage. In a previous report on best practices in solar cell characterization, it was
demonstrated that an improvement in power conversion efficiency can be observed for a
poorly performing solar cell through pretreatment of a negative bias.*!! Indeed the
spectroelectrochemical experiments show the effect of cathodic bias on increasing the carrier
lifetime. More generally, the in-situ electrochemical TAS measurement can be a useful tool
to probe the electron injection process from the excited perovskite film to the ETL, and thus

allow a convenient evaluation of different perovskite/ETL pairs.
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4.3. Light-Induced Phase Segregation in Mixed Halide Perovskite Solar
Cells

4.3.1. UV-vis Spectroscopic Monitoring of Phase Segregation in CHsNH3sPbBrislis
Solar Cells

Two sets of MAPbBrisl1s solar cells were prepared, one with a partial assembly excluding
the top gold contact (Figure 12B) and the other complete solar cell assembly (Figure 12A)
using the same mixed halide perovskite deposition on a mesoporous TiO2 film. The
methylammonium lead halide films were cast using the stoichiometric composition with Br:l
ratio of 1:1. The partially assembled cell was used for absorption measurements. The
absorption spectra recorded before and after 30 min irradiation with visible light (100 mW
cm2) are shown in Figure 45A. The decrease in absorbance at 620 nm suggests the
disappearance of the mixed halide phase. The concurrent increase in the absorption at shorter
and longer wavelengths represents the formation of bromide- and iodide-rich phases. To
better visualize this process the difference absorption spectra were recorded (seen in Figure
45B) during the dark recovery. In about three hours, an almost complete recovery of the
mixed halide phase can be observed. The exact nature of the absorption changes and

recovery can be found in earlier studies on similar thin films.[*47:148]
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Figure 45. A: Absorption spectra of mixed halide perovskite film (a) before and (b) after
irradiation for 30 minutes. Spectrum (c) shows dark recovery after three hours. B:
Difference absorption spectra after 30 min light soaking shows dark recovery.
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4.3.2. Effect of Phase Segregation on the Efficiency of CH3sNHsPbBrislis Solar Cells

The next step was to evaluate the photovoltaic performance of fully assembled solar cells.
The j-V characteristics are shown in Figure 46A. The champion cell that was tested for these
measurements yielded a power conversion efficiency of 4.4 %, an Voc of 1.04 V and jsc of
6.4 mA cm2, together with a FF of 66 %. The cell was then subjected to visible light
irradiation (100 mW cm™2) for 30 minutes under open circuit conditions. This allowed us to
induce halide ion segregation through visible light excitation (identical to the conditions in
Figure 45). Upon evaluation of j-V curves of the irradiated cell (Figure 46A), a significant
decrease in the solar cell performance was found with Vo of 0.91 V and Jsc of 4.2 mA cm ™2
resulting in a net photoconversion efficiency of 1.4 %. This phenomenon was also

observable for different cells irradiated for 15 and 30 min (as seen in Figure 46B).
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Figure 46. A: j-V curves of the champion cell (a) in dark, (b) before light soaking, and (c)
after light soaking for 30 minutes. B: Effect of 15 minute and 30 minute light soaking on
the performance of four MAPBBr1sl15 perovskite based cells. The measured
photoconversion efficiency before and after light soaking presented in the figure show the
effect of light soaking on the photovoltaic performance.

4.3.3. Effect of Phase Segregation on the Quantum Efficiency of Solar Cells

We also recorded IPCE data at different times as the cell recovered in the dark (Figure 47A).
After inducing phase segregation, a dark current was observed (related to the structural
recovery), which distorted the IPCE curves. Employing a 420 nm filter between the sample
and the light source, the dark current could be recorded in the initial regime. Based on these

data proper baseline subtraction was applied to all IPCE curves.
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Figure 47. A: IPCE of mixed halide PSC (a) before light soaking and (b) — (f) during dark
recovery following 30 min light soaking. A 420 nm cut-off filter was used for IPCE
measurements and residual dark currents were corrected for IPCE measurements. B:
Difference IPCE spectra showing the recovery of the solar cell response in the 500-700 nm
region. (The spectra were normalized at 470 nm and the IPCE recorded before the
continuous irradiation was used as the reference.)

