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Abstract

Exploring fundamental mechanisms of metal hybrid perovskites has begun
a new chapter in photophysics because of its recent success of
optoelectronic properties. In particular, different selections of anions and
cations in the crystal lattices greatly modify electrical band structures as a
result of lattice distortion. High diffusion lengths of charge carriers and a
low bulk defect density are found to facilitate efficient charge transport
upon light excitation, resulting in comparable efficiency to the commercial
silicon solar cells. In addition, a simple and low temperature fabrication
process propels hybrid perovskite to be an excellent candidate as
third-generation photovoltaics.
Early studies on metal hybrid perovskite were based on supersaturated
solution-based fabrication. However, the challenges of the morphological
control often lead to poor quality perovskite films because the primary
nucleation process spontaneously takes place by external disturbances such
as foreign nucleation sites or change of solubility. Introducing polar
additives to increase solubility has been shown to further delay such
spontaneous nucleation and to yield high quality perovskite layers. Lately,
interacting MAPbI 3 perovskite with a highly reactive gas such as
methylamine (MA) can manipulate solid-liquid phase transition by
intermediate formation or dissociation. Combining with previous reports
and our preliminary studies, we apply the MA gas treatment on MAPbI 3
perovskites with TiO 2 nanostructure scaffolds to heal poor pore-infiltration
because of competing crystallization and infiltration processes at the
outermost layer. By employing scanning electron microscopy and X-ray
diffractometer, we have noticed a significant improvement in infiltration and
crystallinities after healing. Further studies on their charge dynamics and
photovoltaic performance by photoluminescence and steady-state
iii

photovoltaic measurements are consistent with the results of better surface
coverage, grain sizes and crystallinities. Therefore, we elucidate that the
proof-of-concept for delaying nucleation process is also possible to be
extended to different inorganic nanostructures.
The suppression of detrimental recombination pathways in MAPbI 3 is of
particular importance to achieve the state-of-the art solar cells. One of the
key optimisations is to manage interfacial recombination pathways because
surface defects at the heterojunction and difference in energetic cascades
could withstand the efficient charge injection. Therefore, we examine
different interlayers with buckminsterfullerene (C 60 ), phenyl-C 61 -butyric
acid (PCBA), and phenyl-C 61 -butyric acid methyl ester (PCBM) to modify
TiO 2 compact layers. By observing any change of morphologies, optical
properties and bulk defects after modification, we are able to identify
whether the improved charge collection capabilities are attributed to
modifier diffusion, reduction of grain boundaries, or other factors.
Chemical analogue, benzoic acid, is also discussed for the comparison.
Throughout the thesis, insights into morphological and interfacial
frameworks are provided to serve as a reference for MAPbI 3 perovskite
studies on photovoltaic applications and for further investigations on the
search of appropriate interlayers to facilitate optoelectronic applications.
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Zusammenfassung

Die Erforschung von Metallhybrid-Perowskiten wie MAPbI 3 und deren
grundlegenden Mechanismen hat aufgrund ihrer außergewöhnlichen
optoelektronischen Eigenschaften ein neues Kapitel in der Photovoltaik
eröffnet. Insbesondere die hohe Anpassbarkeit der elektrischen
Bandstrukturen durch eine Gitterverzerrung, wird mittels der einfachen
Wahl verschiedener Anionen und Kationen ermöglicht. Gleichzeitig
ermöglichen hohe Diffusionslängen der Ladungsträger und eine geringe
Fehlstellen-Dichte im Material einen effizienten Ladungstransport, was zu
einem
vergleichbaren
Wirkungsgrad
mit
handelsüblichen
Silizium-Solarzellen führt. Darüber hinaus macht ein einfacher und
günstiger Herstellungsprozess hybride Perowskite zu einem hervorragenden
Kandidaten für die Industrialisierung der Photovoltaik der dritten
Generation.
Die ersten Studien über Metallhybrid-Perowskit basierten auf einer
übersättigten, lösungsbasierten Prozessierung. Die Herausforderungen
bezüglich der morphologischen Kontrolle führten jedoch oft zu qualitativ
schlechten Perowskitfilmen, da der primäre Keimbildungsprozess spontan
durch externe Störungen, wie fremde Keimbildungsstellen oder eine
Veränderung der Löslichkeit, stattfindet. Die Einführung polarer Additive
zur Erhöhung der Löslichkeit verzögert diese spontane Keimbildung und
ermöglicht die Bildung hochwertiger Perowskitschichten. Darüber hinaus
kann mittels der Wechselwirkung von MAPbI 3 -Perowskit mit dem Gas
Methylamin (MA) das bereits aufgetragene Material wieder verflüssigt und
kontrolliert rekristallisiert werden. Dies wenden wir gezielt, unter
Berücksichtigung früherer Veröffentlichungen und unserer eigenen
Vorstudien, bei der MA-Gasbehandlung von MAPbI 3 -Perowskiten auf
TiO 2 -Nanostrukturen an, um die unvollständige Poreninfiltration aufgrund
vi

konkurrierender Kristallisations- und Infiltrationsprozesse in der äußersten
Schicht zu verbessern.
Mittels Rasterelektronenmikroskopie und Röntgendiffraktometrie stellen wir
nach der Heilung eine deutliche Verbesserung der Infiltration und
Kristallinität fest. Weitere Untersuchungen der Ladungsträgerdynamik sowie
der Solarzelleneffizienz mittels Photolumineszenz- und stabilisierter
Photovoltaikmessungen stimmen mit den Ergebnissen einer besseren
Oberflächenabdeckung, Korngröße und Kristallinität überein. Daraus
schließen wir, dass dieser konzeptionelle Beweis zur Verzögerung des
Nukleierungsprozesses auch auf andere anorganische Nanostrukturen
ausgedehnt werden kann.
Für hocheffiziente MAPbI 3 -Solarzellen ist die Vermeidung von
leistungsmindernden Rekombinationspfaden von besonderer Bedeutung.
Eine der wichtigsten Optimierungsmöglichkeiten hierfür ist die Beseitigung
von
Grenzflächenrekombination,
die
unter
anderem
durch
Oberflächendefekte oder eine unvorteilhafte Bandausrichtung am
Heteroübergang eine effiziente Ladungsinjektion verhindert. Daher
untersuchen
wir
verschiedene
Zwischenschichten
wie
Buckminster-Fullerene (C 60 ), Phenyl-C 61 -Buttersäure (PC 60 BA) und
Phenyl-C 61 -Buttersäure methylester (PC 60 BM), sowie das chemische
Analogon, Benzoesäure, um die Grenzfläche zu den kompakten TiO 2
Schichten zu modifizieren. Durch die Betrachtung relevanter
Veränderungen die nach der Modifikation auftreten, wie z.B. der
Morphologie, den optischen Eigenschaften und der Fehlstellen-Dichte, ist
es
uns
möglich
festzustellen,
ob
die
verbesserte
Entnahmewahrscheinlichkeit von Ladungsträgern auf die Diffusion der
Zwischenschicht, die Reduzierung von Korngrenzen oder andere Faktoren
zurückzuführen ist.
Diese Untersuchungen der Modifikation von Morphologie und Grenzfläche
stellen einen weiteren Baustein für die zukünftige Erforschung von
Perowskiten in Solarzellen und anderen opto-elektronischen Anwendungen
dar.
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1. Introduction

European Commission has launched the Renewable energy directive
(2009/28/EC)1 since 2009 for the EU to enforce a strict reduction of
non-renewable source and to propel 20 % final energy consumption with
renewables by 2020. All EU members must set their reduction targets and also
increase at least 10 % of their transport fuels from renewable source by 2020.
Lately, the new revised the Renewable energy directive (2018/2001/EU)2 has
entered into force that a new binding renewable energy target for the EU for
2030 of at least 32 %. As of 2017 the most two dominant renewable energy
source markets in the EU are from sectors of heating and cooling (e.g. biogas,
heat pump and biomass) as well as electricity (e.g. solar PVs, solid biomass
combination, and wind power)3. In particular, biogas is regarded as an
alternative to the natural gas because it consists of a comparable percentage of
methane gas to that of natural gas. Despite of its high power density output
(Figure 1.1), the combustion process inevitably involves carbon emission which
has long been known as a source of greenhouse gas. Considering the
prerequisite of renewable energy to be sustainable to the environment, solar
PVs, wind power and heat pump are the most ideal alternatives. In Figure 1.1,
solar PVs deliver the highest power density than other renewable sources4. This
propels an intensive research development to optimise the production cost and
deliverable efficiency.
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Figure 1.1:

Box plots of power density for all energy sources in log scale.
Green and blue boxes are represented renewable and non-renewa
ble sources respectively. n and mdn are the number of values
found for each energy source and median deliverable power
density accordingly. The dot markers show the mean values.
Figure adapted from Ref. 4.

The evolution of photovoltaic devices has been designed from silicon-based
solar cells (1st generation), thin films solar cells (2nd generation) and any devices
which have achieved low cost and higher efficiencies than previous generations
(3rd generation)5. Particularly, 3rd generation devices allow boosting the
efficiency beyond the theoretical limit by layering different photon-absorbers
(i.e. tandem cells). Recent studies on 3rd generation have begun to shift focus
from dye-sensitised and organic solar cells to hybrid perovskites because of
their excellent photophysical and electronic properties (details as below). Lately,
hybrid perovskite has been certified 23.7 %6 efficiency on single junction solar
cells which is comparable to prevalent commercial silicon solar cells. The
efficiency can be further boosted up when tandem architecture is applied.
Therefore, this could be a possible solution to fulfil the strict legislative
frameworks for the EU members before 2030.
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Outline
This thesis presents the current investigation on novel photon-absorber,
methylammonium lead triiodide perovskite (MAPbI 3 ) as 3rd generation
photovoltaic devices. Chapter 2 discusses the crystallographic background of
perovskites. The orientation of cations and anions within the lattice strongly
affects optoelectronic properties due to different chemical bond lengths and
bond angles. Therefore, the factors of geometrical constraint to explore
suitable cations and anions for perovskites will be taken into account. The
comprehensive discussion on optoelectronics of MAPbI 3 will also be
illustrated.
In Chapter 3, a brief introduction on perovskite fabrication is presented.
Inhomogeneous morphologies are often found regardless of so-called
one-step or two-step process because of dominant spontaneous nucleation
process. Supersaturated precursor solution can easily initiate nucleation by
change of solution solubility or foreign particles. Different strategies such as
additives in solution, anti-solvent and gas-assisted treatment have been
summarised. To rationalise such improvement, a classical nucleation theory will
explain the crucial parameters dominating nucleation process. Basic principles
of equipment related to the entire studies are presented in Chapter 4.
Chapter 5 addresses possible optimisation strategies to suppress recombination
pathways in electron transporting layer and at different interfaces.
Morphological defects can be healed by methylamine (MA) gas treatment. We
also extend our previous knowledge on MA gas treatment to TiO 2
nanostructure to enhance pore infiltration.
We modify the interface between TiO 2 and MAPbI 3 by phenyl-C 61 -butyric acid
(PCBA),
phenyl-C 61 -butyric
acid
methyl
ester
(PCBM)
and
buckminsterfullerene C 60 . In Chapter 6, we compare any change of
morphology, optical absorption, crystallinity, bulk defects and importantly their
photovoltaic performance after modification. We find that a monolayer of
PCBA with hydrophilic and hydrophobic organic moieties is sufficiently to
passivate TiO 2 surface.
At the end, a short summary of entire thesis and overlook for further
investigation are presented in Chapter 7.
3
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2. Physics of hybrid perovskites

Perovskite study can date back to hundreds years ago when German
mineralogists Heinrich and Gustavus Rose discovered a new crystallographic
structure. Later, it is found that the varieties of stoichiometric components in
the crystal lattice drastically alter their properties. In this chapter, a
comprehensive discussion presents the nature of three-dimensional hybrid
perovskites, particularly methylammonium lead triiodide (CH 3 NH 3 PbI 3 or
MAPbI 3 ), with the breakthrough success in optoelectronic and photovoltaic
applications since being firstly employed. Their underlying crystal structure,
physical, and photophysical properties will also be outlined.

2.1 Crystal structure
The structure of 3D perovskites can generally be described by compound
formula of ABX 3 where A and B are cations and X is anion forming a cubic
array of BX 6 octahedral coordinates at corners and A cation in the
cuboctahedral cavity, as shown in Figure 2.1. Within the crystal structure,
various combinations of inter-atomic distances and the compositional ratio
make a drastic impact on geometrical stability and physical properties, and
therefore theoretical diagnosis for structural stability is essential to assist
selection of anions and cations in perovskite. Such atomic matching to form
perovskite crystal structure is empirically estimated from geometrical
perspective7, where ionic radii of A, B and X are used to assess their geometric
strain and stability in terms of atomic packing density . By comparing the
inter-atomic distance B-X-B and the projection of X-A-X, the fraction of
those two distances is defined as Goldschmidt tolerance factor (t-factor) and
expressed in Equation 2.1.

5
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𝑡 − factor =

𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋 )

(2.1)

where r A , r B and r X are denoted as ionic radii of A, B, and X, respectively.

In addition, the t-factor also reflects different crystal phases in the presence of
various combinations. For example, t-factor approaching to unity (~0.9-1)
indicates highly symmetric cubic perovskite where BX 6 is assumed to be
perfectly aligned with z-axis and size of A-site cation is comparable to
cuboctahedral cavity. If the size of A-site cation increases to the limit of cavity
volume, t-factor shows greater than unity, meaning that geometrical strain is
impaired due to tight packing configuration resulting in (distorted) tetragonal
or hexagonal structures. Further weakening in geometrical strain leads to
precluding perovskite formation. On the contrary, perovskites with
orthorhombic or rhombohedral structures are formed with BX 6 octahedra
tilting if the size of A-site cation decreases (i.e. 0.71 ≤ t-factor ≤ 0.9).

Figure 2.1:

Ball-and-stick model of the BX 6 octahedra in ABX 3 perovskite
with different crystal structures, and lattice distortion result in
Pb-X-Pb angles bending where θ ab = θ c =180 °(cubic), θ ab
<180 ° and θ c =180 °(tetragonal) and θ ab = θ c <180 °
(orthorhombic). Atomic species are A=violet, B=gray and
X=green, brown, or cyan. Figure adapted from Ref. 8.
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This classical model has widely given well-predicted results for fluoride-based
inorganic perovskites9-10, and has been further utilised to diagnose other
halide-based inorganic perovskite11. However, less than 72 % of iodide-based
perovskites12 are correctly predicted, as compared to 92 % of fluoride-based
perovskite10-11. The successful predication of fluoride-based perovskites can be
explained by the fact that a relatively small anion with high electronegativity
withstands polarisation and is favourable to accept bond-pair electrons from
B-X towards ionic character (or less covalent). On the contrary, the size of
halide anions increases along the column of the periodic table, addressing
another geometrical issue whether the B site cation is able to accommodate
octahedral sublattice. The t-factor in Equation 2.1 does not take into account
the geometrical stability of BX 6 geometrical stability13-16 having been recently
reported to cause dynamic tilting in cubic phase perovskites even at room
temperature8, 17-18. To include such steric effect, octahedral factor (μ-factor) is
introduced to describe the status of B site cation in octahedral sublattice
coordinating with 6 halide anions11.
𝜇=

𝑟𝐵
≥ √2 − 1
𝑟𝑋

(2.2)

In Equation 2.2, the theoretical value for B site cation to occupy into the
sublattice without overlapping X anion should be greater √2 − 1. Considering
t- and μ-factors as prerequisite criteria, the classification between perovskites
and non-perovskite can be approximated from a structure map12 as shown in
Figure 2.2. The horizontal boundary corresponding to minimum octahedral
factor matches well to the theoretical limit at around 0.4112, that none of these
combinations can form perovskite structure below the margin. However the
upper margin cannot be defined here being ascribed to interplay of B site and
t-factor; meanwhile, vertical boundary referring to the minimum t-factor
perovskite to be formed is also consistent with the assumption.

7
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Figure 2.2:

Structural map of inorganic halide ABX 3 compounds. Blue
dots and red crosses represent inorganic compositions that
likely form, and that unlikely form perovskite structure at
room temperature and pressure, respectively. The horizontal
and perpendicular dotted lines represent the margins of the
stable perovskite region. Figure adapted from Ref. 12.

A similar approach is also transferred to assess the new class of hybrid
perovskite materials following their first implementation19-22; they consist of an
organic A-site cation such as methylammonium (CH 3 NH 3 +, MA+),
formamidinum (HC(NH 2 ) 2 +, FA+), ethylammonium (CH 3 CH 2 NH 3 +, EA+) or
acetamidinium (CH 3 CH(NH 2 ) 2 +, AC+), and a divalent metal B cation (Pb2+,
Sn2+, Ge2+) with six halide X anions (Br-, Cl- or I-) in a 6-fold coordination12.
Overwhelming research activities have been examining those compounds for
optoelectronic applications, especially hybrid lead-based iodide perovskites
which have emerged of interest in photovoltaic applications. However, the use
of structure maps for the prediction on these materials is more challenging
because uncertain shapes of organic cations may not be fully applicable to
geometrical hypothesis, and importantly less populations being difficult to
define stability margins due to a large statistical confidence interval. Efforts to
quantify radii in irregular shape of organic cations have been proposed by ionic
radius of nitride anion and distance from centre mass to the furthest
non-hydrogen atom in the molecule23-24. Therefore, the revised radii for
8
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common organic molecules are 1.46 Å, 2.16 Å, 2.53 Å and 2.74 Å for NH 4 +,
MA+, FA+ and EA+, correspondingly. Travis et al. examined possible inorganic
and hybrid iodide-based compounds and constructed a structure map based on
their revised radii (Figure 2.3). Assuming that the t-factor increases as a
function of revised organic radii, values of t-factor scatters towards the
right-sided realm while the values of μ-factor remains unchanged. For
compounds incorporating with lead and NH 4 + cation, t-factor below the
left-sided margin (i.e. 0.79), is found impossible to form perovskite in ambient
condition25 which is in good agreement with the assumption, while compounds
with MA+ (0.95-0.97) or FA+ (1.03-1.06) are found to form perovskite
according to the structure map. Coincidently, the majority studies of hybrid
halide perovskite applications since being reported over past decades are based
on those two organic cations due to their excellent optical and electronic
properties26 (see below). On the other hand, EAPbI 3 and EASnI 3 , whose
t-factor (~1.07) are beyond the margin, are assumed to be unlikely to form
perovskite structures, but they have been reported as layer perovskite
architecture (i.e. low-dimensional perovskite layers are sandwiched by organic
spacer)27-28. Interestingly, even though the geometrical constraint may
fundamentally apply to all perovskite structures, hybrid halide perovskites are
likely to have a degree of freedom to tolerate distorted structures compared to
inorganic halide, or to form a low-dimensional configuration. Hybrid
germanium-based iodide perovskite structures are confirmed even the t-factor
is reported at 1.17 for ACGeI 3 , and μ-factors are calculated below 0.41 for
MAGeI 3 and FAGeI 3 (black circle in Figure 2.3). These exceptional cases
might link to the nature of divalent metal cation, that active lone pair of
electrons on Ge(II) centre relaxes the distorted octahedral sublattice29. Despite
of similar geometry, it has to be considered that the choice of divalent metal
cations contributes electronic properties differently, propelling the largest
surges in perovskite studies on understanding their physical properties and
applications (details in Section 2.2). Although the origin of the formation
mechanisms is still not well-defined, the classical model to the framework of
composition engineering is still on the basis of those geometrical hypotheses
employed in inorganic perovskite30.