The IPCE data recorded immediately after 30 min irradiation shows a nearly 50%
drop in the IPCE values. The IPCE recovered slowly as the cell was left in the dark. Almost
90% of the recovery was seen in 36 hours. This recovery time is significantly longer than
the recovery timescale witnessed in the absorption spectra (Figure 48). Based on this, one
can conclude that at the later stages of the recovery process (after 60 minutes from Figure
45B) there is no difference in the light absorption and charge carrier generation processes in
the recovering devices. The slower recovery in their electronic properties can be mainly
attributed to the hindered charge carrier extraction from the devices. This suggests it takes

longer time to alleviate residual traps than the recovery time of the overall absorption.
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Figure 48. Recovery traces recorded after light soaking of MAPbBr1 5115 based solar cells
for 30 minutes (a) the recovery of the bleaching (observed at 620 nm) using a partially
assembled cell and (b) the overall IPCE recovery of a complete cell.
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Upon closer examination, a change in the shape of the IPCE curves of 30 min
irradiated cell can be seen, compared to the data recoded prior to irradiation. The drop in the
IPCE response at longer wavelengths appears to be greater than that at shorter wavelengths.
To obtain a closer look at this phenomenon, difference IPCE at different recovery times were
recorded following normalization (Figure 47B). The difference IPCE recorded immediately
after the 30 min irradiation of the solar cell shows depletion in the 550-680 nm region with
a maximum around 620 nm. This depletion in IPCE matches closely to the decreased
absorbance seen in the absorption spectrum after irradiation. This result confirms that the
loss of contribution in the IPCE at longer wavelengths arises from the fraction of mixed
halide that is lost in the segregation process. As the recovery process in the dark progresses,
this depleted IPCE (500-670 nm) region recovers. This recovery of IPCE performance
parallels the reversibility seen in the photoinduced segregation (see for example Figure 45A
and B). It is important to note that the irradiated MAPDI3 solar cells do not show such loss
of IPCE response in the red region (see Figure 49).
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Figure 49. Difference IPCE recorded for MAPDbI3 based solar cell irradiated for 30
minutes (the IPCE data were normalized at 450 nm).

The observed decrease in IPCE following the 30 min irradiation of mixed halide film
arises from the halide ion segregation and not from the film degradation (see the recovery of
the absorption properties of the solar cells). Previous studies showed that low lying I-rich
phase serves as a sink for photogenerated electrons and holes.'*1 As a result of this
accumulation, a prominent emission is seen, arising from the I-rich phase in the
photoirradiated films. The gain in the IPCE at wavelengths greater than 700 nm is rather
small and cannot account for the loss we see in the 500-670 nm region. This discrepancy can
be attributed to the halide ion segregated domains within the film which block the flow of

charge carriers. While the CBs of mixed halide and segregated phases are isoenergetic, the
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VBs show an energy gradient causing I-rich region to favor the hole accumulation (Figure
50). The I-rich domains thus serve as recombination centers resulting in an eventual decrease
in the IPCE and the overall photoconversion efficiency.[#8%147] As the mixed films recover

in the dark, these recombination centers are removed and we see the recovery of photovoltaic

performance.
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Figure 50. Schematic representation of phase segregation in mixed-halide (MAPbBrysl15)
solar cells, and its effect on the charge collection of such devices.
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4.4. Electrosynthesis of PEDOT Hole Transporter Layer on
CHsNH3Pblz Electrodes

4.4.1. Spectroelectrochemistry of PEDOT Deposition on CHsNHsPbls Electrodes

To monitor the optical changes during electrodeposition, FTO/TiO2/MAPbIs electrodes with
a thin MAPDI3 layer were fabricated (Figure 12C). In the previous section we established
that in 0.1 M BusNPF¢/DCM electrolyte, the MAPbDI3 layers remain intact (less than 10%
degradation) for around 10 minutes (Figure 32). Note that it was not possible to employ
lower electrolyte concentration in this case, because the conductivity of the solution had to
be also considered. Furthermore, it had to be ensured that the MAPDI3 layer remains intact
during the oxidative electropolymerization. Interestingly, MAPbI3 layers proved to be more
resistant to oxidation than reduction (Figure 33). However, EDOT cannot be used as the
polymerization precursor, because its polymerization potential would exceed the
electrochemical stability window of MAPDIs. To circumvent this issue bis-EDOT was used
instead, which in turn allowed the oxidative electropolymerization of PEDOT without
degrading the MAPbIs layer. The polymerization potential can be effectively lowered by
using the dimeric unit of a conducting polymer instead of the monomeric unit, caused by the
increased conjugation length of the dimer.[?%°]

To determine the electropolymerization potential of bis-EDOT on
FTO/TiO2/MAPDIs electrodes, in situ spectroelectrochemical experiments were carried out
(Figure 51A-C). The gradual growth of PEDOT was observed during potentiodynamic
deposition, indicated by the increasing capacitive current in the range of 0.0 V — +0.6 V
(Figure 51A). The peak at 450 nm on the UV-vis spectrum could be attributed to EDOT
oligomers (in the solution) and the broad absorbance between 500 — 800 nm to the formation
of the PEDQOT layer (Figure 51B). To determine the polymerization potential of bis-EDOT
on this architecture, the first polymerization half cycle was plotted together with the
absorbance increase at 700 nm in Figure 51C. A sharp rise in the current at +0.7 V was
observed, which was accompanied by the absorbance increase at 700 nm, confirming the

polymerization of bis-EDOT.
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Figure 51. A: Potentiodynamic deposition of PEDOT with 25 mV s™* sweep rate in a 0.01
M bis-EDOT, 0.1 M BusNPFs DCM solution on a solar cell architecture (FTO/bl-
TiO2/mp-TiO2/MAPDI3) employing a thin MAPbI; layer. B: UV-vis absorbance spectra
recorded after each cycle at E = 0.0 V during polymerization. C: First half-cycle of the
potentiodynamic deposition plotted together with the absorbance change at 700 nm.

Subsequently, our focus shifted to solar cell architectures employing MAPbI3 with
regular thickness (Figure 12C). First, the effect of the applied potential on the
polymerization rate was studied. Although polymerization starts already at +0.7 V, it was
rather slow, and prolonged exposure to the electrolyte should be avoided. As seen in Figure
52A adequate polymerization rate could only be attained above +0.9 V. In addition, by
varying the polymerization charge density, the thickness of the formed PEDOT layer can be
fine-tuned, as deduced from the absorbance spectra (Figure 52B-C). It is apparent that this
steady growth is a general feature of all applied potentials as seen in Figure 52C.
Furthermore, the UV-vis absorption features of the original MAPDbI3 were conserved in all
cases, thus no major degradation occurred.
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Figure 52. A: Potentiostatic deposition of PEDOT at different potentials in a 0.01 M bis-
EDOT, 0.1 M BusNPFs DCM solution on a solar cell architecture employing regular
thickness MAPbI; layers with a polymerization charge density of 10 mC cm™2. B: UV-vis
absorbance spectra of solar cells after PEDOT electrodeposition at E = +0.9 V for
different polymerization charge densities. C: The absorbance change of the solar cells
compared to a HTM-free cell by varying the polymerization charge density at different
applied potentials.
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4.4.2. Morphological Features of Electrodeposited PEDOT

To reveal the morphological features of the deposited PEDOT layers, SEM images were
captured for a solar cell, where PEDOT was deposited at E = +1.0 V with Qpo =5 mC cm 2.
The top-view images show that the formed PEDOT completely covers the MAPDI3 layer
(Figure 53A). The smooth MAPbI3 surface was not visible anymore, instead a furry polymer
coating developed. To determine the thickness of the formed PEDOT, cross-sectional FIB-
SEM images were taken (Figure 53B). These further confirmed the homogeneity of the
PEDOT layer and that the MAPDbI3 remains intact during the electrodeposition. From these
images the actual PEDOT thickness was determined and compared with the theoretical value
calculated from the polymerization charge density (Figure 53C). These values fall in the
range of the HTM thicknesses employed in the case of MAPbIz solar cells using
PEDOT.[1%41%] Raman-spectroscopic studies (Figure 53D) further confirmed the presence
of a PEDOT layer on the surface of the PSCs.[??]
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Figure 53. A: Top-view SEM image before (upper part) and after PEDOT (lower part)
electrodeposition. B: Cross sectional FIB-SEM image of a solar cell, where the PEDOT
electrodeposition was carried out at E = +1.0 V with Qpoi = 5 mC cm™2. C: Theoretical
and actual PEDOT layer thicknesses (determined from cross-sectional SEM images). D:
Raman-spectra of a fully assembled solar cell architecture and a FTO/PEDOT reference.
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4.4.3. Efficiency of Solar Cells Employing Electrodeposited PEDOT Hole
Transporter

Subsequently, we evaluated the performance of the solar cells employing the
electrochemically deposited PEDOT hole-transporting layers without any post-treatment.
The different parameters extracted from the j-V curves are summarized in Figure 54. The
cells employing as-is PEDOT performed poorly (i.e., conversion efficiency below 2%). A
general observation was that all cells suffered from low Voc and FF, which is indicative of
excessive recombination in the solar cells (Figure 54).
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Figure 54. The effect of PEDOT thickness (polymerization charge density) in a
FTO/TiO2/MAPDIS/PEDOT solar cell on the A: short circuit current density, B: open
circuit voltage, C: fill factor, and D: overall efficiency. The solar cells were tested under 1
sun (100 mW cm™2) illumination, with a 50 mV s™* sweep rate.