9
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Figure 2.3:

The structural map of ABI 3 compounds. Blue dots and red
crosses represent inorganic compositions that likely form, and
that unlikely form perovskite structure at room temperature
and pressure, respectively. The horizontal and perpendicular
dotted lines represent the margins of the stable perovskite
region. The anomalous AGe(II)I 3 compound are highlighted.
Figure adapted from Ref. 12.

For photovoltaic applications, formamidinium lead triiodide (FAPbI 3 ) and
methylammonium lead triiodide (MAPbI 3 )31 are the most frequent compounds
in hybrid perovskites. In particular, MAPbI 3 has been reported consensual
crystal phase transitions at 327.4 K (cubic phase to tetragonal phase). PbI 6 -4
rotation around the c-axis leads to continuous transition with closer packing32.
Low temperature transition at 162.2 K (tetragonal to orthorhombic phase)
suggests the existence of an intermediate transition phase according to
symmetric perspective33. In contrast, polymorphous behaviour in phase
transitions of FAPbI 3 at certain temperature ranges has been reported34-37,
which is attributed to different synthesis conditions34, 38-42. Hexagonal δ phase
(yellow phase), non-photoactive material, is mostly stable at room temperature,
whereas cubic α phase (black phase) is thermodynamically favourable to be
formed above 60 oC and is gradually converted to stable yellow phase
10
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regardless of fabrication and storage conditions. Thus far, FAPbI 3 and their
composites have been proven as glamorous photo-absorber in photovoltalics
due to high energy conversion throughput and low temperature fabrication43-48.

2.2 Optical and electronic properties
Understanding the electrical band-structure and the density-of-states (DOS) of
hybrid perovskites allows predicting their intrinsic carrier concentration, carrier
mobility, and excited state lifetime and recombination dynamics. Particularly,
various theoretical modelling for perovskites strive to amalgamate a valid
generalisation to underlie complex system involving structural, electronic and
ionic dynamics49-52. Thus far, density-functional theory (DFT) is a prevalent
technique to approximate structural information and comparison of electronic
properties. Assuming that the perovskites exhibits parabolic band structures,
the valence-band maximum (VBM), conduction-band minimum (CBM), and
thus band-gap are evaluated at R point. Correlation between effective mass and
band structure is prevalently derived by parabolic band approximation:
−1

𝜕 2𝐸
𝑚 = ħ � 2�
𝜕𝑘
∗

2

(2.3)

where m*, ħ, E and k represent the effective mass of electron in the
conduction-band or hole in the valence-band, reduced Planck’s constant,
energy and crystal momentum, respectively.

Notably, the band structure formation in lead-based hybrid perovskite
primarily arise from the bond-length of Pb-X in [PbX 6 ]4- rather than organic
cation contribution53-55, in which valence-band maximum and conduction-band
minimum are formed by hybridised 6p-Pb and 5p-I σ-antibonding, and
hybridised 6p-Pb and 5s-I σ-antibonding and 6p-Pb and 5p-I π-antibonding,
respectively56-58; spin-orbit coupling lowers CBM levels with unchanged VBM
and further narrows the band-gap57, 59. MAPbI 3 band structure based on cubic
Brillouin zone at room temperature has shown a dominant optical transition at
R being responsible for sharp absorption edge around 1.6 eV57, 60, in good
agreement with the measured optical direct band-gap at ~1.5 eV61 (Figure 2.4).
Reciprocal space between M and R points also allows high energetic transition
11
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above band-gap and relaxation towards R point saddle60. In addition, lattice
deformation upon a change of temperature or pressure explained by positive
deformation potential suggests altering the optical properties62-63. However, this
may not fully elucidate the observation that the optical band-gap oppositely
increases (decreases) when a small (large) organic cation occupies at
cuboctahedral cavity giving rise to lattice contraction (dilation). For example, a
larger ionic radius FA+ in perovskite further narrows the optical band-gap
below 1.5 eV whereas smaller radius caesium (Cs+) shifts optical band-gap
above 1.7 eV64. A clear interplay between monovalent cations and optical
band-gaps shows that the apical and equatorial B-X-B bond angles, whose
maximum bond angle linearly proportions to the size of A site cation,
predominates the electrical structure65. In addition to [PbX 6 ]4- distortion, the
electrical dipole of A-site cation also plays role on lattice stability. The
prevalent organic cation MA+, whose the hydrogen bond interaction between
MA+ and inorganic matrix reduces asymmetrical octahedral titling and
propends to ionic character in Pb-I bond, gives a permanent dipole moment
2.3 D62. This results in further modifying conduction-band levels66. Because of
the dipole moment and rotational degree of freedom in hybrid perovskite, the
strong polarisability under bias perturbation leads to a large discrepancy in
dielectric constant at the static and high frequency responses60, 67-68.
The predication of halide substitution with increased ionic sizes (Cl, Br and I)
in perovskite shows a descending trend in band gaps (2.34 eV, 1.90 eV and
1.57 eV for MAPbCl 3 , MAPbBr 3 , and MAPbI 3 , respectively58) which is
comparable to experimental observations (~3.12 eV, 2.0-2.35 eV and ~1.5 eV,
respectively58, 61). However, among increasing divalent cations (1.9 eV, 1.23 eV,
~1.5 eV for MAGeI 3 , MASnI 3 and MAPbI 3 respectively), an exceptional case
is found in germanium cation which is attributed to different coordination
numbers or active electron lone pair stabilising the octahedral sublattice29, 58, 69.
Interestingly, a partial substitution in MASnI 3 with Pb further broadens the
absorption edge towards infra-red region compared to pure MASnI 3 70. Thus
far, the composition engineering strives not only to aim at lattice distortion
giving rise to band-gap optimisation, but also to counterbalance
photo-instability due to photo-induced segregation in mixed-halide portion44,
71-73
.

12
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Figure 2.4:

(a) Theoretical electronic band structure of MAPbI 3 by density
functional theory calculation. The allowed photo-excited
electronic
transitions
are
represented
in
colour
upward-pointing arrows. The dashed blue arrows represent the
partly dipole-allowed transitions at R point. The
conduction-band maximum (CB1) is from spin-orbit coupling
band. The higher-lying CB2 bands consist of heavy electron
(HE) and light electron states. Figure adapted from Ref. 60,
74-75. (b) Optical absorption spectrum illustrating a
continuum of electronic transition between the R and M
valleys. Figure adapted from Ref. 75-76.

2.3 Generalised charge carrier dynamics in perovskites
2.3.1 Generation mechanisms
A classical definition to differentiate between conventional charge (e.g. p-n
junction solar cells) and excitonic (e.g. dye-sensitised and organic solar cells)
generations is that, conventional solar cell generates free electron-hole pairs
throughout the bulk upon photo-excitation, whilst excitons, a bound state of
electron and hole, are photo-generated and separate at the heterointerface
where the diffusion length and Coulombic interaction of excitons predominate
charge separation probability over recombination in the bulk. This can be
approximately described as an interaction between quasi-particles by
hydrogenic model. The exciton binding energy (E b ) is given as followed.

𝐸𝑏 =

𝑚𝑟 𝑒04
1
∙ 2
2
2
2ħ (4𝜋𝜋𝜀0 ) 𝑛
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where reduced effective mass m r is expressed in terms of effective mass of
electron (m e ) and hole (m h )
1
1
1
= ∗+ ∗
𝑚𝑟 𝑚𝑒 𝑚ℎ

(2.5)

The effective interaction distance between quasi-particles (Bohr radius) in an
orbit is then
ħ2 (4𝜋𝜋𝜀0 )
𝑟𝐵 =
𝑚𝑟 𝑒02

(2.6)

where e 0 , ħ, ε, ε 0 and n are denoted as elementary charge, reduced Planck
constant, dielectric constant, permittivity of free space and the integer
representing excitation state, respectively.
Apparently, in Equation 2.4 & 2.6 the reduced effective mass and the dielectric
constant predominate exciton E b and r B . Frenkel exciton model describes
excitons which are tightly bounded with a small r B , whereas Wannier-Mott
describes excitons which are low binding energy with large and delocalised
radii greater than lattices constant. In MAPbI 3 , the proximity of electron and
hole effective masses77-78 and a large discrepancy in dielectric constants at static
and high frequencies falls in the category of Wannier-Mott excitons model. It
is suggested that excitons dissociate at room temperature owing to the low
exciton binding energy comparable to thermal energy (k b T 300K ~25.8 meV),
even though a large derivation in E b value (2 to 63 meV) has been reported
from different techniques57, 63, 79-86. Based on the assumption, it raises questions
that, what is the nature of dominant charge carrier in perovskite after
excitation? Thus far, there is no consensus that the carrier nature primarily
consists of free charges or excitons, because the density of excitation and
thermal energy in the system dynamically interplay between exciton
dissociation and Coulombic interaction of species (e.g. bound pairs or
excitons)57, 82-83, 87-89. The character of exciton as dominant charge carrier
increases with increasing excitation density because of mutual Coulombic
capture between electrons and holes (Saha–Langmuir relation) intensifying
capture probability90, while at high density electrostatic interaction, which is
likely screened by the neighbouring free charges and/or excitons, involves a
complex many-body system approximation. Fortunately, in photovoltaic
14
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perspective the consensus of free charge carrier in MAPbI 3 is generally valid as
excitation density at one sun intensity is assumed to be low (1014 to 1016 /cm3)82.
The threshold density for lasing application, however, requires at least two
orders of magnitude higher than that of photovoltaic application91-94,
elucidating that the factor of microscopic many-body interactions cannot be
simply neglected in the system.

2.3.2 Recombination mechanisms
Following photo-excitation and bound pairs separation, free charge carriers in
perovskite encounter inevitable events of relaxation; either radiatively through
photon emission and/or non-radiatively through thermal vibration or charge
species interaction. These relaxation dynamics are normally related to
recombination channels in the system where the radiative process often refers
to band-to-band transitions and nominal contribution from trap states in
special cases (e.g. defects activated radiative emission in ZnO), while
non-radiative process is primarily attributed to phonon-assisted trap states and
many-body interaction (Figure 2.5). Monomolecular recombination involves
one free carrier (i.e. free electron density n e or hole density n p ) and localised
recombination centre for instance sub-bandgap states, which can be simply
expressed as sum of the individual exponential decay function if more than
one localised centres are being considered (details in Section 2.4). Bimolecular
recombination predominantly involves free electron-hole pair recombination at
CBM and VBM such that the recombination rate is proportional to the
product of n e and n p , which can be simplified to a quadratic carrier density (i.e.
n e n p ~n i 2) for intrinsic semiconductors. Lastly, Auger recombination relates to
the energy and momentum transfer to a third party upon electron-hole
recombination, and thus the energetic carrier and the density of available
charge carriers significantly influence the probability of such recombination.
The discussion on Auger recombination in perovskites is beyond our scope
because carrier density to initiate 3-body interaction is unlikely obtained in
conventional solar cell application. For more details, we refer the interested
readers to Ref. 95. Note that recombination mechanisms (monomolecular,
bimolecular and Auger recombination) are considered as interaction pathways
for electrons, holes and/or excitons, and not specifically assigned to be either
radiative or non-radiative recombination. To highlight net charge carriers in the
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system, a generalisation of charge generation and recombination rates is
expressed as followed.
𝑑𝑑
= 𝐺 − 𝑘1 𝑛 − 𝑘2 𝑛2 − 𝑘3 𝑛3
𝑑𝑑

(2.7)

where G represents generation rates, n is charge carriers density, and k 1 , k 2 and
k 3 represent recombination rate constants of monomolecular, bimolecular and
Auger recombination mechanism, respectively.

Figure 2.5:

Schematic recombination pathways for charge carriers: (a)
monomolecular, (b) bimolecular, and (c) Auger recombination
involving multi-body interactions.

In accordance with Equation 2.7, it is not surprising that density of injected
carriers is the predominant contribution to recombination mechanisms. In
MAPbI 3 the densities are found to be the range of n ≤ ~1016 cm-3,
~1017 cm-3 ≤ n ≤ ~1019 cm-3 and n > 1019 cm-3 for monomolecular, bimolecular
and Auger recombination, correspondingly, and their typical order of k 1 , k 2
and k 3 are roughly 106 s-1 96-97, 10-10 cm3s-1 87-88, 97-99 and 10-28 cm6s-1 98-99 varying
from sample quality and measurement conditions. Not only can the dominant
recombination event be manipulated by different excitation intensities, but also
temperature dependence reveals information of trap activation and transport
characteristics. Rising system temperature increases monomolecular rate
constant due to thermally ionising impurities or trap as recombination centres
16
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which is found to be shallow traps (~20 meV) below CB edge in the high
temperature tetragonal phases of MAPbI 3 100-102, whilst it also decreases
bimolecular recombination rate constant elucidating a change of capture
probability between electrons and holes. By comparing to the classical
Langevin model which describes diffusion-controlled Coulombic attraction
between electron and hole as a result of total carrier mobility and dielectric
properties103, the bimolecular rate constant in perovskites deviates four orders
of magnitude below from the prediction98. Such deviation has also been
observed in amorphous-silicon104, disorder materials105 and polymer blends106.
Generally, Langevin model assumes that (i) electrons and holes move within
their capture radius which is presumed to be greater than their mean free
path103, (ii) charge carrier movement is essentially diffusion-limited and material
itself has low electron and hole mobilities104, and (iii) correlation between
electron and hole density and random fluctuation density is neglected104.
However, the presence of randomly oriented MA+ dipole gives rise to the
spatial segregation of carrier density and random electrostatic potential
fluctuation in the system107. The empirical approximation to correlate the
presence of electrostatic fluctuation and effective bimolecular rate constant
(k 2,eff ) has been previously proposed by Adriaenssens et al. and given in Ref
105. k 2,eff , however, increases as a function of thermal energy at a uniform
fluctuation amplitude throughout the system which is in contrast to the
experimental results100. Nevertheless, polaron formation76 and indirect band
features (e.g.
the combination
of
spin-orbit coupling
and
108-109
noncentrosysmmetric
) are proposed as the origin of non-Langevin
bimolecular recombination. Perhaps, Langevin model is a good approximation
to describe the lower bound of bimolecular rate constant in accordance with
underlying assumptions. The complexity of ionic species and randomly
oriented cation environment in perovskite, however, invalidates the simple
diffusion-limited modelling, and importantly the change of intrinsic properties,
for instance the presence of drastically enhanced excitonic behaviour and/or
coexistence of free carriers and excitons, across various types of perovskites
may be hardly led to a consensual conclusion.
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2.4 Intrinsic defects and their migration phenomenon
2.4.1 Intrinsic defects in MAPbI3

The nature of parasitic defects and impurities in crystalline materials
prevalently links to physical properties, which contributes electrical
conductivity by defect ionisation or introduces interaction sites to free charge
carriers by electrostatic attraction with charged defect states or ionised
impurities. Usually, native point defects involving atomic dislocations are
responsible for traps in semiconductors, whereas linear dislocation (i.e. edge
and screw dislocations where a portion of lattice plane is misaligned) is related
to mechanical stresses in crystal lattices. On the basis of defect dislocation
positions, their nomenclature can be classified vacancy, (self)-interstitial and
anti-site defects where host atoms are unoccupied, additional atoms occupy
empty space in the lattice, and host atoms are replaced by another atom,
respectively (Figure 2.6). To approximate possible amount of atomic sites
being available for those dislocation events at the q charge state [Xq], we
consider the total number of atomic site in a supercell (N site ) and formation (or
activation) energy responsible for those events (Ef[Xq]) at a given thermal
energy (kT, where k and T represent Boltzmann constant and temperature
accordingly), being expressed in Equation 2.8 and 2.9110-111. In thermodynamics,
we assume that the system temperature does generally not affect the defect
formation energy (Ef) even though a minor contribution from lattice vibration
giving rise to chemical bond modification, but is largely dominant defect
concentration as a result of configuration entropy (i.e. a tendency of defects
being freely distributed in the system) at thermal equilibrium.
[𝑋 𝑞 ]

𝐸 𝑓 [𝑋 𝑞 ]
= 𝑁𝑠𝑠𝑠𝑠 exp �−
�
𝑘𝑘

(2.8)

with grand canonical expression for formation energy

𝐸 𝑓 [𝑋 𝑞 ] = 𝐸𝑡𝑡𝑡 [𝑋 𝑞 ] − 𝐸𝑡𝑡𝑡 [𝑏𝑏𝑏𝑏] − � 𝑛𝑖 𝜇𝑖 + 𝑞𝐸𝐹 + 𝑞𝐸𝑐𝑐𝑐𝑐
𝑖

(2.9)

where E tot [Xq]-E tot [Bulk] is the total energy difference between supercell
containing the defect Xq and perfect crystal lattice. n i indicates the ith of atom
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(host atom or extrinsic impurity) being added (n i >0) or removed (n i <0) in the
lattice. The chemical potentials μ i corresponds to energy required to exchange
the particular atom. Chemical potential of electrons (i.e. Fermi energy E F ) and
correction term for the case of shallow impurity, or of elastic and/or
electrostatic interactions between supercells (E corr ) are also taken into account.

Figure 2.6:

Diagrams illustrating different point defects in lattice

In energetic perspective, defects introduce additional states in forbidden
transition being categorised deep and shallow states. The nomenclature of
“deep” and “shallow” is related to their energetic location with respect to the
band-edges and the possibility for charge carriers de-trapping. In general,
charge carrier de-trapping from deep states is not thermally favourable due to
their energetic location, whereas shallow states are in the vicinity of band edges
and thermally accessible to the valence-band edge as charge acceptors or to the
conduction-band edge as charge donors. Owing to the feature of defect states,
the identification of their location appeals not only to understand the electrical
contribution from the shallow levels, but also to eliminate possible
recombination centres arising from the deep levels. To visualise their energetic
location, computational simulation in regards of the defect formation energy
and Fermi energy illustrates defect states distribution cross-section along
band-edges. Taking account of the existence of multiply charge states for
point defects, thermodynamic transition state ε(q/q’) is defined as Fermi
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energy position where formation energies of charge state q and q’ are equal,
and is expressed as
𝐸 𝑓 (𝑋 𝑞 ; 𝐸𝐹 = 0) − 𝐸 𝑓 (𝑋 𝑞′ ; 𝐸𝐹 = 0)
𝜀(𝑞 ⁄𝑞′) =
𝑞′ − 𝑞

(2.10)

where Ef(Xq; E F =0) is the formation energy of defect X in the charge state q
when the Fermi level is set at the VBM (i.e. E F =0). The schematic diagram in
Figure 2.7 illustrates a point defect with three charge states (q=-1, 0 and +1)
and two transition levels (ε(1+/0) and ε(0/1-)).

Figure 2.7:

A schematic plot illustrating defect formation energy and
Fermi energy from Equation 2.10.

A recent study to predict defects distribution cross-section based on
first-principles calculation suggests that the possible defects in MAPbI 3 are
primarily vacancies (V MA , V Pb and V I ), interstitials (MA i , Pb i and I i ) and
antisites (Pb I , I Pb ). V Pb and MA i are point defects responsible for shallow
transition state in MAPbI 3 cubic phase, suggested by Yin et al112. Buin and
co-worker113 have compared different halide in methylammonium lead-based
perovskites that V Pb , MA i and V I are most stable, and I i and Pb i strive to be
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charge trapping states. Yin et al.112, 114 have comprehensively investigated point
defects in MAPbI 3 at normal (Figure 2.8) and defect species rich conditions
that in former case I i , MA Pb , V MA , V Pb , MA i , Pb MA , V I and MA I are shallow
states. The relative high formation energies are found in I MA , I Pb and Pb I as
deep states. Meggiolaro and co-worker115 have extended their work related to
defect formation energies and thermodynamic ionisation charge states of
intrinsic defects in MAPbI 3 that I i and V Pb are responsible for the charge
trapping process (Figure 2.9).

Figure 2.8:

Calculated transition energy levels of point defects in MAPbI 3 .
The formation energies of neutral defects are shown in
parentheses. Values in the parentheses indicate formation
energies for neutral defects. Figure adapted from Ref. 114.
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Figure 2.9:

(a) Defect formation energy diagram as a function of the
Fermi energy (E F , where it is assigned to be 0 eV and to be
1.58 eV at VBM and CBM, respectively) for MAPbI 3
illustrating stable defects in stoichiometric conditions. Solid
lines and blue dashed lines indicate the stable charge states of
specific defects and metastable neutral states of I i . Formation
energy of positively (negatively) charged defects increase
(decrease) as a function of E F , while neutral defects are stable
with respect to E F . (b) Thermodynamic ionisation levels for
the most stable defects. Figure adapted from Ref. 115.

2.4.2 Defects (ions) migrations in MAPbI3
Perovskites have long been speculated about its salient feature of ionic
conduction and first observed temperature-dependent conductivity in CsPbCl 3
inorganic perovskite116. Similar results linking to such behaviour are also found
in germanium-based hybrid perovskite117, caesium-lead halide perovskite and
KMnCl 3 118. Since a strong hysteresis behaviour in perovskites being reported119,
the origin is speculated to link to interfacial traps, ferroelectric polarisation,
and/or mobile ion screening the built-in field are ascribed to the discrepancy.
Lately, significant evidence elucidates ionic species in perovskite, which
promotes ion migration under biasing112, 120-125. In general, free ionic species can
be originated from the host atoms by detaching from their lattice sites
(vacancies defect) and/or by diffusing to the unoccupied space (interstitial
defect). Theoretical and experimental results further reveal that, the halide
species are the most mobile ion being attributed to low migration activation
energy (~0.1-1 eV) and fast time response (<1 μs)126-128, followed by MA+ and
Pb2+ in MAPbI 3 . To directly probe into bias-dependent ion migration,
electrically poling is applied across symmetrical gold electrodes in lateral
configuration, and Kelvin probe force microscopy measurements examine
surface potential unveiling the existence of ionic movement along the poling
cross-section122. Similar neutral-to-polar transformation at electrical poling and
low energetic excitation is found by Yuan et al.122, that redistribution of MA+
occurs at electrical field as small as ≈0.3 V μm−1 at room temperature being
ascribed to the similarity in the activation energy of MA+ migration and defect
formation energy of MA+ at I rich or I poor circumstances. Bag et al.129 have
calculated
the
migration
barrier
of
MA+
(Ea=~0.58 eV)
22

2. Physics of hybrid perovskites

from temperature-dependent electrochemical impedance spectroscopy being
consistent to the results from F. De Angelis et al.127 (E a = ~0.46 eV and 0.56 eV
for MAPbI 3 and MAPbBr 3 , respectively) and Y. Tateyama et al.128
(E a = 0.57 eV). Surface and grain boundaries have recently proposed to
dominate ion migration in MAPbI 3 due to the surface-assisted formation of
migrating defects125. A significant ionic movement in MAPbI 3 has been hinted
not only by a built-in field screening within the film or at the electrode
interfaces by ion species accumulation, but also by the chemical degradation
process in film or at the metal contact electrode. In particular, free iodide ions
diffusion across organic mediator occurs and chemically interacts at the
silver-mediator interface130, which leads to additional energetic barrier
formation due to AgI/Ag layer and/or I rich -to-poor, or
stoichiometric-to-poor transition in MAPbI 3 rebalancing dominant defects in
bulk131. While studies on ion migration in perovskite have thrown light on
unusual features such as current density-voltage hysteresis132, switchable
photovoltaic effect133, giant dielectric constant60, 67-68 and photo-induced phase
segregation73, the complicated control in stoichiometry, crystallinity and
morphology may not readily amalgamate a correlation between defects (ions)
migration and state-of-the-art perovskite layer. Strictly, at what extend those
ionic factor(s) are being balanced in the system to anticipate high performance
perovskite solar cells.
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After discussing at length perovskite crystallography and the associated
physical properties, it is worthwhile to briefly introduce how perovskite layers
are capable to be fabricated in laboratory scale, and perhaps to be extended to
industrial production. In this chapter, various methodologies of solution-based
fabrication will be discussed aiming at low-cost and reproducible approaches
for high quality MAPbI 3 thin films by control of the crystallisation process.

3.1 One-step versus two-step fabrication protocols
Inherently, MAPbI 3 fabrication involves organic methylammonium iodide
(MAI) and lead iodide (PbI 2 ) as precursors which can be both dissolved in a
solvent or separately dissolved in two non-miscible solvents; distinguishable
difference of those refers to one-step or two-step fabrication. Early work on
the MAPbI 3 fabrication was utilised a two-step sequential protocol because of
the ease of crystallinity and morphology control on underlying PbI 2 layer134.
Briefly, a PbI 2 building block is prepared with gamma-butyrolactone (GBL) or
dimethylformamide (DMF) organic solvent; surface wettability also influences
PbI 2 crystallisation (Figure 3.1). The second deposition exposes the initial PbI 2
layer with MAI liquid or MAI vapour yielding ion intercalation. From the
crystallographic perspective, the PbI 2 building block (volume per formula unit,
V/Z = 125.7) expands a two-fold volume to yield a final MAPbI 3 layer
(V/Z = 249) in the presence of MAI intercalation135. Thus, the quality and
surface coverage of PbI 2 layer greatly determine the final MAPbI 3 perovskite
layers because of the competing lattice expansion and MAI intercalation
processes. Therefore, additives are often introduced in PbI 2 solution via
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complex formation136 to delay nucleation at supersaturation. For example,
applying Lewis base additives such as dimethyl sulfoxide (DMSO) and
methylpyrrolidone (NMP) prevalently facilitates the formation of PbI 2 -additive
intermediate and leads to progressively nucleate on surface136 (Figure 3.2).
Increasing solubility by polar solvents (e.g. hydrohalidic acid137-138 and H 2 O139-140)
or ionic substance141 has been reported to yield an ultra-smooth PbI 2 layer
(Figure 3.2 & 3.3).

Figure 3.1:

SEM images of PbI 2 / DMF layers on different wetting
substrates. (a) TiO 2 / ITO. (b) WO 3 -Ag-WO 3 / glass
transparent electrode. Scale bar: 1um.
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Figure 3.2:

SEM images of PbI 2 without and with additives. (a-f) PbI 2
films prepared from Pb 2 / DMF with 0, 0.5, 1, 2, 3 and 4 wt%
of H 2 O additives, respectively. Figure adapted from Ref. 139.
(g-i) PbI 2 film prepared without additive, PbI 2 with HI, and
PbI 2 with HCl additives, respectively. Figure adapted from Ref.
138. (j-l) PbI 2 films prepared from DMF, DMSO and NMP
solvents, respectively. Figure adapted from Ref. 136.
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Figure 3.3:

Appearance of PbI 2 / DMF solution containing different
amount of H 2 O additive (H 2 O/ DMF in wt%). Figure
adapted from Ref. 139.

The second important piece of information for the two-step sequential
protocol is how methylammonium halide salts (MAI or MAI/MACl mixture)
inter-diffuse to the underlying PbI 2 layer by MA halide dissolved in
non-miscible solvent or sublimated as gas phase propelling crystal
transformation. Dipping PbI 2 layer into MAI/isopropanol-toluene solution
was firstly applied to form a black perovskite film, while a small portion of
MACl in isopropanol (IPA) further improves morphology and electrical
properties142. Xiao et al.143 have modified solution-based method by
spin-casting IPA solution with MAI directly on top of PbI 2 layer and annealing
at certain temperature. To increase the interaction cross-section between MAI
and PbI 2 , vapour-assisted deposition144-145 allows MAI molecules to deeply
diffuse at high temperature (Figure 3.4). As both PbI 2 sample and MAI
powders are annealed at a higher temperature than that from solution-based
deposition (i.e. T > 100 oC) in closed system, MAI sublimation may lead to
thermal dissociation to small chemical fragments144, 146-147.
CH3 NH3 I(s) → CH3 NH2 (g) + HI(g)
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Figure 3.4:

(a) Schematic diagram of MAI (CH 3 NH 3 +I-) vapour-assisted
deposition method. (b) AFM images of PbI 2 (rms roughness:
16.09 nm)(left) and MAPbI 3 (rms roughness: 23.5 nm)(right)
by in-house spin-coating and vapour-assisted deposition,
accordingly.

However, the full understanding of MAI fragmentation at high temperature
and dominant gas species involving MAPbI 3 formation is still controversial
because different small chemical fragments other than CH 3 NH 2 and HI are
found146. In the two-step fabrication, despite dipping or evaporating methods
deem to be a straightforward strategy to control morphology, the challenge of
saturation point between complete transformation and crystal dissolution
importantly dominates homogeneous MAPbI 3 perovskite, particularly the
residual PbI 2 layer at the perovskite/substrate interface which has been
reported as “double-edged sword” effect for photovoltaic performance148-149.
In contrast to the two-step deposition, one-step protocol simply dissolves
chemical precursors in the same solvent; initial work by spin-coating equivalent
molar ratio of MAI and PbI 2 in DMF, however, showed difficulties to produce
a continuous and compact film. Afterwards, increasing solubility by excess
MAI150, hydrohalic acids (HI, Hbr or HCl)140, 151-153, chloride-based additives
(PbCl 2 or MACl)150, 154, or polar solvents155 significantly improves film coverage
and surface roughness (Figure 3.5). Surprisingly, compare to H 2 O in two-step
sequential protocol, a small amount of H 2 O additive in final perovskite does
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enhance film morphology and solar cell performance155, even though H 2 O
molecules incorporation trends to isolate [PbI 6 ]4- octahedra and thus forms
photo-inactive (CH 3 NH 3 ) 4 Pb 6 ·2H 2 O156 or CH 3 NH 3 PbI 3 ·H 2 O hydrate157.
Recent theoretical and experimental evidence have also elucidated that
H 2 O-MA+ interaction withstands the ultra-fast MA+ reorientation within
pseudocubic lattice cages67. The involvement of ion movements and trap states
after H 2 O exposure has also been proposed to link to lattice expansion
weakening hydrogen bond interaction between MA+ and [PbI 6 ]4- octahedra156.
Thus far, the understanding of MA+-H 2 O complex dissociation in
monohydrate perovskite to (CH 3 NH 3 ) 4 Pb 6 ·2H 2 O is still inadequate. Here, we
assume that there exists a structural transition between CH 3 NH 3 PbI 3 (or
CH 3 NH 3 PbI 3 ·H 2 O) and (CH 3 NH 3 ) 4 Pb 6 ·2H 2 O at certain H 2 O content. Initial
H 2 O molecules partially opt in and favour to link two MA+ cation ions via
hydrogen bonds156 resulting in local MA deficiency, and therefore MA
vacancies or interstitials (shallow defects) and partial lattice distortion
inherently modify electronic properties; beyond the transition point, low
dimensional perovskite formation, however, takes place by further isolating
[PbI 6 ]4- octahedra.

Figure 3.5:

Morphology modification by (a) non-stoichiometry MAPbI 3
precursor, and (b) MACl additives in precursor. Figure adapted
from Ref. 150.

It has become increasingly apparent that crystal nucleation in both one-step
and two-step protocols play crucial roles on forming a smooth and
pinhole-free perovskite layer. To correlate between nucleation at the initial
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stage and film quality, a classical heterogeneous nucleation model qualitatively
rationalises natural nucleation mechanism. By definition, nucleation is a series
of atomic or molecular process by which the atoms or molecules of reactant
phases redistribute into a nucleus or nuclei to irreversibly grow to a
macroscopically large size158. Assuming that homogeneous nucleation
insignificantly occurs at non-superhydrophobic interface (∆G hetero /∆G homo =
f(θ) << 1, where f(θ) represents wettability being 0 ≤f(θ) ≤ 1), the driving force
to initiate primary nucleation process (heterogeneous nucleation) is solely
supersaturation of reactant which can be expressed in terms of chemical
potential difference (Δμ) between molecule in solution (μ s ) and that in the bulk
crystal (μ s ), or supersaturation ratio (S):
∆𝜇 = 𝜇𝑠 − 𝜇𝑐 =𝑘𝐵 𝑇𝑇𝑇𝑇

∏ 𝑎𝑖 𝑛𝑖
∆𝜇 = 𝑘𝐵 𝑇𝑇𝑇 �
�
∏ 𝑎𝑖,𝑒 𝑛𝑖

(3.2)
(3.3)

where n i is the number of the ith ion in the molecules of crystal, and a i and a i,e
are the actual and equilibrium activities of the i molecules in the crystal,
respectively.
In the system, the volume excess energy (i.e. excess free energy between for a
very large particle (r = ∞) and solute in solution, ∆G V ) and the surface excess
energy (i.e. excess free energy between the surface and the bulk of the particle,
∆G S ) determine the total activation energy for heterogeneous nucleation which
is also related to nucleus size (R) and surface energy (σ) in a confined volume
V159.
4𝜋𝑅 3
∆𝐺𝑇 = ∆𝐺𝑉 + ∆𝐺𝑆 = −
∆𝜇 + 4𝜋𝑅 2 𝜎
3𝑉

(3.4)

Thus, the critical nucleus size (R*)159-160 at maximum activation energy (∆G*) is
obtained by the first derivative of Equation 3.4 and the substitution of
Equation 3.2.
𝑅∗ =

2𝜎𝜎
𝑘𝐵 𝑇𝑇𝑇𝑇
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At the maximum excess energy at critical nucleus size, nucleation rate (r) can
be expressed by an Arrhenius-type equation159.
−∆𝐺 ∗
𝑟 = 𝐴𝐴𝐴𝐴 �
�
𝑘𝐵 𝑇

(3.6)

where A, ΔG*, k B and T are proportional constants related to nucleation rate
and supersaturation, maximum activation energy, Boltzmann constant and
temperature, respectively.
Noticeably, the value of R* is inversely proportional to the supersaturation (∆μ)
or supersaturation ratio (S), but is proportional to surface energy (σ).
Spin-coating PbI 2 solution on non-wetting WO 3 /Ag/WO 3 substrate as shown
in Figure 3.1 yields smooth and pinhole-free film. This gives rise to high excess
free energy delaying spontaneous nucleation and thus large R*, in good
agreement to literature161. Furthermore, at elevated temperature, the change of
both supersaturation and surface energy in the system propels larger R*, as
shown in Figure 3.6.

Figure 3.6:

Free energy barriers for heterogeneous nucleation at different
temperature T 2 > T 1 . The critical nucleus size (R*) is obtained
at the maximum activation energy (ΔG*).
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3.2 Nucleation process by disturbance
Extending our discussion further on the primary heterogeneous nucleation at
both solid/liquid and liquid/gas interfaces, the liquid/gas interface primarily
affects saturated vapour pressure in liquid phase162. The surface energy at the
interface balances with the equilibrium vapour pressure in ambient163 and
hence nucleation rates at solid/liquid and liquid/gas interfaces are similar due
to isotropic surface energy throughout spherical droplet. By the use of
anti-solvent and gas-assisted processes at liquid/gas interface, the change of
supersaturation equilibrium initiates nucleation at liquid/gas interface due to
decrease of surface energy and the solution solubility serving “controllable”
nuclei formation. With a mild annealing, secondary nucleation from the parent
nuclei is more energetic favourable than heterogeneous nucleation164 and
crystal growth, because the process is primarily driven by diffusion165 Thus far,
the high quality perovskite layers for solar cell applications are based on the
well-controlled crystallisation process166. The common anti-solvents and gas
sources are summarised in Table 3.1 and 3.2. The presence of pre-nucleated
clusters in the layer has literately been shown a significant morphology and
grains improvement167-169, which could be an indication to tie up with
advantageous preferential orientation in growth process, similar to that with
anti-solvent or gas-assisted processes.
Despite the one-step deposition with anti-solvent and vapour-assisted
techniques yields a remarkable perovskite film, the challenges of purity of
reactants, fabrication environment, and the time point to manipulate nucleation
and crystal growth (Figure 3.7) lead to a questionable reproducibility. Recently,
healing perovskites by exposing reactive gases shows a liquid-phase
intermediate which is possible to extend the concept of nucleation. This will
be discussed at length in Chapter 5.
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Figure 3.7:

(a) Schematic diagram of change in concentration as a
function of time illustrating crystal nucleation and growth
dynamics. C s , C min * and C max * represent solution solubility
margin, the minimum and maximum supersaturation
concentrations, respectively. Region I: The concentration
initially increases as solvent evaporating; Region II: Nucleation
begins beyond the minimum supersaturation concentration;
Region III: Concentration drops sharply as a result of crystal
growth. (b) Competing nucleation and growth rates as a
function of supersaturation condition results in distinguishable
film morphologies. Figure adapted from Ref. 170.