To measure the Voc of the devices more precisely and to see the stability of the Voc
the devices were subjected to periodic 30 s of dark-bright cycles under open circuit
conditions (Figure 55A). These measurements yielded the same trend as the j-V curves,
furthermore they revealed that the Voc of the devices was stable for a prolonged time. The
dark j-V characteristics of the solar cells further reinforced the notion that excessive
recombination is behind the low performance of the fabricated solar cells (Figure 55B). As

the thickness of the electrodeposited PEDOT increased the measured Voc decreased and the
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magnitude of the dark current increased. This indicated that a too thick PEDOT layer (> 150
nm) can deleteriously affect the performance of PSCs. This may be an indicator that
excessive recombination takes place in the as-is PEDOT layer, and by increasing the HTL
thickness more charge carriers are lost by this recombination. A valid strategy to overcome
this issue is to utilize different post-treatments, to enhance the properties of the deposited
PEDOT layers.
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Figure 55. The effect of PEDOT thickness (polymerization charge density) in a
FTO/TiO2/MAPDIs/PEDOT solar cell for PEDOT layers electrodeposited at E = +1.0 V.
A: on the open circuit voltage B: on the j-V profile of the solar cell in the dark (50 mV s™2).

4.4.4. Electrochemical Post Treatment of the Deposited PEDOT Hole Transporter

The solar cell tests indicate that the conductivity of the PEDOT is either insufficient or too
high. To overcome the issue, we manipulated the doping level, and thus the charge carrier

concentration of PEDOT, via a simple electrochemical conditioning step (Figure 56).
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Figure 56. Schematic representation of PEDOT doping.

From the previous experiments, PEDOT films deposited at +1.0 V, with @ Qpoi= 3 -
10 mC cm2 seemed to be optimal to obtain reasonable currents. Such PEDOT layers were
subjected to either oxidation at +0.6 V or reduction at —0.6 V for t = 60 s (Figure 57A and
Figure 57B).
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Figure 57. Chronoamperometric curves recorded for the post-treatment of a
FTO/TiO2/MAPDIS/PEDOT solar cell, where the PEDOT layers were electrodeposited at E
= +1.0 V, A: when an oxidative post-treatment at E = +0.6 V and B: when a reductive
post-treatment at E = —0.6 V was employed.

No redox-event occurred during oxidation (Figure 57A), which is not surprising
since electropolymerization inherently results in PEDOT films in their fully oxidized state.

Consequently, this treatment had negligible effect on the Voc of the prepared devices
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(Figure 58). The picture is much murkier in the case of reduction (Figure 57B). There are
two distinct redox events that both depend on the deposited PEDOT layer thickness. The
first (between O and 10 s) is associated with the reduction of PEDOT, while the second
(between 20 and 60 s) is related to the electroreduction of the MAPDI3 layer beneath the
PEDOT film. Interestingly, this reduction step greatly improved the Voc of the solar cells
(Figure 58), even when the partial destruction of the MAPDI3 layer occurred. This trend is
not unprecedented, as it was proposed that reducing the doping level of PEDOT improves

the performance of PSCs [1%4],
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Figure 58. Development of the open circuit voltage in a FTO/TiO2/MAPDIs/PEDOT solar
cell for the PEDOT layers electrodeposited at E = +1.0 V for Qpo =10 mCcm 2 as a
function of redox treatment.

This reductive post-treatment method, however, had an unintended side-effect, as
revealed by cross sectional SEM images (Figure 59A-B). While the reduction of PEDOT is
beneficial for its performance, the post-treatment destroys some of the MAPbIz from the
underlying layer. Excessive void formation can be observed even in the case of thicker
PEDOT coatings (greater polymerization charge density). These voids disrupt the inner
structure of the perovskite layer, which again affect the device performance in a deleterious
manner. Interestingly, the PEDOT layer remains completely intact on the surface of the
MAPDI3 layer. However, this the PEDOT coating is not capable of protecting the perovskite

layer from the reductive electrochemical treatment.
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Figure 59. Cross-sectional SEM images of a solar cell, where the PEDOT
electrodeposition was carried out at E = +1.0 V for A: Qpoi =5 mC cm 2, and B: Qpol = 10
mC cm~2. In both cases the electrodeposition was immediately followed by a reduction step

atE=-0.6Vfort=60s.

4.4.5. Fine-tuning the Electrochemical Post Treatment

Three different strategies were employed to mitigate the destruction of the MAPbI3 layer: (i)
rapid reduction at —0.6 V for 10 s (Figure 60A); (ii) mild reduction at —0.5 'V for 60 s (Figure
60B); and (iii) rapid-mild reduction at —0.5 V for 20 s (Figure 60C). By employing a rapid
reduction treatment, the current increase during later stages (between 20 and 60 s) of the post
treatment was successfully avoided and the magnitude of the reduction current related to the
PEDOT layer stayed similar. However, when using milder reduction conditions (Figure 60B
and C) only PEDOT reduction occurred and no current flow at later stages of the treatment
could be observed. Furthermore, the magnitude of the current related to the PEDOT
reduction was reduced, which could indicate that a lesser amount of PEDOT s reduced

during milder conditions.
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Figure 60. Chronoamperometric curves recorded for the post-treatment of
FTO/TiO2/MAPDIs/PEDOT solar cells, where the PEDOT layers were electrodeposited at
E = +1.0 V. A reductive post treatment of A: rapid reduction at E = —-0.6 Vfort=10s, B:
mild reduction at E = —0.5 V for t = 60 s, and C: rapid-mild reduction at E = —0.5 V for t

=20 s was used.

In all cases, there was an improvement in the Voc of the devices compared to the
untreated PEDOT (Figure 61). In the case of the rapid reduction (Figure 61A) still
significant difference between the Voc of the devices with different PEDOT thicknesses was
observed. The device with a thin (3 mC cm2) PEDOT coating performed poorly because of
the insufficient protection during the electrochemical post-reduction step of the thin PEDOT
layer. In the case of the milder reduction treatments the deviation between the Voc values
were close to each other. This can indicate that the milder reduction step leaves more portion
of the perovskite layer intact. However, the performances still remained low, because the Jsc
and the FF remained low in most cases. Thus even though the milder reduction step leaves
the perovskite layer unharmed it is not sufficient to improve the properties of the PEDOT
layer, thus resulting in devices with low efficiencies. The best performing cells were
fabricated with the rapid reduction step, where the champion cell had a 5.9 % efficiency
(Figure 62).
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Figure 61. The effect of PEDOT thickness (polymerization charge density) on the open
circuit voltage in a FTO/TiO2/MAPDI3/PEDOT solar cell for PEDOT layers
electrodeposited at E = +1.0 V. The applied post-reduction step was A: rapid reduction at
E=-0.6 Vfort=10s, B: mild reductionat E=—-0.5V fort =60 s, and C: rapid-mild
reductionatE=-0.5Vfort=20s.
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Figure 62. J-V curve of the champion device containing a PEDOT layer electrodeposited
at E = +1.0 V for Qpoi = 10 mC cm ™2, where the post-reduction step was at E = —0.6 V for
t=10s.

4.4.6. Transient Absorption Spectroscopy of Electrodeposited PEDOT Hole
Transporters

To probe the hole accepting ability of the electrodeposited PEDOT, TAS measurements were
carried out (Figure 63A) on the solar cells that are identical to the champion device (PEDOT
layer electrodeposited at E = +1.0 V for Qpoi = 10 mC cm™2, where the post-reduction step
was at E = —0.6 V for t = 10 s). The characteristics of the spectra are in good accordance
with MAPbDI; spectra in the literature.3*% The most prominent feature, the ground-state
bleach at 760 nm, is caused by charge separation due to band edge transition in MAPb I3,
Furthermore, there is no additional bleaching signal present at ~ 500 nm that would arise
from Pbl in the material. The recovery of the 760 nm bleach follows second order kinetics
(Figure 63B).
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Figure 63. A: Time-resolved transient spectra of an FTO/TiO2/MAPbIs/PEDOT solar cell

employing a thin MAPDbI3 layer following 387 nm laser pulse excitation. The PEDOT layer

was prepared and post-treated just as the champion device. B: Bleaching recovery profiles
at 760 nm of different FTO/TiO2/MAPDbI3/PEDOT solar cells.

To calculate the average lifetime two methods can be used. Both methods use the
parameters obtained from the biexponential fits of the Kkinetic traces (Ai stands for the
amplitude and i stands for the exponent). The exact formula to calculate these, are described

by Eq. 15-16:

Y AT
Tavg. = Z—Ajll (15)
Y (ATy)?
Tweighted avg. = ZA—l‘; (16)
it

Both calculation methods yielded similar values within the error of the
measurements. The determined values together with the parameters can be found in Table

7. For comparative purposes lifetimes determined by the weighted average method are used.

Table 7. Determined lifetimes, from biexponential fits carried out on TA data. The
standard deviation of the measurements was calculated from three separate measurements.

Tweighed av: /
m

MAPbI, 0324007  2004+54  0.68+0.07 2600+440 18734240 17474173
MAPDL; — as-is

PEDOT 030+£002  173+10  0.70+£0.02 2487+276 1776+ 180 1664+ 130

b gggé?rd”“d 0.32+0.01 156+22 068001 2104+280 1368+ 170 1277 + 88
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Fitting the data to a bi-exponential decay reveals that the average lifetime in solar
cells with different HTLs has the following trend: reduced PEDOT (tavyg = 1280 ps) < as-is
PEDOT (tav = 1660 ps) < no HTM (tawg = 1750 ps). This indicates that the PEDOT layer
readily accepts holes from MAPbIs furthermore, reducing the doping level of PEDOT
through the post-synthetic reduction technique is a viable strategy to improve the hole

accepting properties of the material.
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5. Summary

Electrochemistry can be a viable tool to probe the optoelectronic properties of HOIPs.
Furthermore, sophisticated electrochemical synthesis techniques are yet to be utilized in
device fabrication. A major bottleneck in the application of HOIPs in these electrochemical
scenarios is their extreme sensitivity. Our first goal was to establish a guideline on how to
perform electrochemical experiments to obtain reliable data. As a next step we built on the
gathered experiences and aimed to unravel the effect of the ETL on the charge separation
process. For this purpose, a unique coupled technique, ultrafast transient
spectroelectrochemistry was used for the first time. To study the interaction of light with
mixed-halide PSCs, we investigated the effect of phase segregation of mixed halide solar
cells on their electronic properties. We also investigated the possibility of electrosynthesis
techniques on the preparation of a PEDOT HTL in MAPbIs electrodes, thus forming a

regular n-i-p junction solar cell.