Table 3.1: Summary of prevalent solvents for anti-solvent deposition
Precursor solvent

Anti-solvent

Ref.

2-Pyrrolidone: GBL

Diethyl ether

171

DMAc:DMSO

Toluene

172

DMAc:NMP

Toluene

172

DMF

Chlorobenzene

173-175

DMF

Ethanol:chlorobenzene

176

DMF:DMSO

Anisole

177

Chlorobenzene

45, 177-183

Diethyl ether

178-179, 181, 184

Ether

177

Ethyl acetate

185

Isopropanol

182

Methanol:diethyl ether

186

Toluene

172, 177, 179

Chloroform

179

n-hexane

179

DMF:GBL
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DMF:NMP

Toluene

172

DMSO

Chloroform

187

GBL:DMSO

Ethyl acetate

188

Toluene

188-189

Diethyl ether

190

NMP

Table 3.2: Summary of perovskites fabricated by gas-assisted deposition
Perovskite

Precursor
solvent

Gas/ Vapour

Ref.

MAPbI 3

DMF

Ar

191-193

DMF

N2

175, 183, 194

DMF

DMF

195

MAPbBr x I 1-x

DMF

Dry Air

196

FAPbI 3

DMF

N2

152

DMF:DMSO

N2

FA x Cs y MA 1-x-y Pb(Br a I 1-a ) 3
*

197

* Multiple compositional ratios have been compared.

3.3 Device architecture and fabrication methods
Evolutionary progressions on perovskite device architectures since being firstly
reported in dye-liquid electrolyte have been diversified into n-i-p (regular) or
p-i-n (inverted) configuration. In conventional architectures, the nomenclature
n and p are referred to electron and hole transporting (or opposite charge
blocking) capabilities respectively, whereas i is assumed to be electrically neutral
region and coexistence of electron and hole carriers, analogous to that of
depletion region in p-n junction. The regular device structure has been
prevalently applied in dye-sensitised solar cells and further adapted in
perovskite architecture, that mesoporous TiO 2 198-199, SnO 2 200-201, or ZnO202-203
scaffolds are deposited by spin-coating or screen-printing on highly conductive
transparent electrode; Similar approach applies to p-type mesoporous
NiO x 204-205 for inverted devices. Pore-filling after perovskite deposition allows
equiaxed grains formation (10-20 nm) with less crystallinity in the pores206
leading to shorter transport distance, while highly crystallised and compact
capping layer has elucidated a strong correlation between light absorption
management and photovoltaic performance207. A hole (for regular device) or
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an electron (for inverted device) transporting layer couples with perovskite and
is finished by thermally evaporated contact metal electrode. Though
mesoporous scaffolds in dye-sensitised solar cells serve as a charge separation
interface for efficient exciton dissociation and the balance of hole extraction in
liquid electrolyte, the free charge carrier and electron mobility features in
perovskite may not necessarily be facilitated, being intensively shown in their
comparable efficiencies47, 208-211. Compare to the mesoporous structures, the
feasible fabrication of planar layers, such as spray casting212-213, spin-coating185,
214
, plasma sputtering215-216, and spatial atomic layer deposition at atmospheric
pressure217, facilitates a low cost and scalable production. A summary of device
architectures and transporting materials currently used for perovskite devices
has been depicted in Figure 3.8 & 3.9.

Figure 3.8:

Schematic layout of conventional mesoporous and planar
hybrid perovskite devices. The abbreviation of ETL and HTM
represent electron transporting and hole transporting layers,
respectively.
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Figure 3.9:

Energetic landscapes of prevalent transparent conductive
oxides (TCO), ETL, PbI 2 , hybrid perovskites, HTL, and metal
electrodes.
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This section highlights some measurement techniques and their working
mechanisms being used in the entire investigation: from materials to
optoelectronic characterisations. In short, non-destructive scanning electronic
microscopy and X-ray diffraction spectroscopy are primary analytical
techniques to study sample textures and crystallinity because of simple
operation and giving high quality of structural information. To further
understand how the materials interacting with incident electromagnetic
radiation, a series of optoelectronic techniques related to their absorption and
energetic relaxation is employed. Lastly, the challenge of photovoltaic
measurements and practicality of an authentic examination protocol for hybrid
perovskite photo-absorber will be discussed.

4.1 Materials Characterisation
4.1.1 Scanning electron microscopy (SEM)
In conventional optical microscopies, the quality of images always refers to
their lateral resolution, also known as resolving power which is inherently
related to wavelength of source being used. Concisely, the minimum
distinguishable feature can be defined by Rayleigh Criterion: Two images are
able to be resolved when the principal maximum of one coincides with the
first order diffraction minimum (Figure 4.1) unveiled in Equation 4.1.

r=

1 1.22𝜆
∙
2 𝑛𝑛𝑛𝑛(𝜇)

(4.1)

where λ and nsin(μ) represent wavelength of light source and numerical
aperture (NA) which relates to refractive index of the imaging medium (n) and
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a half of angular aperture of ray cone (μ) between lens and specimen.

Figure 4.1:

Two diffracted airy disks overlapping demonstrate Rayleigh
Criteria. (a) resolved, (b) Rayleigh limit and (c) non-resolved.
Figure adapted from Ref. 218.

In Equation 4.1, the maximum resolving power can practically be achieved if a
short wavelength of light source is chosen when the geometry of objective
lens is unchanged. However, other optical defects (e.g. chromatic aberration,
achromatic doublet, spherical aberration, astigmatism, curvature of field,
comatic aberration, and distortion) could be inherently taken place to decrease
the resolving capability. Therefore, the maximum resolving power for optical
microscopies is thus far around 0.2 μm. After the validation of wave-particle
duality and relativity hypotheses, the choices of wavelength are no longer
limited to the visible spectrum, but to the relativistic kinetic energy of electron
in vacuum, as illustrated in Figure 4.2. Hence, electron microscopies yield a
remarkable resolving power. In addition, relatively wide range of depth of
focus in SEM enables high resolution in topographic information than
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conversional optical microscopies because of an ultra-fine beam divergence
controlled by a series of magnetic lens and stigmator. Depending on the origin
of scattered electrons, SEM is also able to analyse chemical composition.

Figure 4.2:

Relativistic velocity (black) and wavelength (blue) of an
electron as a function of acceleration voltage in vacuum.

In general, electron beam is generated by either thermionic emission cathode
with tungsten or lanthanum hexaboride filament at high temperature, or cold
field emission cathode with ultra-fine tungsten tip at high electrical field. After
excitation, emitted electrons are accelerated across potential difference between
anodes and are bombard onto the sample surface giving elastic and/or inelastic
scattering. The kinetic energy of electrons also determines the beam
divergence and resolution. The notable feature in electron microscopy is that
the elastic scattering with primary electrons inherently reflects topographic
imaging due to the interaction to weakly bound conduction band electrons in
metals or valence electrons in insulators or semiconductors (also known as
secondary electrons). On the contrary, the inelastic scattering strongly senses
compositional imaging from the kinetic energy dissipating to core collisions
being responsive to atom number in materials (also known as backscattered
electrons). Other signal responses such as Auger electrons and characteristics
X-rays collect chemical information of the samples. After high energetic
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bombardment, the penetration depth profile can be illustrated as a pear-like
interaction volume indicating the distribution of signal sources and spatial
resolution (Figure 4.3). Afterwards, both secondary and backscattered electrons
emitted from the samples mildly accelerate at mesh screen in front of detector,
generate photons at scintillator, and are consequently amplified in
photoelectron multiplier tube. In this work, a high resolution scanning electron
microscopy Zeiss CrossBeam 1540XB equipped with an ultra-high field
emission electron gun is employed in the Nanostructure Laboratory.
Parameters for image capture are set to 5 kV of acceleration voltage and 5 mm
of working distance.

Figure 4.3:

An illustration of a pear-like interaction volume elucidating
penetration depth and spatial resolution of different signals.
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4.1.2 X-ray diffraction (XRD) spectroscopy
Diffraction describes a wave modulation due to the superposition with
adjacent wave sources (Huygens–Fresnel principle) through the obstacle with
sizes comparable to the incident wavelength. Similarly, “obstacles” in crystalline
materials also diffract (or scatter) with incident electromagnetic waves (e.g.
X-ray with 0.01-10 nm wavelength) given by Bragg's law, and the response of
amplitude modulation constructively or destructively interferes on consecutive
planes of atoms in certain circumstances. Assuming that the incident and
reflected beams are coherent, constructive interference occurs and can be
depicted in Equation 4.2, where nth order of diffraction (n is an integer in this
case), incident wavelength (λ), interatomic distance (d hkl ) and incident angle (θ)
are considered219.
(4.2)

nλ = 2𝑑ℎ𝑘𝑘 sinθ

While exposing X-ray on the sample at varying incident angles, the signal
response at particular angle (2θ) reflects crystal (preferable) orientation which
can be expressed by Miller indices (hkl) being on the basis of reciprocal lattice
vectors. In addition, observable intensity responses also correlate to structural
factors (F(θ)) associated to the individual atomic scattering factors (f j (θ)), and
dot product of point vectors <u j ,v j ,w j > and direction vector of Miller plane
in crystals, as shown in Equation 4.3. This also predicts the possible diffraction
planes with respect to different crystal systems. For example, in cubic systems
(0, 0, 0) is a unique coordination in simple cubic (SC) crystal structure implying
any combination of (hkl). Body-centred cubic (BCC) crystal structure has
additional coordination (1/2, 1/2, 1/2) showing that the summation of h, k
and l is even, whereas face-centred cubic (FCC) crystal structure shares atoms
in three different facets at coordination of (1/2, 0, 1/2), (1/2, 1/2, 0) and (0,
1/2, 1/2) such that the criteria only validates when the values of (hkl) are
either all odd or all even. The overall criteria are summarised in Table 4.1.

𝐼∝

|F(𝜃)|2

2

= �� 𝑓𝑗 (𝜃)exp[2𝜋𝜋�ℎ𝑢𝑗 + 𝑘𝑣𝑗 + 𝑙𝑤𝑗 �]�
𝑖
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Table 4.1: Possible XRD peaks according to their crystal structures
ℎ2 + 𝑘 2 + 𝑙 2

SC
(any
combination)

FCC
(either all odd
or even)

BCC
((h+k+l) is
even)

1

100

--

--

2

110

--

110

3

111

111

--

4

200

200

200

5

210

--

--

6

211

--

211

7

--

--

--

8

220

220

220

9

300, 221

--

--

10

310

--

310

11

311

311

--

12

222

222

222

In regard to practices, an X-ray tube such as copper (K α = 1.5406 Å) or
molybdenum (K α = 0.7107 Å) is energised. The X-ray source then scatters with
interatomic planes at incident angle θ while the reflected beam is detected at 2θ
with respect to the incident beam path. Such a source-sample-detector
geometry is advantaged if the layer of specimen is significantly thicker than the
beam penetration depth giving the major intensity from the film. Thin films or
nanoparticles, on the contrary, require sophisticated geometries to enhance
interaction cross-section by low glancing angle strike, and to cause peak
broadening in which Scherrer equation describes in principle to the crystallite
size distribution in the film. Note that crystallite nomenclature does not fully
imply particles or grains in the film because these may be composed of more
than one type of crystallite. Importantly, their average sizes of crystallite
should be less than 200 nm because the size effect substantially predominates
peak broadening feature220-221 over the lattice microstrain, defects, or
instrumentation factors. Occasionally, the application of Scherrer equation
extends to estimate “crystallite size” beyond 200 nm222-225. This must be used
with caution because it may oversimplify other factors in the complex system
leading to debatable conclusions in average crystallite sizes from XRD results.
In this study, the investigation of material crystallinity was carried out by
Bruker D8 Discover with Lynxeye XE detector and measured with θ-to-2θ
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detection configuration. The X-ray source is generated by copper (Kα =
1.5406 Å).

4.2 Optical Characterisation
4.2.1 UV-visible absorption spectroscopy
Optical absorption is a measure of an interaction between the incident
electromagnetic (EM) radiation and the specimen that energy transfer initiates
system perturbation enabling specific molecular movements (i.e. symmetric
and asymmetric rotations, stretching, and vibrations)226 from the far to near
infrared regions and electron transitions (i.e. trap state excitations, state-to-state
and band-to-band transitions)227-228 from the near infrared to ultraviolet realms.
Those salient features allow to identify functional groups in organic
compounds (by Fourier-transform infrared spectroscopy) and to investigate
optical transitions related to excitonic states and free carriers in semiconductor
materials (by UV-visible absorption spectroscopy). The incident radiation (I 0 )
exponentially attenuates in specimen in response to its concentration (c),
absorption coefficient (ε) and absorbing path (l). The physical quantity is called
absorbance (A) and described by Beer-Lambert Law.

A = −𝑙𝑙𝑙10

𝐼
= 𝜀𝜀𝜀
𝐼0

(4.4)

In addition to absorbance, reflectance and transmittance should also be taken
into account if surface roughness and particle scattering are dominant in the
sample so that the sum of absorbance, reflectance and transmittance equals
unity. To measure total absorbance in the perovskite samples, Agilent Cary
5000 spectrometer equipped with an integrating sphere was employed, and the
sample was mounted in the centre mount sample holder with 10 o incident
angle to collect the transmitted and reflected light.

4.2.2 Transverse photothermal deflection spectroscopy
A system being perturbed by optical absorption, as previously discussed, can
further undergo relaxation within certain time frame such that excess energy is
released in the form of thermal radiation or luminescence, which is a vital
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phenomenon to probe into recombination mechanisms in interdisciplinary
studies229-233. In particular, thermal relaxation induced index of refraction
gradient in the medium causes ray deflection which can be measured by
photothermal deflection spectroscopy (PDS)234-236. A schematic diagram in
Figure 4.4 illustrates pump-and-probe geometries of collinear PDS where the
excitation and probe beams are within samples, and transverse PDS where the
probe beam is deflected in a thin layer coupled to sample surface. In brief, the
rise of temperature ascribes to heat deposited in the absorbing region by
pumping a continuous square wave being satisfied the followed equations234.
∇2 𝑇0 −
∇2 𝑇1 −
∇2 𝑇2 −
where

𝑄(𝒓, 𝑡) =

1 𝜕𝑇0
=0
𝑘0 𝜕𝜕

1 𝜕𝑇1 −𝑄(𝒓, 𝑡)
=
𝑘1 𝜕𝜕
𝜅1
1 𝜕𝑇2
=0
𝑘2 𝜕𝜕

4𝑃𝑃 −𝛼𝛼 −2𝑟 2⁄𝑎2 𝑖𝑖𝑖
𝑒
∙𝑒
∙𝑒 +𝐶
2𝜋 2 𝑎2
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Figure 4.4:

A schematic diagram of transverse and collinear PDS. A
monochromatic pump beam initiates optical absorption at
the specimen (Medium 1) where isotropic thermal relaxation
induces the refractive index gradient (Δn) deflecting probe
beam at a distance z 0 parallel to sample surface (transverse
PDS) or parallel to the pump beam (collinear PDS). Thermal
acoustic propagation (i.e. pressure-induced Δn) is assumed to
be neglected. Thermal conductivity and diffusivity are denoted
as κ and k, respectively. Figure adapted from Ref. 234.

Obviously, heat deposited per unit volume in the medium (Q) depends on the
power of pump beam (P), absorption coefficient (α), beam width (a) and
harmonic oscillation frequency (ω). W. B. Jackson et al.234 have proposed
various mathematical solutions to describe temperature distribution in the
medium at different circumstances which can be resolved to its magnitude and
phase modulation.
𝑇(𝒓, 𝑡) = 𝑇(𝑧) ∙ 𝑒 𝑖𝑖𝑡 + C

(4.9)

While the probe beam propagates in the medium where the index of refraction
gradient is generated within the sample or the thin layer adjacent sample
surface, a small angle deflection is unveiled as below:
d𝐫0
1 𝜕𝜕
≅∅=
∙
∙�
∇ 𝑇(𝒓, 𝑡)𝑑𝑑
ds
𝑛0 𝜕𝜕 𝐵𝐵𝐵𝐵 ⊥

(4.10)

𝑝𝑝𝑝ℎ

Equation 4.10 is further simplified in transverse PDS measurement by
assuming that probe beam propagates within one medium and in one
dimension such that 𝑇(𝒓, 𝑡) = 𝜕𝜕�𝜕𝜕, and thus
∅=

1 𝜕𝜕 𝜕𝜕
∙
∙
∙�
𝑑𝑑 ∙ 𝑒 𝑖𝑖𝑖
𝑛0 𝜕𝜕 𝜕𝜕 𝐵𝐵𝐵𝐵

(4.11)

𝑝𝑝𝑝ℎ

For the measurement, a home-built transverse PDS setup is employed in
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University of Cambridge. Sample surface is excited by a monochromatic pump
beam and thermally relaxed to cause a refractive index gradient being enhanced
by in an inert liquid FC-72 Fluorinert® (3M Company) with a high refractive
index change per unit temperature change. Continuous wave laser probe beam
with a fixed wavelength propagates through the inert liquid causing deflection.
The deflection signal is detected by a photo-diode and a lock-in amplifier
combination. The collection of signal response at different monochromatic
sources unveils complete absorption spectra. The sub-band absorption reflects
energetic disorderness below the bandgap (also known as Urbach energy).

4.2.3 Photoluminescence spectroscopy
Photoluminescence (PL) often refers to a subsequent radiative relaxation by
means of luminescence after optical excitation, which unveils characteristic
electronic transitions in organic compounds and semiconductors237. The
recombination mechanisms have at length been discussed in Chapter 2. In this
study, PL measurement is carried out in PicoQuant FluoTime 300 equipped
with Oxford Instruments OptistatDN series cryostat at low pressure condition
(p < 10−5 mbar). A laser diode with 405 nm wavelength is used and relaxation
is probed near to absorption onset (i.e. ~780 nm) which in principle
corresponds to the band-to-band transition in perovskite. The repetition rates
of excitation source are set to 10 MHz and 100 kHz for steady-state and
time-resolved PL measurements, respectively. For time-resolved PL
measurement data acquisition is based on Time-Correlated Single Photon
Counting (TCSPC) technique to collect temporal response after periodic
excitation signals and to give luminescence lifetime on the basis of time delay
histogram.

4.3 Current density-voltage (J-V) characteristics measurement
4.3.1 Basic principle in solar cells and measurement
Fundamental concepts in solar cells are inherently described as Shockley
ideal-diode and equivalent circuit models in a p-n junction that, current flowing
across the junction in dark and illumination condition is related to the applied
voltage as shown in Equation 4.12 & 4.13.
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𝑞𝑞

(4.12)

𝐼(𝑉) = 𝐼0 𝑒 𝑛𝑘𝐵 𝑇 − 1
𝑞𝑞

𝐼(𝑉) = 𝐼𝑝ℎ − 𝐼0 (𝑒 𝑛𝑘𝐵 𝑇 − 1)

Figure 4.5:

(4.13)

Equivalent circuit of an ideal photovoltaic cell.

The term I ph in Equation 4.13 is denoted as light generated current being
ascribed to diffusion of photo-generated charge carriers across the p-n
junction. As depicted in Figure 4.5, two parasitic resistances present in the
equivalent circuit giving an alternative to energy dissipation over the p-n
junction. The series resistance R s stands for an electrical resistance in solar cells
and the shunt resistance R sh stands for an additional pathway for carriers flow
in p-n junction. The Shockley ideal-diode equation is modified to

𝐼(𝑉) = 𝐼𝑝ℎ − 𝐼0

𝑞(𝑉+𝐼𝑅𝑠 )
�𝑒 𝑛𝑘𝐵 𝑇 �

+

𝑉 + 𝐼𝑅𝑠
𝑅𝑠ℎ

(4.14)

Under a given illumination intensity, electrical power output in solar cells is
evaluated by conversion efficiency which is associated to universal photovoltaic
parameters, namely short circuit current density J sc , open circuit voltage V oc ,
and fill factor FF. Physical quantities of J sc and V oc are noticeably found at
axial intersections whereas dimensionless FF merely describes the “squareness”
in the J-V curve (Figure 4.6) and is also affected by complex internal
mechanisms. Unfortunately, full explicit expression of FF to physical
parameters other than the fraction of area in J-V curve is still inadequate,
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though the role of R s and R sh in solar cells is proposed to be responsible for
relative FF reduction 238-242. A discrepancy of FF is particularly found in hybrid
perovskite at discrete J-V measurement with different conditions. Therefore,
on the basis of typical J-V scans in terms of universal photovoltaic parameters
may peril to evaluate an actual conversion capability from Equation 4.16.

η=
=

Figure 4.6:

𝑃𝑜𝑜𝑜 𝐽𝑚𝑚𝑚 ∙ 𝑉𝑚𝑚𝑚
=
𝑃𝑖𝑖
𝑃𝑖𝑖
𝑉𝑜𝑜 ∙ 𝐽𝑠𝑠 ∙ 𝐹𝐹
𝑃𝑖𝑖

(4.15)

(4.16)

A typical J-V curve (solid line) and intensity-voltage (I-V)
curve (dotted line) of an illuminated solar cell.

Referring to the Equation 4.15, the fundamental estimation of efficiency is
quantified from the maxmium electrical power under AM 1.5G illumination
intensity (i.e. one sun intensity). The current (or current density) and voltage,
whose quantities are precisely measurable, are applied to approxiate maximum
power point (MPP) in intensity-voltage curve at particular illumination
condition as shown in Figure 4.6. Furthermore, MPP tracking also advances
investigation on dynamics related to endurance of power delivery at different
conditions.
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4.3.2 Hysteresis and steady-state measurement
Since perovskite being discovered an abnormality in typical J-V
measurement119, the entire community is overwhelmed with the challenge of
an authentic interpretation on performance and, more important, in search of
microscopic mechanisms accounted for such discrepancy being often referred
to hysteresis. Thus far, the conclusions of such scan-dependent hysteresis is
not yet amalgamated, but is likely ascribed to the presence of mobile ionic
species which gradually responds to the external electrical field. In general,
assuming that in the absence of those ionic species, photo-generated charge
carriers are solely driven by external electrical field such that drifting process is
predomiant in the charge transport mechanism. However, in the case that
mobile ionic species opting in charge dynamics and forming an interfacial
double layer opposite to the electrode polarity at varying bias condition, the
ionic movement counteracts to the effective electrical field leading to the fact
that drifting process no longer drives charge extraction effectively. Other
speculations, for instance accumulation of ionic charge altering local charge
density carriers density, modifying interfacial alignment and chemical surface in
perovskite, passivating defect and traps state, and tuning the charge collection
layer, are arisen as well. Comprehensive dissusion on those effects has been
addressed in Chapter 2.
Apart from optimising efficiencies by sophisticated chemical formulation, the
work for introducing Hysteresis factors (HF) or Hysteresis indices (HI) to
quanitfy the discrepancy between 2 discrete scans have also been puzzled out.
A broad variety of HI or HF definitions is hypothesised as a fraction of
deviation in terms of conversion efficiencies or photovoltaic parameters at a
particular bias point obtained from forward and backward scan directions. A
small HI or HF value ofter refers to low discrepancy and less sensitive to J-V
scan conditions. An example of J-V curves with significant hysteresis behavour
is illustrated in Figure 4.7. The calculated HIs from various hysteresis formulae
proposed from literature are given as 0.343243, 0.298198, 0.150244, 0.008245. 0.241
(24.1 %)246 and 0.284247. Again, not only are HI values calculated on the basis
of discrete J-V scans, but they, in some cases, depend on reference point
employed in the definitions. Perspectives on these ambiguous definitions and
recommendations have newly highlighted248. Likewise, other physical
interpretation required a (pseudo) steady state condition, for example
light-intensity dependent, space-charge limited current, and transisent
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photovoltaic/photocurrent decay measurements, should consider those
extrinsic factors when estimating charge recombination models and charge
recombination/ transport lifetimes.

Figure 4.7:

Typical J-V curves (solid line) and intensity-voltage (I-V)
curves (dotted line) of an illuminated solar cell with significant
hysteresis over forward (i.e. from J sc to V oc ) (green) and
backward (i.e. from V oc to J sc ) (red) scans. Coloured circles
denote as MPP at different scan.

Lately, the application of MPP tracking algorithm in perovskites being
reported by E. Zimmermann249 suggests an accurate interpretation at steady
state condition. Initially, a MPP value is extracted from arbitrary J-V scan. By
comparing MPP values within the intervals, the value of a local MPP
maximum is then fed back to the algorithm until the value of the global MPP
is obtained. Compared to conventional J-V scans, temporal MPP tracking not
only allows the system to be stabilised and less insensitive to pre-biasing or
light illumination induced ions reconfiguration, but also extends the application
to endurance examination at the operation condition. An alternative is to
determine the maximum power point voltage (V MPP ) from MPP tracking
algorithms prior to recording the steady-state power output, or to approxiate
V MPP from J-V scan without pre-baising where holds the V MPP and stabilises
photocurrent over time119, 248. Figure 4.8 has summerised both typical J-V scans
and MPP trackings from Ref. 249 on perovskite solar cells with various
52

4. Methodology and Characterisations

architectures. An organic solar cell deeming less sensitive to scan conditions is
also compared. Not surprisingly, a significant hysteresis in J-V scans presents
in some cases. However, less hysteresis does not necessarily imply the system
to be at the equilibrium condition because the ionic response may hold
differently at scan parameters and measurement conditions. The indication has
been shown in inconsistent relaxation time constants at discrete biasing249.
Though MPP approxiation using cumbersome simulation might give actual
MPP values based on (nearly) steady parameters250-254, it may not fully extend to
a system with complex dynamics such as perovskites. Therefore, throughout
performance study in this thesis, efficiencies are both approximated on the
basis of J-V scans with illumination and voltage stabilisation for 5 s each and
MPP tracking algorithm249 for 180 s. Physical intepretations not being based on
steady state condition is beyond our scope.
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Figure 4.8:

Three successive J-V scans in forward, backward and forward
scan direction (left). The corresponding photovoltaic
parameters measured by MPP tracking algorithm for 60 s
(right). The coloured circles with frame shown in the left are
calculated from the mean value of the last 50 % from the right.
Device
architectures
are
(A)
ITO/PEDOT:PSS/CH 3 NH 3 PbI 3–x Cl x /C 60 /LiF/Ag,
(B)
ITO/c-TiO 2 /PCBM/CH 3 NH 3 PbI 3 / P3HT/WO 3 /Ag, (C)
ITO/PEDOT:PSS/ CH 3 NH 3 PbI 3 / PCBM/Ba/Ag, (D)
FTO/c-TiO 2 /mp-TiO 2 /mp-Al 2 O 3 / CH 3 NH 3 PbI 3 /Graphite,
(E)
FTO/c-TiO 2 /mp-TiO 2 /
CH 3 NH 3 PbI 3 /spiro-OMeTAD/WO 3 /Ag,
ITO/TiO 2 /BCP /PTB7:PCBM/PEDOT:PSS/Ag.
adapted from Ref. 249.
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The recent overwhelming research in perovskite has largely arisen from its
rapid progress in efficiency record from 3.81 %255 to 23.7 %6 by means of
optimisation, elucidating that any faults in each device component
detrimentally affect to its remarkable efficiency. Therefore, this chapter
provides an outline on current optimisation on standard perovskite devices and
also highlights a novel approach being capable of modifying final crystallinity
regardless of their fabrication protocols.

5.1 Concept of optimisation
A basic rule of thumb to achieve high efficiency in solar cells is to propel
physical capability of light absorption throughout electromagnetic region and
photon-to-electron conversion efficiency, and also to suppress possible
recombination events associated from imperfection and high energetic
relaxations. Strictly, theoretical approximation for the maximum efficiency in a
single photon-absorber is primarily depicted by Schockley-Queisser limit
(Equation 5.1) in which charge carrier thermodynamically balances with
radiative recombination for materials with specific optical band-gap256.
Therefore, strategic optimisation on the framework of photon-absorption
management and charge annihilation is largely explored; the former criterion
inherently depends on different selection of cations and anions in the lattice
(Chapter 2). The enhanced current density is as a consequence of optical
band-gap modification. The latter criterion, however, involves the presence of
defects in each device component originated from heterojunction and bulk
recombination. In general, open-circuit voltage (V oc ) correlates to the internal
radiative luminescence257 and is significantly dominated by the optical transition
channels in the system, that is, any non-radiative recombination pathways
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causing energy loss lead to deviation of empirical V oc in solar cells.
𝑉𝑜𝑜 = 𝑉𝑜𝑜,𝑟𝑟𝑟 +

𝑘𝐵 𝑇
ln(𝜂𝑒𝑒𝑒 )
𝑞

(5.1)

where V oc, rad is theoretical value of radiative open-circuit voltage, k B is
Boltzmann constant, T is temperature, q is elementary charge and η ext is
external quantum yield efficiency

5.1.1 Optimisation at heterojunctions
Motivation for heterojunction optimisation stems from the fact that the surface
termination is of critical importance for charge injection barrier giving rise to (i)
poor energy level alignment258, (ii) local surface defect distribution serving as
recombination centres259, and (iii) surface polarisation259-260. Considering the
overwhelming volume of recent work on interfacial modification, their
perspective can be clearly summarised as distinct charge carrier extraction
realms at electron transporting layer (ETL)/perovskite, perovskite/hole
transporting layer (HTL) and at metal contacts.

(i)

Doped-inorganic ETL/perovskite

Intensive works on ETL modification by a portion of extrinsic dopants have
shown an improved performance as a result of a mild increase of current
density and fill factor. Inorganic dopants such as alkali metal ions (Li261, Mg262,
K263 and Cs264), transition metal ions (Mn265, Fe266, Co267, Ni268, Zn269-270, Y271,
Zr272, Nb273, Ru274 and Ta275), post transition metal ions (Al276, Ga277, In278 and
Sn279) and metal ion (Ag270) often incorporate in the ETL crystal lattices,
deeming to passivate electronic trap sites in the ETL and at the surface261, 266-268,
276-277, 279
, to enhance electrical conductivity262-263, 265, 269-271, 273-274, 278-279 and to cause
band-shifting264, 272, 275, 278.
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(ii)

ETL/mediator/perovskite

While the role of surface termination and crystal facet largely dominates
physical properties, it is still unclear which origin of pathways and operational
mechanism are responsible for the detrimental charge recombination, and thus
various mediators have been deployed to rationalise possible identities for
advantageous charge extraction at the interface. Spin-casting an intermediate
layer or a self-assembled monolayer significantly enhances the overall
performance being ascribed to the fact that hydrophilicity and energetic
landscape at the interface have been modified. Generally, a thin inorganic
mediator such as CsBr, Sb 2 S 3 and MgO suggests withstanding
photo-degradation against high level of ultra-violet exposure280-282 and
band-edge shifting leading to more energetically favourable charge injection280.
In addition, a broad variety of organic molecules and fullerene derivatives has
also been studied about their function in charge extraction; polyoxyethylene283
and 4-tert-butyl pyridine284 have somewhat elucidated the link the improved
performance to surface dipole modification and thus tuned band alignment,
even though an ambiguous role of 4-tert-butyl pyridine additive has shown an
involvement of perovskite formation285.
Ambipolar features of functional groups and moieties in self-assembled
organic molecules allow a feasible chemical binding between perovskite and
ETL. Amino acids (Glycine286-287, L-alanine287, β-alanine286-288, 5-aminovaleric
acid287 and γ-aminobutyric acid286), benzoic acids and its para-position
derivatives289-291, and 3-aminopropyltriethoxysilane292 affect grain boundaries,
being attributed to preferential molecular orientations, particularly in the case
of amino acid modifiers. Clearly, in the absence of conjugated system feature
in the backbone chain, the efficient electron transport drastically saturates as a
function of carbon chains shown in the comparison of glycine (2C), L-alanine
(3C), β-alanine(3C) and 5-aminovaleric acid (4C)287. Hydrophilic terminal
strives in some cases to passivate surface traps in ETLs286, 288-290. A second
recent approach to the interfacial engineering with fullerene has been proposed.
Buckminsterfullerene293-294 and its functionalised derivatives293, 295-297, unlike
other organic mediators, primarily contribute electrical capability258 to thrust
electronic injection and to withstand hysteresis tying up with charge
accumulation. It may also link the reduction of non-radiative recombination at
grain boundaries to fullerene diffusion298-299. This will further be discussed in
Chapter 6.
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(iii)

Mediator/electrode

Little has been known about hole dynamics at the HTL interface because the
hole extraction rate at the perovskite/HTL interface theoretically balances with
electron extraction rate at the ETL/perovskite, that is, rate determining
extraction of electron dominates the overall carriers extraction. P. Schulz et
al.300 have thermally evaporated high work function MoO 3 directly on
perovskites as a mediator which however degrades to MoO 2 . An ultra-thin
WO 3 293 buffer layer underlying cathode electrode serves as an effective electron
blocking because of back surface field formed by band-alignment of HTL and
WO 3 . A 5-nm thick rubrene interlayer at HTL/electrode interface mildly
improves fill factor and stabilises the device at continuous light illumination301;
an organic F-graphene buffer layer advances hole extraction at P3HT and
metal electrode302.

5.1.2 Optimisation in the bulk perovskite
After having a detailed discussion on difficulties of perovskite crystallinity
control regardless of their fabrication protocols and nucleation mechanisms in
Chapter 3, more novel polymer-blended perovskite precursors have been
recently developed to manipulate grain boundary. For example, a reaction of
Lewis base (e.g. ethylene carbonate, propylene carbonate and poly(propylene
carbonate)) and Lewis acid (e.g. perovskite precursor) allows adduct formation,
which increases total nucleation free energy (∆G T ) and diffusion of crystal
growth, to yield high crystallinity and significantly large grains303. The
polymer-perovskite composite bridges adjacent perovskite grains withstanding
electrical decoupling and improving stability endurance303. Comparable effect
on improving grain boundaries and device stability has been unveiled in
perovskite precursors employed with fullerene derivatives PCBM304 or
polyvinylpyrrolidone305. However, the diffusion process across the grain
boundaries306 could lead to the concern that polymer diffusion takes place
progressively and results in localised electrical insulation or conduction
gradient. Such effect of polymer diffusion has been shown in bulk
heterojunction organic solar cells307-308 that de-mixing process from blended
organic layer occurs. Therefore, introducing additional polymers into
perovskite film may not likely fulfil the aim of long-term stability. Unlike
polymer-blended perovskite, exposing perovskite film at different reactive
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gases has been shown an intermediate transformation. Zhao et al. have firstly
observed an optical bleaching of MAPbI 3 film in the presence of ammonia
vapour309. Later, Zhou and co-workers have compared the optical bleaching of
MAPbI 3 in response to different gases (methylamine, ammonia, ethylamine
and n-butylamine) in which only small gas molecules ammonia and
methylamine convert to solid phase from intermediate liquid phase in certain
time frame310. The phase change in response to different gases is attributed to
the fact that methylamine gas molecules incorporate in MAPbI 3 serving
intermediate MAPbI 3 ·xCH 3 NH 2 , while MAPbI 3 nucleation and crystallisation
take place when methylamine gas ambient is removed (healing process). For
more details on how different gases interacting with perovskites, we refer the
interested readers to Ref. 311. To further verify whether such observation also
fulfils nucleation theory described in Chapter 3. C. Ebenhoch et al. (our group
members) have compared the healing process in response to different
temperatures because the critical nuclei radius should increase as a function of
temperature according to the theory. MAPbI 3 precursor solutions (40 wt% and
60 wt% in DMF) with a stoichiometric ratio were spin-casted on titanium
oxide/FTO substrates, followed by healing protocol at different temperatures.
In Figure 5.1, the morphological changes and single crystallinity at (110) in
response to temperatures indicate to be possible for the control of nucleation
and the balance of grain size and surface roughness.
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Figure 5.1:

Morphologies and XRD spectra of methylamine-gas treated
MAPbI 3 fabricated by one-step deposition with 40 wt% and
60 wt% precursor solutions. Figure courtesy of Carola
Ebenhoch.
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5.2 Complete pore-infiltration by manipulating nucleation
process
This section is based on the peer-reviewed article Improving pore-filling in TiO 2
nanorods and nanotubes scaffolds for perovskite solar cells via methylamine gas healing312.
Unless otherwise stated, Asmat Nawaz and I, as co-authorship, have involved
all solar cells and film fabrication, performed most of the characterizations,
and managed entire project. Carola Ebenhoch and Eugen Zimmermann have
established and performed methylamine gas treatment; Carola Ebenhoch has
also measured electrical conductivity of TiO 2 nanostructures. Zhaoke Zheng
has conducted TEM measurements. Julian Kalb has shared his TiO 2 synthesis
protocol and his experience. Azhar Fakharuddin has performed
photoluminescence measurement and written the manuscript. Permission from
Elsevier was granted for all figured and data in both printed and electronic
formats.
The challenges of perovskite pore-infiltration and crystallinity in
nanostructures are to understand feasible approaches to delay crystallisation
process while perovskite precursor diffusion. Propelling the application of
methylamine gas healing in perovskite being previously discussed is ascribed to
its remarkable phase manipulation allowing complete pore-infiltration. Those
advantageous features have been unveiled in surface morphologies by scanning
electron microscopy, charge injection by photoluminescence, and improved
conversion efficiency and device endurance by maximum power point tracking.