The most important results of the dissertation can be summarized in the following points:

1. Electrodes were prepared from two different lead halide perovskites (CsPbBrs and
MAPbDI3) by spin-coating method. Steady-state UV-vis measurements were used to
evaluate the stability of the perovskite layers in different DCM-based electrolytes. It
was found that the speed of dissolution depends on the used anion and follows the
following trend: BF4s~ > ClO4~ >> PFg. Thus, electrochemical experiments can be
safely performed in BusNPFe¢/DCM electrolyte, because even after 2 hours no sign
of substantial degradation was observed. To determine the electrochemical stability
window of the layers spectroelectrochemical experiments were carried out. Multiple
redox events were observed, and a —1.0 V — +0.6 V vs Ag/AgCl for CsPbBr3z and
—0.65 V — +0.55 V vs Ag/AgClI for MAPbIs stability window was determined.

2. To understand the exact mechanism of the potential induced degradation of the
CsPbBrs layers we investigated the chemical changes during the anodic and cathodic
redox waves. XPS measurements revealed that during oxidation the CsPFe is formed
on the electrode surface, parallel to the degradation of the perovskite structure. This
degradation is accompanied by a morphological change in the layers. The formation
of rectangular particles can be observed on the surface, together with the partial
dissolution of the layers (through the leaching of Pb?* and Br~). During reduction,

the formation of Pb was observed. It was found that Pb is partially re-oxidized to
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PbO upon air exposure. The morphology of the electrodes was also heavily impacted,
as the degradation was severe enough to expose the underlying TiO2 layer.
Furthermore, the formation of dendritic structures was also seen on certain parts of
the electrodes. No major change in morphology or composition was observed within
the previously proposed stability regime.

3. We combined electrochemistry and TAS to evaluate the effect of external bias on the
charge carrier recombination processes. FTO/TiO2/CsPbBrz electrodes were
fabricated. At 0.0 V and more negative potentials the rate constant of charge carrier
recombination showed small variation. On the other hand, at more positive
potentials, a faster decay kinetics was observed. Since electrons are depleted from
the TiO2 layer under anodic bias, photogenerated electrons in CsPbBr3 are injected
into the TiO2 film. This competing charge injection process resulted in faster
bleaching recovery at anodic bias.

4. We unraveled the effect of the substrate (ETL) on the charge recombination
processes in CsPbBrs films. In situ ultrafast transient spectroelectrochemical
experiments were carried out with FTO/CsPbBr3 electrodes (i.e., without TiO- layer).
We found that the bleaching recovery was not influenced by the applied
electrochemical bias (within the studied time-range). These results further elucidate
the role of TiO2 in influencing the charge carrier recombination processes in
perovskite films

5. We studied the effect of light-induced phase segregation on the optical and electronic
properties of MAPbBr1 5115 solar cells. Steady state UV-vis absorption spectroscopy
was used to evaluate the segregation process. After 30 minutes of white light
illumination a decrease in absorbance at 620 nm was observed which suggests the
disappearance of the mixed halide phase. Simultaneously, a concurrent increase in
the absorption at shorter and longer wavelength was observed that represents the
formation of bromide rich and iodide rich phases. This segregation process has a
marked impact on the IPCE of the devices. It was found that inducing segregation a
50 % drop in the IPCE can be observed, which detrimentally affects the performance
of such solar cells.

6. When the solar cells are stored in the dark the absorbance completely recovers,
within three hours. We found that the recovery of the IPCE is a much slower process
and it can take up to 36 hours, but it is almost completely reversible (~90 %

recovery). The slower recovery of the electronic properties suggests that charge
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carrier extraction from the devices is hindered. This was attributed to the lingering
effect of the formed residual traps during phase segregation in the devices.

7. Electrochemical polymerization methods were employed to deposit PEDOT HTL on
MAPDI3 electrodes, thus forming a regular n-i-p junction solar cell. By using bis-
EDOT as the monomer, the conservation of the MAPbIs layer was ensured.
Potentiostatic electrodeposition resulted in HTLs with controlled thicknesses. We
demonstrated that by controlling the polymerization charge density the thickness of
the PEDOT layer can be fine-tuned.

8. To improve the efficiency of the prepared solar cells, electrochemical post-treatment
techniques were used. We found that the reduction of the PEDOT layer can improve
the Voc of the devices. However, this post-reduction step has an unintended side
effect, and the MAPDI; layer can be degraded. Three milder post-reduction
techniques were proposed. Because of the milder reduction a champion device with
a power conversion efficiency of 5.9 % was achieved. We carried out femtosecond
TAS measurements on the champion architecture. These studies revealed that
electrodeposited PEDOT is indeed an effective HTM for PSCs.
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6. Osszefoglalas

Az elektrokémiai modszerek egyrészt fontos eszkozei lehetnek a hibrid szerves-szervetlen
perovszkitok optoelektronikai sajatsagainak feltarasahoz, masrészt e modszerek szintézis
céljabol torténd felhasznalasa is sok lehetGséget rejt magaban. A legnagyobb hatraltato
tényez6 a hibrid szerves-szervetlen perovszkitok kornyezeti hatasokkal szembeni
érzékenysége. Ezért célul tiztik ki, egy olyan koriilményrendszer kidolgozéasat, mely
betartasa mellett megbizhaté elektrokémiai mérések végezheték ezen az érzékeny
anyagcsaladon. Ezen tapasztalatokat felhasznalva az elektrontranszport-réteg a toltés
szétvalasztasi 1épésben betoltott szerepét vizsgaltuk. Ezt egy egyedi csatolt technika
fejlesztésével (ultragyors tranziens spektroelektrokémia) hajtottuk végre. Ahhoz, hogy
vizsgaljuk a megvildgitds hatdsat is, tanulméanyoztuk a fazisszeparacid hatdsit vegyes
halogenidtartalmu perovszkit napelemek elektronikus sajatsagaira. Tovabba elektrokémiai
modszerek segitségével PEDOT lyukvezet6 réteget valasztottunk le MAPDIs elektrodokra,

ezaltal kialakitva n-i-p tipusti napelemeket.

A munka tudomanyos tartalma dsszefoglalhato az alabbi pontokban:

1. A doktori munkam sordn elvégeztem kiilonb6z6 6lom-halogenid tartalmu perovszkit
elektrédok (CsPbBrs és MAPDI3) eldallitasat forgotarcsas rétegképzés segitségével.
UV-lathatoé spektroszkopids mérések segitségével megvizsgaltuk ezen elektrodok
stabilitasat  kiillonbozé  diklormetan alaptt (DCM) elektrolit oldatokban.
Megéllapitottuk, hogy a perovszkit rétegek leoldddasdnak sebessége fiigg a hasznalt
anion mindségétél és az alabbi trendet koveti: BFs > ClOs~ >> PFs. Igy
bebizonyitottuk, hogy elektrokémiai mérések biztonsaggal végezhetok
BusNPFs/DCM elektrolitban, ugyanis ebben a kdzegben 2 dra utan sem kovetkezik
be jelentds degradacio. Ezt kovetden az elektrokémiai stabilitasi potencidltartomany
meghatarozasat tztiik ki célul, melyet spektroelektrokémiai vizsgalatokkal
végeztiink. A vizsgalt potencidltartomanyban tobb redoxi eseményt azonositottunk,
¢s a CsPbBrarétegek esetén a —1.0 V — +0.6 V vs. Ag/AgCl illetve a MAPDbIs rétegek
esetén a —0.65 V — +0.55 V vs. Ag/AgCl stabilitasi tartomanyt hataroztuk meg.

2. Azért, hogy feltarjuk a potencial okozta degradacié mechanizmusat, kovettiik a
CsPbBr3 rétegekben bekovetkezd kémiai valtozasokat az anodos és katddos
félciklusok soran. XPS vizsgélatokkal bebizonyitottuk, hogy a rétegek oxidacidja
soran CsPFs képzddik az elektrodok feliiletén. Ezen feliil megallapitottuk, hogy az
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Osszetételbéli valtozasokhoz morfoldgiai valtozasok is tarsulnak. Az elektrodok
feliiletén téglatest alaku részecskék képzodését figyeltiik meg, mikdzben a rétegek
leoldodasat tapasztaltuk (Pb?* és Br~ formajaban). A rétegek redukcidja soran fém
olom megjelenését figyeltik meg. A Pb egy része viszont PbO-4 oxidalodik a
levegdvel torténd érintkezés soran. A rétegek morfoldgidja ebben az esetben is
jelentésen valtozott. A degradacié a redukcios esetben olyan mértékii volt, hogy a
TiO, alapréteg is lathatova valt. Ezen felill pedig dendritek megjelenését is
tapasztaltuk. Amennyiben viszont a javasolt potencialtartomanyon beliil végezziik
csekély valtozas volt tapasztalhato.