5.2.1 Materials and Device Fabrication
(i)

Fabrication of TiO 2 nanorods (NRs) by hydrothermal growth

TiO 2 NRs with rutile phase were fabricated by hydrothermal process313 with
8 ml concentrated hydrochloric acid (Sigma Aldrich) and 12 ml deionised water
in Teflon lined autoclave for 10 min. Titanium (IV) butoxide (97 %, Sigma
Aldrich) was dropwise added into the acidic mixture with 10 min stirring,
followed by FTO substrates vertically placed into the solution. The autoclave
was annealed at 180 oC for different time allowing nanorods with different
length. Afterwards, the autoclave was rapidly cooled down to room
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temperature and substrates were rinsed with deionised water, followed by
450 oC annealing yielding rutile phase NRs.
(ii) Fabrication of TiO 2 nanotubes (NTs) by chemical etching
Similar to TiO 2 NRs fabrication, a 10 ml deionised water and 14 ml
concentrated hydrochloric acid (Sigma Aldrich) were mixed in Teflon lined
autoclave. As-grown TiO 2 NRs were immersed into the acidic mixtures for
100-115 min at 150 oC, followed by being rinsed with deionised water. To
modify surface roughness and form a compact hole blocking layer, both NRs
and NTs substrate were treated in titanium tetrachloride (TiCl 4 ) bath with
120 mM at 70 oC for 30 min, followed by being rinsed with deionised water
and annealed at 450 oC annealing for 30 min.
(iii) Fabrication of MAPbI 3 solar cell devices
To complete solar cell device, PbI 2 layers were first formed by hot-casting
method, in which the substrates were pre-heated at 60 oC, expeditiously
transported to the Teflon spin-coater chuck and started spin-coating process at
5,000 rpm for 15 s after loading 1 M PbI 2 in DMF solution. The perovskite
film was then converted to back phase after drop-casting 65 mg/ml
methylammonium iodide (Solaronix) in IPA solution for 20 s, spinning at
4,000 rpm for 20 s, and annealing at 110 oC for 30 min. For devices 80 mg/ml
Spiro-OMeTAD (Merck) hole transporting materials with additives 28.8 μl of
tBP and 17.5 μl of LiTFSI (520 mg/ml in acetonitrile) was spun at 4,000 rpm
for 2 min, and left for oxidation. Back contact with 3 nm tungsten oxide and
100 nm silver was thermally evaporated at pressure ~5·10-6 mbar.
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5.2.2 Surface morphologies and crystallinities
Without pre-seeding on FTO substrates, highly dense TiO 2 NRs have been
successfully synthesised by hydrothermal process shown in Figure 5.2, in which
the reaction time non-linearly dominates the final length of nanostructures
from 250 nm for 100 min to 700 nm for 115 nm. The proximate dimension
and crystallinity of NRs were found after chemical etching confirmed by
Transmission electron microscopy. Localised crystallinity depicted from Fast
Fourier Transform equipped high resolution Transmission electron microscopy
has unveiled periodic bright spots which reflect a single crystalline feature on
both NRs and NTs nanostructures (Figure 5.2). Generally, TiCl 4 hydrolysis
treatment often involves chemisorption process that TiCl 4 molecules are
strongly bound with oxide or hydroxyl facets and hydrolyse to form rutile
polycrystalline TiO 2 at low temperature314-315, which facilitates a uniformly
coated TiO 2 clusters on nanostructures and substrates, enhanced surface
roughness, and hole blocking capability at the bottom layer. Not surprisingly
that the difference in reaction rates in response to crystal facets leads to
anisotropic chemical etching along (100) due to the fact that the family of (100)
facets are hydrothermally reactive than that of (101)316. The etching rates
progressively slow down by deficient HCl concentration317. The preferential
(100) crystal orientation was observed in NRs and NTs by X-ray diffractometer,
where peak locations of (101), (211) and (002) indicated primary rutile
structure for NRs and NTs (Figure 5.2k & 5.2l).
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Figure 5.2:

Morphologies of titanium oxide nanostructures. (a, b) and
(e-h) are SEM and TEM images of TiO 2 NRs. (c, d) and (i, j)
are TEM images of TiO 2 NTs. The insets in (f, h & j)
represent fast Fourier transform illustrating localised lattice
structures. (k) and (l) depict bulk lattice structures of TiO 2
NRs and TiO 2 NTs from XRD measurements, respectively.

To illustrate that manipulating recrystallisation by methylamine gas is also
possible to be applied on nanostructure scaffolds, a comparison of perovskite
morphologies on NRs and NTs with length of 100 nm to 1 μm has been
illustrated in Figure 5.3. Pristine MAPbI 3 perovskite on NRs and NTs showed
polycrystalline grains, and full surface coverage with some humps which are
attributed to poor competitive pore-infiltration over crystal nucleation and
growth, while large grain sizes and single crystal (without any humps) were
observed after perovskite healing at 40 oC by methylamine gas. It is noted that
the hump formation in the pristine case may link to spontaneous nucleation at
the nanostructure tips where the lowest surface energy is. The cross-sectional
images of those samples further bolstered the proof-of-concept for controlling
phase-transition, that is, a dense perovskite layer is mostly at the top surface in
the pristine case indicating poor pore-infiltration assumption.
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Figure 5.3:

Morphologies of MAPbI 3 by two-step deposition. (a-d) and
(e-f) are MAPbI 3 on TiO 2 NRs and NTs, accordingly. (a, c, e
and g) and (b, d, f and h) are pristine and methylamine gas
healed MAPbI 3 , respectively. (i) illustrates bulk lattice
structures of MAPbI 3 from XRD measurements.

5.2.3 Electrical and solar cells performances
Spectroscopy
studies
employing
steady-state
and
time-resolved
photoluminescence (PL) measurements have also bolstered our understanding
of different charge dynamics in the pristine and the healed perovskite with
NRs and NTs structures. Photoluminescence is the measure of competing
radiative and non-radiative recombination dynamics in the system. For all
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samples with nanostructures templates, dropping significantly in steady-state
PL intensities elucidated additional charge quenching pathways compared to
reference planar perovskite (Figure 5.4). The PL intensities on short length of
NRs and NTs (i.e. 100 and 105 min) plummeted expeditiously than that on
long NRs and NTs (i.e. 110 and 115 min), which is attributed to the fact that
relatively effective intimacy between short nanostructures and perovskite
dominates charge extraction. Interestingly, after perovskite healing the highest
degree of luminescence quenching in NTs among NRs could be explained by
the presence of photoelectrical active (110) facets propelling interface
modification and/or improved infiltration along NTs inner wall. The
time-resolved PL primarily enables direct measurement of the recombination
in the bulk and surface induced recombination in nanosecond timescales,
rather than that of ultrafast charge-injection process318-319 . Comparable PL
decay features in NRs and NTs hinted an approximate slow recombination
dynamics, probably linked to the intrinsic nature of TiO 2 , while a combination
of fast and slow decay components in the case of methylamine gas treated
sample was observed. Though the origin of the fast decay component in our
case is still unclear, we could qualitatively conclude that the recombination
pathways are modified after methylamine gas treatment.
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Figure 5.4:

A summary of steady-state and time-resolved PL spectra of
MAPbI 3 perovskites. (a and b) are steady-state PL spectra for
MAPbI 3 /TiO 2 NRs without and with healing treatment,
respectively. (c and d) are time-resolved PL spectra from (a and
b). (e and f) are steady-state PL for MAPbI 3 /TiO 2 NTs
without and with healing treatment, respectively. (g and h) are
time-resolved PL spectra from (e and f).
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Tying up different nanostructures with their electrical properties further allows
understanding the change of conductivity by defective (or advantageous)
species. By employing current density-voltage (J-V) characteristic measurement
with a gold tip connection, the NRs exhibited a huge resistivity at ±15 V scan
range, compared to the NTs showing a noticeable current density even at ± 1 V.
Plausible explanation for such significant improvement is that bond breaking
via etching increases defect density, and/or enhanced (110) facet (i.e. family of
(101)) in NTs (Figure 5.2l) provides efficient and direct charge conduction
pathway320.
Similar conclusions have been drawn from the comparison of the pristine
perovskites and the healed perovskites on different TiO 2 nanostructures by
J-V measurements under illumination. As non-stabilised J-V measurement may
lead to erroneous interpretation due to the fact that ions migration in
perovskite involves voltage scan hysteresis, the conclusion here is solely based
on steady-state measurement protocol which has been discussed in Chapter 4.
As shown in Figure 5.5, photovoltaic parameters were continuously measured
for 5 min in glove-box. Clearly, NTs with perovskite healing yielded the best
efficiency as a result of improved current density and voltage, in good
agreement to observation in improved perovskite grain boundaries,
advantageous inner wall filling and single crystallinity. To further testify stability
endurance against continuous light exposure, the change of efficiencies as a
function of time was monitored by maximum power point tracking for
900 min in glove-box. All samples exhibited an initial rise of efficiency. This is
ascribed to the photo-induced conductivity in both TiO 2 and hole transporting
layer, particularly TiO 2 NTs which consists of high portion of photo-reactive
(110) facets. Compare to the pristine perovskites, the methylamine gas healed
perovskites showed a long-lived stability being indicative evidence that high
quality of perovskite crystal itself withstands photodegradation.
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Figure 5.5:

A summary of photovoltaic parameters from steady-state
measurements. (a) Short-circuit densities, (b) open-circuit
voltages, and (c) efficiencies measured for 5 min. (d) Stability
measurement for all devices at continuous light exposure in
glove-box for 15 min. The illumination intensity was set to
81 mW/cm2.

5.2.4 Summary
In summary, we have synthesised TiO 2 nanorods and nanotubes by
hydrothermal growth. Because of anisotropic energies at different crystal
facets, the family of (100) facets react much faster than other facets and hollow
TiO 2 nanotubes are formed by chemical etching. Poor pore-infiltration was
found on the primary MAPbI 3 perovskite films deposed on those TiO 2
nanostructures. Therefore, we have employed methylamine gas exposure to
delay perovskite formation. The liquid-phase intermediate advances the
pore-infiltration and thus yields large and single crystallised (100) grains. From
the results of PL measurements, we observed a strong PL quenching in short
nanostructures due to relatively high portion of pore-filling. Similar PL decay
trends of pristine perovskites on nanostructures elucidated comparable
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recombination pathways, while both fast and slow decay components were
interplayed in healed perovskite. In photovoltaic measurement, healed
perovskite on TiO 2 nanostructures exhibited higher stabilised efficiency and
stronger stability endurance against photodegradation.
To further extend our initial investigations, there are some open questions
concerning the detailed reaction mechanism with healing treatments, and it
resultant electrical properties. From literature, the selection of reactive gas
crucially influences phase transition from liquid-phase intermediate. This may
hint that the sizes or the chemical reactivities of organic molecules dominate
the “detachment” process whether the reactive gas molecules intercalate and
chemically couple with the octahedral lattice. Another salient feature from
healing treatment is that preferred (110) single crystals expeditiously form in
seconds, compared to the lengthy crystallisation process from the common
solution-based methods321. A direct comparison on electrical properties of
single crystals fabricated from the healing treatment and from the
solution-based crystallisation is yet inadequate. Our group member Tobias
Seewald recently observed a change of carrier mobilities on healed MAPbI 3
perovskites by optical pump terahertz (THz) probe spectroscopy, which may
link to the features of improved grain boundaries and single crystallinity.
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modifiers

This chapter is based on the peer-reviewed article Interface-Dependent Radiative
and Nonradiative Recombination in Perovskite Solar Cells 293. Unless otherwise stated,
I have carried out all solar cell and film fabrication, performed most of the
characterisations, and wrote part of the manuscript. Thomas Deckert
measured electroluminescence measurement. Mojtaba Abdi-Jalebi characterised
sub-bandgap absorption by photo-thermal deflection measurement. Philipp
Ehrenreich designed the layout of modifier chemical structures, gave ideas, and
was involved in discussions on this manuscript. Azhar Fakharuddin assisted the
electroluminescence experiment and wrote part of manuscript. Permission
from American Chemical Society Publications was granted for all figures and
data in both printed and electronic formats.

6.1 Effect of selective contacts on hybrid perovskite solar
cells
While hybrid halide perovskites might have garnered overwhelming research
activities in the photovoltaic community over the past decade, the complexity
of correlation between various charge-selective contacts and associated
properties has not been fully understood, which sometimes reflects on their
dominant charge dynamic mechanisms and leads to different electrical
behaviour or/and performance. The application of charge-selective contacts in
typical organic and dye-sensitised (or hybrid) solar cells was to allow
(dissociated) photo-generated electrons and holes transferring to their
respective electrodes due to different energetic favour, and to forbid opposite
charge carriers coupling at the same interfaces. A similar concept also extends
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in principle to hybrid halide perovskite, in which mesoporous titanium oxide
and iodide-triiodide electrolyte were initially chosen as electron and hole
selective contacts respectively, and further extended the work of searching for
appropriate organic and inorganic contacts to enable better energetic alignment
with respect to hybrid perovskites materials and improved carrier mobility (see
also Chapter 5). Unlike in dye-sensitised and organic solar cells,
non-stoichiometric hybrid perovskite formation is recently found to link to
their surface contacts which can be attributed to the occurrence of
decomposition or differences in nuclei sites322-323, and consequently induces an
energetic barrier against effective charge injection. Another noteworthy feature
of perovskite being reported is that mobile ion movement associates to bulk
recombination and charge accumulation mechanisms324, and thus to the
interfacial charge recombination325. While interfacial treatments have shown a
drastic improvement in photovoltaic parameters, particularly selective contacts
with fullerene-based modifiers, a comprehensive study on their charge injection
mechanism is still absent.
In this work, we compared charge dynamics on TiO 2 electron selective layers
with different fullerene based modifiers: buckminsterfullerene C 60 , [6,6]-phenyl
C 61 butyric acid (PCBA), and [6,6]-phenyl C 61 butyric acid methyl ester
(PCBM). Similar to chemisorption used in dye-sensitised solar cells, the
carboxylic functional group of PCBA serves as a coupling agent to the TiO 2
surface, while physisorption of buckminsterfullerene C 60 and PCBM may take
place; an analogous organic dyad, benzoic acid, was utilised for comparison.
Upon surface modification, we could not discover any change of intrinsic
properties such as morphology and crystal orientation, composition, and
sub-bandgap states in perovskite, but observed remarkably improved
photovoltaic parameters in fullerene-based modified samples which also have
strong features in photoluminescence quenching and electroluminescence
emission, compared to pristine TiO 2 and TiO 2 with benzoic acid. This allows
further investigating their charge dynamics with respect to different charge
selective and/or injection capabilities.

6.2 Materials and device fabrication
Tin-doped indium oxide (ITO, 13 Ω/□) glass substrates were purchased from
Lumtec. Fullerene (C 60 , 99.99 %) was purchased from CreaPhy GmbH. [6,
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6]-Phenyl C 61 butyric acid self-assembly molecules (PCBA, 99 %) and
[6,6]-Phenyl C 61 butyric acid methyl ester (PCBM, 99 %) were purchased from
Solenne b.v. Lead iodide (PbI 2 , 99 %), anhydrous dimethylformamide
(DMF, 99.8 %), 4-tert-butylpyridine (tBP, 96 %),
bis(trifluoromethane)
sulfonimide lithium salt (LiTFSI, 99.95 %) and anhydrous chlorobenzene
(CB, 99.8 %) were all purchased from Sigma-Aldrich. Titanium oxide
(Ti-Nanoxide BL/SC, ~6 wt%) and methylammonium iodide (MAI) was
purchased
from
Solaronix.
2-propanol
(IPA, 99.9 %)
and
2,2’,7,7’-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (SpiroOMeTAD) were purchased from Merck. All chemicals were used as received
without further purification.
Pattered ITO glass substrates were prepared via chemical etching with zinc
powder and 2 M HCl solution, and subsequently cleaned in detergent, distilled
water, acetone, and 2-propanol under sonication for 5 min each. The
as-cleaned ITO substrates were dried by N 2 gas flow, followed by oxygen
plasma for 7 min to remove traces of organic residues. To form a compact
electron-transport layer, commercial titanium oxide sol-gel solution was
spin-cast onto the substrates at 5,000 rpm for 30 s, and further sintered at
450 oC for 30 min. Prior MAPbI 3 deposition, surface treatments on TiO 2
coated samples with different organic molecules have been employed. 2-8 nm
thick buckminsterfullerene C 60 thin films were thermally evaporated at a rate
of 0.2 Å/s in a nitrogen-filled glove-box. PCBA and benzoic acid monolayers
were formed by immersing the samples in 0.2 mM solution in chloroform for
1 h. PCBM thin layers were deposited via spin-casting solution with 10 mg/ml
in CB at 5,000 rpm for 30 s and annealing at 70 oC for 1 h. Chemical structures
of organic modifiers are illustrated in Figure 6.1. After modification the
substrates were immediately transferred to a nitrogen-filled glove-box for
perovskite deposition. PbI 2 layers were first formed by a hot-casting method,
where surface-treated TiO 2 substrates were pre-heated to 60 oC, expeditiously
transported to the Teflon spin-coater chuck and the spin-coating process was
started at 5,000 rpm for 15 s after dripping PbI 2 from 1 M DMF solution.
Perovskite films were then formed by drop-casting 65 mg/ml MAI in IPA
solution for 20 s, spinning at 4,000 rpm for 20 s, and annealing at 100 oC for
30 min. For devices, 80 mg/ml Spiro-OMeTAD hole transporting material
with added 28.8 μl of tBP and 17.5 μl of LiTFSI (520 mg/ml in acetonitrile)
was spun at 4,000 rpm for 2 min, and left at ambient conditions for overnight.
Back contacts consisting of 3 nm tungsten oxide and 100 nm silver were
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thermally evaporated at a pressure of ~5·10-6 mbar.