3. Miutdn megallapitottuk a CsPbBrs elektrodokra jellemzd elektrokémiai stabilitasi
potencialtartomanyt, megvizsgaltuk a kiilsé potencidl hatasat a rétegekben zajlo
rekombinacids folyamatokra. Ehhez elektrokémiai és tranziens abszorpcios
technikdk kombinalasat valdsitottuk meg. 0.0 V-nal negativabb potencidlokon a
toltéshordozok rekombinacidjara jellemzd sebességi egylitthatdo értékében nem
tapasztaltunk jelent6s valtozast. Azonban 0.0 V-nal pozitivabb esetekben a folyamat
kinetik4janak felgyorsulasa volt megfigyelhetd. Ezt azzal magyaraztuk, hogy anédos
potencidl hasznélata esetén a TiO: réteg elszegényedik elektronokban, ezért a
CsPbBr3 rétegekben generalt toltéshordozok szamara egy 10j ut nyilik meg. Ez a
toltés-injektalasi folyamat a TiO2 réteg iranyaba verseng a rekombinécios
folyamattal, ezért tapasztaltuk az excitonhoz rendelhetd elnyelés gyorsabb
visszaallasat.

4. Megvizsgaltuk az elektronvezetd-réteg hatasat a CsPbBrs rétegekben bekovetkezd
rekombinacios folyamatokra. Ehhez FTO/CsPbBrs rétegeken (a TiO: alapréteg
elhagyasaval) ultragyors spektroelektrokémiai vizsgalatokat végeztiink. Ebben az
esetben azt allapitottuk meg, hogy az alkalmazott potencial nincs hatdssal az
excitonokhoz rendelhetd elnyelés visszaallasanak sebességére (legalabbis az altalunk
vizsgalt idétartomanyban). Ezek az eredmények tovabbi bizonyitékul szolgalnak a
TiO2 részvételére a CsPbBrs rétegekben bekovetkezd toltésrekombinacios
folyamatokban.

S. Tanulményoztuk a fény hatdsara bekovetkezd fazisszeparacid6 hatasat a
MAPDBrislis napelemek optikai ¢és elektromos sajatsagaira. UV-lathato
spektrofotometria segitségével vizsgaltuk a fazisszeparaciot. 30 perc fehér fénnyel

torténd megvilagitas utan a napelemek fényelnyelésében 620 nm-nél csokkenést
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tapasztaltunk, mely a vegyes halogenid-tartalmu fazis mennyiségének csokkenésével
magyarazhat6. Ezzel egyidében, rovidebb és hosszabb hullamhosszokon egyarant
abszorbancia novekedést tapasztaltunk, mely a bromid- ¢és jodid-gazdag fazisok
megjelenését bizonyitja. Ez a fazisszeparacios folyamat hatdssal van a napelemek
IPCE gorbéjére is. A szeparaciot kovetden ugyanis 50 % csokkenést tapasztaltunk az
IPCE értékekben, mely fazisszeparacion atesett napelemek hatékonysagaban is
megmutatkozik.

6. A napelemek sotétben valo tarolasat kovetden, azok optikai sajatsagai 3 orat
kovetden teljesen regeneralodnak. Azt tapasztaltuk, hogy az IPCE értékek
visszaallasa egy sokkal id6igényesebb folyamat, ami akar 36 6rat is igénybe vehet.
Ennek ellenére a folyamat kozel reverzibilisnek tekinthetd (~90 %-0s regeneralddas).
Az elektromos sajatsagok lassabb visszaallasabol azt a kovetkeztetést vontuk le,
hogy a t6ltéshordozok kinyerése valik gatolt folyamatta a napelemekben, amely a
perovszkit rétegekben kialakulo hibahelyek lassu eltiinésével magyarazhato.

7. Elektrokémiai polimerizacio segitségével sikeresen valasztottunk le PEDOT
lyukvezetd réteget MAPDI3 elektrodok feliiletére, ezzel kialakitva egy n-i-p tipusa
levalasztas soran bis-EDOT monomert hasznaltunk. Potenciosztatikus levalasztas
alkalmazasaval sikeresen szabalyoztuk a PEDOT lyukvezetd réteg vastagsagat.

8. Elektrokémiai utokezelések hasznélataval kivantuk a PEDOT lyukvezetd réteget
tartalmaz6 napelemek hatékonysagat novelni. A napelemek Voc értékében érdemi
javulast tudtunk eldidézni a PEDOT rétegek elektroredukcidjaval. Azonban ennek
tapasztaltuk. Héarom enyhébb utéredukcids kezelést vizsgaltunk meg. Ennek
koszonhetden a legjobb teljesitményli napelem hatékonysaga elérte az 5.8 %-ot.
Femtoszekundumos  tranziens  abszorpcidos  spektroszkopia — segitségével
megallapitottuk, hogy a PEDOT réteg képes hatékony lyukvezetd rétegként

funkcionalni.
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