Figure 6.1:

Chemical structures of surface modifiers: [6,6]-phenyl C 61
butyric acid (PCBA), [6,6]-phenyl C 61 butyric acid methyl ester
(PCBM), buckminsterfullerene C 60 and benzoic acid.

The devices with a defined 0.125 mm2 active area were measured in a
nitrogen-filled glove-box. The illumination intensity of a xenon-lamp (LOT
LS0106) was calibrated by a Fraunhofer ISE certified Si reference diode with
KG5 filter and a Keithley 2410 source meter. Prior J-V measurement, a voltage
and light stabilisation function was activated. To have proper interpretation of
photovoltaic parameters, we also performed J-V measurement with a tracking
algorithm method to trace the maximum power point (MPP) and device
stability temporally under continuous illumination, as described in our
publication249 and summarised in Section 4.3.2.

6.3 Device performances upon surface modification
We firstly performed current density-voltage (J-V) characteristic measurements
with regular voltage sweep to assess the influence of electrical behaviour after
TiO 2 /MAPbI 3 interfacial modification, and present in Figure 6.2, that we
could observe a clear trend of improvement upon fullerene derivative
modification compared to pristine and benzoic acid-treated TiO 2 . This is in
good agreement with literature reporting that fullerenes at the metal
oxide/perovskite interface may aid charge extraction294 and/or trap states
passivation in the bulk due to modifier diffusion processes under certain
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conditions. To further confirm our results within statistical significance, we
characterised samples from different fabrication batches and reported their
champion results in Table 6.1. Interestingly, we could find that modifiers with a
carboxylic docking group (PCBA and benzoic acid) have distinctive behaviour,
leading to our assumption that the improved performance is not only linked to
surface passivation between carboxyl and TiO 2 , but is also combined with
differences in electron accepting capability between fullerene and simple
aromatic benzene moieties. Compared to pristine TiO 2 , benzoic acid modified
TiO 2 showed a poor performance, in particular a significant drop of
open-circuit voltage, suggesting dominant charge recombination in bulk due to
changes of perovskite crystallinity and/or resistive contact upon modification.
In addition, we noted a considerable hysteresis behaviour in both pristine TiO 2
and benzoic acid modified TiO 2 , which may originate from intrinsic ion
migration or ferroelectricity in perovskite326-327 and/or charge accumulation
across the interfaces328-329. Therefore, we applied our proposed maximum
power points (MPP) tracking to evaluate photovoltaic parameters being less
sensitive to forward and backward scan direction.
From MPP tracking, similar trends to those from J-V characteristic
measurements confirmed that the improved performance was not aided by
measurement protocols. Surprisingly, a monolayer of PCBA surpassed in
performance those samples with thin film PCBM or buckminsterfullerene C 60 ,
indicating that a mono-passivation layer sufficiently inhibits recombination
related to TiO 2 surface defects or photocatalytic processes at the
TiO 2 /MAPbI 3 interface. So far our champion record from PCBA modified
sample showed stabilised photo-conversion efficiency greater than 17 %, which
is probably attributed to full surface coverage taking account of the favourable
PCBA miscibility in chloroform at room temperature. The improved charge
extraction can also be reflected in external quantum efficiency (EQE)
measured in ambient condition at 1 sun intensity: Samples employing
fullerene-based modifiers are enhanced in their charge extraction, in good
agreement with the trends from J-V and steady state measurements, while for
samples with benzoic acid a slightly lower EQE value was observed than for
pristine TiO 2 , which suggests the formation of an electrically resistive layer at
the interface. We also found a slight mismatch of short circuit current density
(J sc ) between values calculated from EQE and measured from regular J-V
sweep or steady state conditions, which can be explained by the fact that the
choice of optical chopping frequency in EQE measurement inevitably affects
77

6. Interfacial management by fullerene modifiers

the estimated J sc , likely due to the absence of a proper measurement protocol
relating to perovskite intrinsic properties330-331. However, we emphasise the
qualitative comparison in our study is still valid when samples are compared at
the same measurement conditions (i.e. optical chopping frequency and
background light illumination). Another plausible reason for the J sc mismatch
could be a discrepancy of illumination intensity between the two
measurements, which could be solved by system upgrade elevating light
intensity.

Figure 6.2:

(a) Standard J-V characteristic scans (values are non-stabilised),
(b) steady state MPP tracking (values are stabilised), (c) external
quantum efficiency of devices with modifiers, and (d) steady
state MPP tracking and standard J-V characteristics scans
(inset) of champion device with PCBA modifier.
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Table 6.1: Summary of photovoltaic parameters in average and champion
perovskite solar cells with and without surface modified TiO 2 .
J SC (ii)
(mA cm-2)

V OC (ii)
(V)

FF(ii)

PCE(ii)
(%)

Stabilised
PCE(iii)
(%)

Pristine
TiO 2

13.6±2.0
(15.9)

0.94±0.06
(1.02)

56.2±8.1
(56.7)

8.6±1.3
(11.4)

4.5

Benzoic
acid

11.6±1.9
(11.8)

0.86±0.06
(0.92)

59.2±5.1
(65.5)

7.2±1.4
(8.9)

3.4

PCBA

17.0±1.0
(17.7)

1.00±0.02
(1.03)

66.6±3.8
(77.2)

13.9±1.2
(17.5)

12.0

C 60

14.8±0.9
(15.7)

0.99±0.02
(1.0)

65.8±3.5
(65.7)

12.0±1.0
(13.2)

8.2

PCBM

16.0±1.5
(16.8)

0.96±0.04
(0.97)

60.9±4.3
(67.4)

11.5±1.2
(13.4)

10.4

Selective
layers(i)

(i)

Film thickness: Pristine TiO 2 (70 nm), benzoic acid (monolayer), PCBA
(monolayer) C 60 (8 nm) and PCBM (~30 nm). (ii) Average J-V values were
measured at irradiation of ~ 82 mW/m-2 with voltage stabilisation at initial
voltage point and light soaking for 5 s each in N 2 filled glove-box: 20 devices
each for pristine TiO 2 , PCBA and PCBM, 10 devices for benzoic acid and 8
samples for 8 nm C 60 . The value in brackets corresponds to the champion
cell. (iii) Stabilised PCEs obtained from MPP for 180 s in N 2 filled glove-box
from different batches.

Whilst perovskite bulk properties may also be influenced after surface
treatment298, we further examined whether such improvements are solely linked
to interfacial modification, rather than anisotropic growths on different surface
conditions affecting perovskite grain sizes, or loosely chemically bound
modifiers diffusing into the bulk and passivating traps at grain boundaries298.
We observed no variations in terms of morphology, crystallinity (i.e.
comparable preferred crystal orientations for all samples, as shown in Figure
6.3a), and optical absorbance, which were almost identical in all samples, thus
excluding these possibilities. Therefore, neither non-stoichiometry nor a
change of grain distribution leads to our observations. Taking into account
modifier diffusion, photothermal deflection spectroscopy (PDS) was utilised to
probe any trace of redistributed or passivated sub band-gap states. Briefly,
pump light induces optical absorption within the sample and generates a
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refractive index gradient adjacent to the sample/medium interface due to
thermal propagation, causing a detectable probe beam deflection (details in
Section 4.2.2). The thus determined attenuation coefficient α is described by
the following relation332:

α(ℎ𝜐, 𝑇) = 𝛼0 exp �

𝜎(ℎ𝜐 − 𝐸0 )
ℎ𝜐 − 𝐸0
� = 𝛼0 exp(
)
𝑘𝑘
𝐸𝑢 (𝑇)

(6.1)

where σ, hν, k, T, and E u represent steepness parameter of absorption edge,
photon energy, Boltzmann constant, temperature, and Urbach energy,
respectively, while α 0 and E 0 are fitting constants.
From Equation 6.1, the inverse proportionality of the optical absorption
response at different regions of photon energy reveals Urbach energy in a
logarithmic perspective, being strongly affected by structure and crystal
disorder333 as a result of a modulated profile of sub-bandgap states334-336. In our
study, we noticed that similar Urbach energies (~17 meV) in Figure 6.3b
among our perovskite samples indicate an unchanged density of subband-gap
states in the perovskite film after surface modification. Therefore, modifier
diffusion, particularly fullerene-based modifiers passivating defects at the
perovskite grain boundaries, are unlikely to explain our observation due to the
size of isolated buckminsterfullerenes (diameter ~ 0.7-1.1 nm)337-338 and the
size of buckminsterfullerene nanoparticles (9 – 140 nm)339-340. Although PDS
intensities could contain superimposed absorption from TiO 2 sub band-gap
states and fullerene-based modifiers, making it hard to compare their degree of
passivation upon different treatments (Figure 6.3 inset), our findings highlight
that the state of the TiO 2 /MAPbI 3 interface plays a crucial role in achieving
high performance devices, upholding similar concept found in other
literature341.
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Figure 6.3:

(a) XRD and (b) PDS spectra of MAPBI 3 on surface modified
TiO 2 . The inset revealed absorption on neat surface modified
TiO 2 .

To probe charge dynamics upon different surface treatments, we employed
photoluminescence (PL) and electroluminescence (EL) spectroscopy to study
their charge extraction and (radiative) recombination kinetics on films and
devices, respectively. In Figure 6.4a & 6b, steady state PL spectra showed
strongly reduced emission intensities of all samples on TiO 2 implying
charge-quenching phenomena at the TiO 2 /MAPbI 3 interface where
fullerene-based modifiers treated TiO 2 showed an even lower PL response
than pristine TiO 2 . Here, we assumed that the re-absorption probability of
emitted PL photons at the fullerene-based modifier is negligible (See also
Figure 6.3), and therefore the PL intensities truly reflect their degree of
radiative emissions. In addition, we also performed time-resolved
photoluminescence (TRPL) measurements to study their temporal charge
extraction as illustrated in Figure 6.4c. Since different TRPL protocols
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impacted inherently on interpreting recombination rate constants reported in
literatures and this study293, 342, PL signals were stabilised for 20 min before the
TRPL measurements, in which we observed a significant difference in decay
lifetimes where samples with fullerene-derivative modifiers exhibited a faster
decay than those with benzoic acid modifiers and pristine TiO 2 . A similar
approach to investigate radiative recombination kinetics via EL emission was
employed and is shown in Figure 6.4d, where the strongest intensity, in
contrast to the PL results, was noted in buckminsterfullerene C 60 modified
TiO 2 , whereas benzoic acid modified TiO 2 exhibited the least intensity
response at positive bias.
The trend in PL and EL results for buckminsterfullerene C 60 samples can be
explained by the role of excited (triplet) states in buckminsterfullerene at
different conditions, that is, in steady state PL measurement (open-circuit
condition) the continuous wave excitation laser source (wavelength = 405 nm
on the order of a few mW) photo-activates electrons from the ground state
(0C 60 ) to the singlet excited state (1C 60 *). These then undergo charge transfer to
long-lived triplet excited state (3C 60 *)343-344 being an excellent electron acceptor
to favourably receive up to 6 electrons to transform from 3C 60 * to radical anion
(C 60 -·) 345-346. Meanwhile, the higher 3C 60 */C 60 -· redox potential to the
conduction-bands of TiO 2 and MAPbI 3 favours to receive electrons from
photo-excited perovskite and/or TiO 2 347-348. On the contrary, the details of
charge transfer dynamics between PCBA(M) and TiO 2 are still unclear, i.e.
whether PCBA(M) shares a similar concept to buckminsterfullerene and/or
electron donation from butyric acid (methyl ester) moieties 349. One may also
note that PCBM has a 0.4-0.6 eV lower electron affinity (EA) than
buckminsterfullerene C 60 , an indication of a mild electron acceptor, being
evidentially shown in the weak EL intensity349. To quantitatively compare their
recombination dynamics at short-circuit and positively biased conditions, we
measured currents reflecting the status of radiative and non-radiative
recombination in the system. Here, we assume that the (bias-induced) current
links to net current in form of radiative and non-radiative recombinations
being ascribed to electron-hole pair and defects states recombination
accordingly. A reduction of non-radiative recombination in MAPbI 3 was found
in samples employing a fullerene-based electron selective contact. Not
surprisingly, buckminsterfullerene C 60 exhibited the highest current and EL
intensity among all fullerene based modifiers, implying minimum non-radiative
recombination, whereas the least current and EL intensity in benzoic acid
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evidence the presence of strong non-radiative recombination. Another
noteworthy feature we observed is that currents of pristine TiO 2 and
TiO 2 /benzoic acid samples cross at higher voltage bias (i.e. V > 1.4 V). To
understand the correlation between total current and interfacial defect density,
we apply the continuity equation to charge carriers at the MAPbI 3 /TiO 2
interface at steady state being described as follows:
𝜕𝜕
1
= − ∇𝑱𝒆 (𝑥) + G(t) − R(t)
𝜕𝜕
𝑞

(6.2)

where n, q, J e (x), G(t) and R(t) represent charge carrier density, elementary
charge, total current density of drift and diffusion processes, charge generation
rate, and recombination rate in the bulk and interface, respectively.
From Equation 6.2, ∇𝑱𝒆 equals non-zero q(G-R) at short circuit condition,
where charge carrier generation by excitation and non-radiative recombination

in bulk are considered to be consistent for all cases (i.e. similar density of

sub-bandgap states from PDS results), such that ∇𝑱𝒆 inherently reflects
radiative and non-radiative recombination related to electron-hole pairs and
interfacial traps, respectively. In spite of the similar current trend for pristine
and benzoic acid modified TiO 2 , lower EL intensity for the latter suggests
non-radiative recombination is dominant and mostly originates at the interface.
Fullerene derivatives, on the contrary, yielded higher currents and EL
intensities compared to TiO 2 implying an improved radiative recombination
efficiency and less dominant non-radiative recombination. Assuming that the
bulk trap density in all perovskites is comparable, the enhanced current and EL
intensity are ascribed to interfacial trap reduction347, whereas additional trap
states were likely introduced when applying benzoic acid as an interfacial
modifier. In regard to interfacial traps, we conclude that those traps
significantly reduce electron-hole pair recombination, particularly in the case of
pristine TiO 2 and with benzoic acid as a modifier. Nevertheless, good catalytic
properties in TiO 2 may also enhance chemical decomposition probability, and
insulating benzoic acid leads to charge accumulation at the interface, resulting
in higher non-radiative recombination and current.
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Figure 6.4:

(a) Steady state photoluminescence spectra of MAPbI 3
deposited on differently modified TiO 2 , (b) same as (a) in the
absence of the reference on glass, (c) time-resolved
photoluminescence decay of MAPbI 3 films measured in
vacuum, and (d) electroluminescence spectra of all devices in
vacuum at 1.5 V forward bias.

To investigate how temporal changes of charge accumulation at the interface
affect charge injection dynamics, we prolonged our EL tracking to a time scale
sufficiently long to stabilise the system. In Figure 6.5a & b, the EL intensities
of pristine TiO 2 and TiO 2 with benzoic acid can be seen to decrease sharply,
whilst a mild drop of intensities was found in TiO 2 with PCBA(M) over the
first hundred seconds. Among those fullerene modifiers, the decay of EL
intensity in TiO 2 with buckminsterfullerene C 60 during the first hundred
seconds was almost negligible, which remained above 90 % of the initial value
even after 600 s. This can be attributed to the fact that the high degree of
symmetry in buckminsterfullerene C 60 yields a better charge transfer
cross-section than fullerene derivatives with organic dyads, where
intermolecular interaction via weak hydrogen bonding may dominate molecular
arrangement, leading to a smaller cross-section. In addition, the difference in
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electron
affinity
(i.e.
electron
accepting
capability)
between
buckminsterfullerene C 60 and PCBA(M) may also aid more effective charge
injection. Our observation suggests that trap-filling processes may not fully
account for long-lived EL relaxation beyond second range, but likely in
combination with ion migration at positive bias poling. Far less studies have
linked radiative recombination to the bias perturbation whether ion migration
may be opting in as well. Therefore, we extended our study to EL intensity
decays when applying a negative 1.5 V perturbation for 30 s. Surprisingly, a
remarkable decline of EL intensities for all fullerene-based modifiers was
noted, whereas EL intensities for pristine TiO 2 and TiO 2 with benzoic acid
seemed to be similar. This can be correlated to the response of molecular
polarisability under bias polarity. In brief, energy levels splitting for molecules
occurs at an external field and can be described by a Stark effect which
describes as a summation of first and second orders related to their dipole
moments and polarisabilities350. Such an effect has also been demonstrated for
MAPbI 3 351 and the TiO 2 /MAPbI 3 interface260. Assuming that the proximity of
dipole moments in PCBA(M) and benzoic acid solely results from phenyl
butyric acid (methyl ester) and carboxylic acid functional groups at neutral
condition, respectively352-353, strong polarisation capability in fullerenes354-355 at
negative perturbation biases splits molecule levels oppositely356 . Assuming the
net currents for all samples were unchanged after perturbation, the weakened
EL signals suggested additional (or re-distributed) states at the interface
serving as non-radiative recombination centres (See Equation 6.1). Our results
from PL and EL evince that buckminsterfullerene C 60 should be an
outstanding interfacial modifier to facilitate charge injection and reduce
non-radiative recombination because of the availability of triplet states, a
closely-packed configuration and ease of polarisation. The trends from the
photovoltaic perspective are however inconsistent with the result of PL and
EL because the high yield of photo-induced excited triplet states and large
charge injection cross-section upon light illumination also stimulate electron
back-transfer processes357 which is attributed to the strong electron interaction
of excited state. Such electron attraction may also link to photo-degradation343,
358
.
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Figure 6.5:

Voltage-depended electroluminescence of MAPbI 3 devices,
and (b) electroluminescence responses at 1.5 V bias before and
after negative perturbation (-1.5 V at 700 s for 15 s).

6.4 Summary
In conclusion, we have studied charge transfer and recombination mechanisms
on TiO 2 with the buckminsterfullerene C 60 , fullerene derivatives PCBA and
PCBM, and benzoic acid modifiers, in which PCBA and benzoic acid are
chemically docked to the TiO 2 . Upon interfacial modification, we do not see
any observable changes in morphology and preferred orientation,
stoichiometric composition, and sub-bandgap states in MAPbI 3 , implying the
intrinsic perovskite is inherently unchanged. The photovoltaic performance
exhibits a remarkable improvement and less hysteresis in the devices with
fullerene-based modifiers, compared to devices with pristine TiO 2 and TiO 2
with benzoic acid. Particularly, a monolayer of PCBA enables achieving a
remarkable stabilised efficiency above 17 %. We also note a strong correlation
between charge dynamics and surface properties of the selective contact,
namely that the excellent electron acceptance capability and the ease of
polarisation in fullerene moieties exhibit efficient charge quenching in
photoluminescence signals and expeditious stabilisation of temporal
electroluminescence due to triplet states, particularly in the case of
buckminsterfullerene C 60 . Interestingly, a substantial drop of EL intensities in
all fullerene-modified TiO 2 was observed after negative voltage perturbation,
compared to pristine TiO 2 and TiO 2 with benzoic acid, being ascribed to the
presence of additional or re-distributed interfacial traps due to molecular levels
splitting.
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Drawing conclusions from significant correlation between intrinsic perovskite
properties, electrical faults in each device component and photovoltaic
behaviour, it is apparent that the currently certified efficiency of hybrid
lead-triiodide perovskite solar cells are greatly being underestimated (23.7 % vs.
~30.5 %) due to interplaying non-radiative recombination pathways, despite of
intrigue of intrinsic carrier mobilities and long-lived carrier lifetime. While
MAPbI 3 perovskite is consensually regarded as an analogue of conventional
III-V semiconductors, the distinct features of comparable effective masses of
electron and hole, relatively high ionicity, and large discrepancy between static
and high frequency dielectric constants suggest that the nature of charge
carrier (free charge or excitons) is highly dependent on charge density.
Therefore, this may not be fully applied to the classical Langevin model which
has long been giving a simple interpretation on bimolecular rate constants (may
partly link to radiative recombination) in excitonic solar cells. However,
investigating the origin of radiative and non-radiative recombination kinetics in
perovskite is of particular challenging due to the fact that the presence of
phase transition (tetragonal to orthorhombic) at low temperature drastically
alters trap-assisted recombination and Auger recombination as a result of
electrical band modulation.
Overwhelming studies have also focused MAPbI 3 on photovoltaic applications
by one-step or two-step fabrication protocol. However, the difficulties to
obtain a high quality perovskite film are attributed to the competing
mechanisms between spontaneous nucleation and crystal growth. The classical
nucleation theory suggests that the critical nuclei radius is inherently affected
by supersaturation condition in precursor solution and hydrophilicity at contact
surfaces. Introducing a small portion of polar solvents such as DMSO and
NMP improves crystal grains being attributed to modification of
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supersaturation and formation of adduct intermediate. Comparable effect has
been observed that non-miscible solvents are employed during spin-coating at
specific time point. To elucidate the proof-of-concept on manipulation of
nucleation process, we allow perovskite films to undergo phase transformation
by methylamine gas exposure. Different lengths of TiO 2 nanorods and
nanotubes are fabricated by hydrothermal growth. It is not surprising that
pore-infiltration in nanostructures is poor because spontaneous nucleation at
the top surface predominates. After methylamine gas treatment, the prolonged
liquid phase allows long-lived infiltration process yielding high quality
perovskite.
A growing number of studies focus on the interfacial management at different
device components. The link of the interfacial studies is that charge extraction
and transport processes are greatly influenced by (i) energetic cascade between
two materials, (ii) surface recombination centres, (iii) charge mobility of
materials, and (iv) compositional degradation. In particular, fullerene and its
functional derivatives interlayers on TiO 2 surface have shown a remarkable
improvement on solar cell performance and voltage-scan hysteresis. A series of
interlayers such as fullerene based C 60 , PCBA and PCBM and organic
analogues benzoic acid has been investigated. Because of excellent electron
accepting capability of fullerene moiety and strong interaction between
carboxylic docking group and TiO 2 , a monolayer PCBA has shown superior
performance over 17 % at steady state measurement. This cannot be explained
by the fact that modifier diffusion takes place and passivates trap defects in
grain boundaries from the results of photothermal deflection spectroscopy.
Though we have studied much about fabrication and interfacial modification
towards the state-of-the-art solar cells, the fundamental hypothesis to describe
recombination mechanisms is not adequate to extend to the perovskite. For
example, light intensity dependent measurement has widely been used in
organic cells to determine dominant recombination mechanisms (i.e.
trap-assisted or bimolecular recombination) in solar cells by J-V scans.
However, it is more challenge to apply to hybrid perovskite because charge
carriers and ionic movements are coupled. The plausible solution is to apply
light dependent measurement at steady state in response to temperature to
suppress the feature of ionic movement. At room temperature, low electron
mobility in perovskite is attributed to the electron-phonon interaction359. At
low temperature above phase transition temperature, the effect of
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electron-phonon coupling is weakened leading to high electron mobility.
Assuming that the mobilities of ion species are much slower than that of
electron, the overall carrier mobility in the system is dominated by electron
transport. Thus far, very few studies on this technique have been reported360
and have not comprehensively investigated on recombination by this
technique.
In Chapter 5, we have successfully controlled nucleation process on
nanostructures by methylamine gas treatment. In contract to conventional
one-step or two-step deposition protocols, such healing treatment strives to
favour better pore-filling and to yield single crystallinity across vicinity of
electrodes. The advantageous physical properties of single crystalline
perovskite enable lower trap density and high charger carrier mobility than that
of polycrystallinity361. Such features of large grain with single crystalline may
be also employed on submicron structure such as quasi-interdigitated362 or
honeycomb-like363 charge collecting electrodes for back contact solar cells and
lasing application361. In addition, the concept of healing treating may extend to
isolate MAPbI 3 as flexible layers on chemical-resisted porous membranes such
as PVDF as scaffolds. The primary perovskites can directly be deposited by
conventional deposition protocols, followed by methylamine gas treatment.
Advantageous pore-infiltration and expeditious conversion to single crystal
perovskite at liquid-phase intermediate phase facilitate a complete
crystallisation throughout the membranes. Such simple architecture can be
adapted in industrial roll-to-roll processing to directly deposit electron or hole
transporting layer on both sides for photovoltaic or photodiode applications.
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Figure A.1:

Top views of (a) TiO 2 nanorods (NRs) and (b) nanotubes
(NTs).
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Figure A.2:

Cross-sectional views of TiO 2 NRs grown at different reaction
times: (a) 100 min, (b) 105 min, (c) 110 min, and (d) 115 min.

Figure A.3:

Cross-sectional views of TiO2 NTs etched from TiO 2 NRs
grown at (a) 100 min and (b) 105 min.
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Figure A.4:

Top views of MAPbI 3 perovskites on difference surface
modified TiO 2 .

Figure A.5:

Optical absorption spectra of MAPbI 3 perovskites on
different surface modified TiO 2 .
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Figure A.6:

The injection current passing through MAPbI 3 perovskites on
difference surface modified TiO 2 . A steady +1.5 V was
applied, followed by reversed -1.5 V applied for 30 s.
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Figure 1.1:

Box plots of power density for all energy sources in log scale.
Green and blue boxes are represented renewable and non-renew
able sources respectively. n and mdn are the number of values
found for each energy source and median deliverable power
density accordingly. The dot markers show the mean values.

Figure 2.1:

Ball-and-stick model of the BX 6 octahedra in ABX 3 perovskite
with different crystal structures, and lattice distortion result in
Pb-X-Pb angles bending where θ ab = θ c =180 °(cubic), θ ab
<180 ° and θ c =180 °(tetragonal) and θ ab = θ c <180 °
(orthorhombic). Atomic species are A=violet, B=gray and
X=green, brown, or cyan.

Figure 2.2:

Structural map of inorganic halide ABX 3 compounds. Blue dots
and red crosses represent inorganic compositions that likely
form, and that unlikely form perovskite structure at room
temperature and pressure, respectively. The horizontal and
perpendicular dotted lines represent the margins of the stable
perovskite region.

Figure 2.3

Structural map of ABI 3 compounds. Blue dots and red crosses
represent inorganic compositions that likely form, and that
unlikely form perovskite structure at room temperature and
pressure, respectively. The perpendicular dotted lines represent
the margins of the stable perovskite region. The anomalous
AGe(II)I 3 compound are highlighted.
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Figure 2.4:

(a) Theoretical electronic band structure of MAPbI3 by density
functional theory calculation. The allowed photo-excited
electronic transitions are represented in colour upward-pointing
arrows. The dashed blue arrows represent the partly
dipole-allowed transitions at R point. The conduction-band
maximum (CB1) is from spin-orbit coupling band. The
higher-lying CB2 bands consist of heavy electron (HE) and light
electron states. (b) Optical absorption spectrum illustrating a
continuum of electronic transition between the R and M valleys.

Figure 2.5:

Schematic recombination pathways for charge carriers: (a)
monomolecular, (b) bimolecular, and (c) Auger recombination
involving multi-body interactions.

Figure 2.6:

Diagrams illustrating different point defects in lattice

Figure 2.7:

A schematic plot illustrating defect formation energy and Fermi
energy from Equation 2.10.

Figure 2.8:

Calculated transition energy levels of point defects in MAPbI 3 .
The formation energies of neutral defects are shown in
parentheses. Values in the parentheses indicate formation
energies for neutral defects.

Figure 2.9:

(a) Defect formation energy diagram as a function of the Fermi
energy (E F , where it is assigned to be 0 eV and to be 1.58 eV at
VBM and CBM respectively) for MAPbI 3 illustrating stable
defects in stoichiometric conditions. Solid lines and blue dashed
lines indicate the stable charge states of specific defects and
metastable neutral states of I i . Formation energy of positively
(negatively) charged defects increase (decrease) as a function of
E F , while neutral defects are stable with respect to E F . (b)
Thermodynamic ionisation levels for the most stable defects.

Figure 3.1:

SEM images of PbI 2 / DMF layers on different wetting
substrates. (a) TiO 2 / ITO. (b) WO 3 -Ag-WO 3 / glass transparent
electrode. Scale bar: 1um.
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Figure 3.2:

SEM images of PbI 2 without and with additives. (a-f) PbI 2 films
prepared from Pb 2 / DMF with 0, 0.5, 1, 2, 3 and 4 wt% of
H 2 O additives, respectively. (g-i) PbI 2 film prepared without
additive, PbI 2 with HI, and PbI 2 with HCl additives,
respectively. (j-l) PbI 2 films prepared from DMF, DMSO and
NMP solvents, respectively.

Figure 3.3:

Appearance of PbI 2 / DMF solution containing different
amount of H 2 O additive (H 2 O/ DMF in wt%).

Figure 3.4:

(a) Schematic diagram of MAI (CH 3 NH 3 +I-) vapour-assisted
deposition method. (b) AFM images of PbI 2 (rms roughness:
16.09 nm)(left) and MAPbI 3 (rms roughness: 23.5 nm)(right) by
in-house spin-coating and vapour-assisted deposition,
accordingly.

Figure 3.5:

Morphology modification by (a) non-stoichiometry MAPbI 3
precursor, and (b) MACl additives in precursor.

Figure 3.6:

Free energy barriers for heterogeneous nucleation at different
temperature T 2 > T 1 . The critical nucleus size (R*) is obtained at
the maximum activation energy (ΔG*).

Figure 3.7:

(a) Schematic diagram of change in concentration as a function
of time illustrating crystal nucleation and growth dynamics. C s ,
C min * and C max * represent solution solubility margin, the
minimum and maximum supersaturation concentrations,
respectively. Region I: The concentration initially increases as
solvent evaporating; Region II: Nucleation begins beyond the
minimum supersaturation concentration; Region III:
Concentration drops sharply as a result of crystal growth. (b)
Competing nucleation and growth rates as a function of
supersaturation condition results in distinguishable film
morphologies.

Figure 3.8:

Schematic layout of conventional mesoporous and planar
hybrid perovskite devices.
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Figure 3.9:

Energetic landscapes of prevalent transparent conductive oxides
(TCO), electron transporting layers (ETL), PbI 2 , perovskites,
hole transporting layers (HTL), and metal electrodes.

Figure 4.1:

Two diffracted airy disks overlapping demonstrate Rayleigh
Criteria. (a) resolved, (b) Rayleigh limit and (c) non-resolved.

Figure 4.2:

Relativistic velocity (black) and wavelength (blue) of an electron
as a function of acceleration voltage in vacuum.

Figure 4.3:

An illustration of a pear-like interaction volume elucidating
penetration depth and spatial resolution of different signals.

Figure 4.4:

A schematic diagram of transverse and collinear PDS. A
monochromatic pump beam initiates optical absorption at the
specimen (Medium 1) where isotropic thermal relaxation
induces the refractive index gradient (Δn) deflecting probe beam
at a distance z 0 parallel to sample surface (transverse PDS) or
parallel to the pump beam (collinear PDS). Thermal acoustic
propagation (i.e. pressure-induced Δn) is assumed to be
neglected. Thermal conductivity and diffusivity are denoted
asκand k, respectively.

Figure 4.5:

Equivalent circuit of an ideal photovoltaic cell.

Figure 4.6:

A typical J-V curve (solid line) and intensity-voltage (I-V) curve
(dotted line) of an illuminated solar cell.

Figure 4.7:

Typical J-V curves (solid line) and intensity-voltage (I-V) curves
(dotted line) of an illuminated solar cell with significant
hysteresis over forward (i.e. from J sc to V oc ) (green) and
backward (i.e. from V oc to J sc ) (red) scans. Coloured circles
denote as MPP at different scan.

Figure 4.8:

Three successive J-V scans in forward, backward and forward
scan direction (left). The corresponding photovoltaic
parameters measured by MPP tracking algorithm for 60 s
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(right). The coloured circles with frame shown in the left are
calculated from the mean value of the last 50 % from the right.
Device architectures are (A) ITO/PEDOT:PSS/CH 3 NH 3 PbI 3–
(B) ITO/c-TiO 2 /PCBM/CH 3 NH 3 PbI 3 /
x Cl x /C 60 /LiF/Ag,
P3HT/WO 3 /Ag, (C) ITO/PEDOT:PSS/ CH 3 NH 3 PbI 3 /
PCBM/Ba/Ag,
(D)
FTO/c-TiO 2 /mp-TiO 2 /mp-Al 2 O 3 /
CH 3 NH 3 PbI 3 /Graphite,
(E)
FTO/c-TiO 2 /mp-TiO 2 /
CH 3 NH 3 PbI 3 /spiro-OMeTAD/WO 3 /Ag, (F) ITO/TiO 2 /BCP
/PTB7:PCBM/PEDOT:PSS/Ag.
Figure 5.1:

Morphologies and XRD spectra of methylamine-gas treated
MAPbI 3 fabricated by one-step deposition with 40 wt% and
60 wt% precursor solutions. Figure courtesy of Carola
Ebenhoch.

Figure 5.2:

Morphologies of titanium oxide nanostructures. (a, b) and (e-h)
are SEM and TEM images of TiO 2 NRs. (c, d) and (i, j) are
TEM images of TiO 2 NTs. The insets in (f, h & j) represent fast
Fourier transform illustrating localised lattice structures. (k) and
(l) depict bulk lattice structures of TiO 2 NRs and TiO 2 NTs
from XRD measurements, respectively.

Figure 5.3:

Morphologies of MAPbI 3 by two-step deposition. (a-d) and
(e-f) are MAPbI 3 on TiO 2 NRs and NTs, accordingly. (a, c, e
and g) and (b, d, f and h) are pristine and methylamine gas
healed MAPbI 3 , respectively. (i) illustrates bulk lattice structures
of MAPbI 3 from XRD measurements.

Figure 5.4:

A summary of steady-state and time-resolved PL spectra of
MAPbI 3 perovskites. (a and b) are steady-state PL spectra for
MAPbI 3 /TiO 2 NRs without and with healing treatment,
respectively. (c and d) are time-resolved PL spectra from (a and
b). (e and f) are steady-state PL for MAPbI 3 /TiO 2 NTs without
and with healing treatment, respectively. (g and h) are
time-resolved PL spectra from (e and f).
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Figure 5.5:

A summary of photovoltaic parameters from steady-state
measurements. (a) Short-circuit densities, (b) open-circuit
voltages, and (c) efficiencies measured for 5 min. (d) Stability
measurement for all devices at continuous light exposure in
glove-box for 15 min. The illumination intensity was set to
81 mW/cm2.

Figure 6.1:

Chemical structures of surface modifiers: [6,6]-phenyl C 61
butyric acid (PCBA), [6,6]-phenyl C 61 butyric acid methyl ester
(PCBM), buckminsterfullerene C 60 and benzoic acid.

Figure 6.2:

(a) Standard J-V characteristic scans (values are non-stabilised),
(b) steady state MPP tracking (values are stabilised), (c) external
quantum efficiency of devices with modifiers, and (d) steady
state MPP tracking and standard J-V characteristics scans (inset)
of champion device with PCBA modifier.

Figure 6.3:

(a) XRD and (b) PDS spectra of MAPBI 3 on surface modified
TiO 2 . The inset revealed absorption on neat surface modified
TiO 2 .

Figure 6.4:

(a) Steady state photoluminescence spectra of MAPbI 3
deposited on differently modified TiO 2 , (b) same as (a) in the
absence of the reference on glass, (c) time-resolved
photoluminescence decay of MAPbI 3 films measured in
vacuum, and (d) electroluminescence spectra of all devices in
vacuum at 1.5 V forward bias.

Figure 6.5:

Voltage-depended electroluminescence of MAPbI 3 devices, and
(b) electroluminescence responses at 1.5 V bias before and after
negative perturbation (-1.5 V at 700 s for 15 s).

Figure A.1:

Top views of (a) TiO 2 nanorods (NRs) and (b) nanotubes
(NTs).

Figure A.2:

Cross-sectional views of TiO 2 NRs grown at different reaction
times: (a) 100 min, (b) 105 min, (c) 110 min, and (d) 115 min.
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Figure A.3

Cross-sectional views of TiO2 NTs etched from TiO 2 NRs
grown at (a) 100 min and (b) 105 min.

Figure A.4

Top views of MAPbI 3 perovskites on difference surface
modified TiO 2 .

Figure A.5

Optical absorption spectra of MAPbI 3 perovskites on different
surface modified TiO 2 .

Figure A.6:

The injection current passing through MAPbI 3 perovskites on
difference surface modified TiO 2 . A steady +1.5 V was applied,
followed by reversed -1.5 V applied for 30 s.
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