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In this thesis, we investigate the nature of charge carrier generation, relaxation and
recombination in a range of lead halide perovskites. We focus on understanding whether
the photophysical behaviour of these perovskite materials is like that of highly-ordered
inorganic crystalline semiconductors (exhibiting ballistic charge transport) or disordered
molecular semiconductors (exhibiting strong electron-phonon coupling and highly
localised excited states) and how we can tune these photophysical properties with
inorganic and organic additives. We find that the fundamental photophysical properties
of lead halide perovskites, such as charge carrier relaxation and recombination, arise
from the lead halide lattice rather than the choice of A-site cation. We show that while
the choice of A-site cation does not affect these photophysical properties directly, it can
have a significant impact on the structure of the lead halide lattice and therefore affect
these photophysical properties indirectly. We demonstrate that lead halide perovskites
fabricated from particular inorganic and organic A-site cation combinations exhibit low
parasitic trap densities and enhanced carrier interactions. Furthering our understanding
of how the photophysical properties of these materials can be controlled through
chemical composition is extremely important for the future design of highly efficient
solar cells and light emitting diodes.
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Chapter 1: Introduction

1 Introduction

Despite the sun supplying enough energy every hour to meet global electricity needs for
an entire year, only around 0.1% of worldwide demand is currently met by solar power1.
Furthermore, more than 15% of this global electricity consumption is used for lighting2.
This means that there is a huge opportunity to reduce worldwide greenhouse gas
emissions and improve global air quality, as well as to help the 1.2 billion people who
do not have access to modern energy services and therefore use hazardous energy
sources such as kerosene2, by developing efficient and low-cost distributable solar cells
and light-emitting diodes.
Since the discovery of the photovoltaic effect by Alexandre Edmond Becquerel in 18393
and electroluminescence by Henry Joseph Round in 19074, a number of solar cell and
light-emitting diode technologies have been developed, based on both organic and
inorganic semiconducting materials.
In 2009, the first ‘hybrid’ methylammonium lead iodide perovskite solar cell was
reported5, with a power conversion efficiency of 3.8%. Now, less than ten years later,
methylammonium lead iodide perovskite solar cells with power conversion efficiencies
of over 22% have been reported6, making lead halide perovskite the fastest advancing
solar cell technology to date. Following this success, the first methylammonium lead
iodide perovskite light emitting diode, with an external quantum efficiency of 0.76%,
was reported in 20147. Now, less than five years later, lead halide perovskite lightemitting diodes with external quantum efficiencies of over 15% have been reported8.
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As well as being used to fabricate highly efficient solar cells and light-emitting diodes,
lead halide perovskites have also successfully been used in a number of other different
optoelectronic devices including optically pumped lasers9–12, transistors13, water
splitting cells14, and photodetectors15,16. However, the fundamental photophysical
properties of these materials are still not completely understood. Since a better
understanding of these properties could lead to the development of optoelectronic
devices with even higher efficiencies, these properties are the focus of this thesis.
In Chapter 2, we summarise the key theoretical concepts underlying our experimental
results. In Chapter 3, we describe the experimental techniques used to obtain these
experimental results.
In Chapter 4, we demonstrate how linear polarisation selective transient absorption
measurements reveal the dynamic nature of the photoexcited electronic states in lead
halide perovskites. We show that in general, lead halide perovskites are truly hybrid in
nature, with photophysical properties different to those observed in traditional purely
organic and inorganic semiconductors.
In Chapter 5, we demonstrate how a combination of transient absorption spectroscopy
and transient photoluminescence spectroscopy measurements reveal that these
photophysical properties may be tuned by incorporating a mixture of ions, such as
formamidinium, caesium and rubidium into standard methylammonium lead halide
perovskites. We show that this tuning leads to a reduction in undesirable non-radiative
recombination pathways and therefore an enhancement in the performance of lead
halide perovskite solar cells.
In Chapter 6, we demonstrate how a combination of transient absorption spectroscopy
and transient photoluminescence spectroscopy measurements reveal that these
photophysical properties may also be tuned by incorporating organic molecular
additives into standard caesium lead halide perovskites. We show that this tuning
modulates the dimensionality of the lattice, which leads to a reduction in undesirable
non-radiative recombination pathways and therefore an enhancement in the
performance of lead halide perovskite light-emitting diodes.
Finally, in Chapter 7, we review the key results presented in Chapters 4, 5 and 6 and
briefly discuss potential future research directions. According to the chief executive
officer of Oxford Photovoltaics, Frank Averdung17, “Perovskite has the potential to
18
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radically improve the efficiency of solar photovoltaics and meet the world’s energy
demand into the future”. We hope that our results will contribute to the development of
these highly efficient lead halide perovskite optoelectronic devices and bring them
closer to meeting their future potential.
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2 Background

In this chapter, we introduce the key concepts underlying the data presented in this
thesis. This includes an introduction to lead halide perovskites, an overview of the
electronic and photophysical properties of semiconductors and a discussion of how
semiconducting materials may be used to fabricate highly efficient solar cells and light
emitting diodes.

2.1 Lead halide perovskites
In this section, we introduce the lead halide perovskite crystal structure, discuss how the
properties of lead halide perovskites may be tuned by varying chemical composition
and review the key properties of lead halide perovskites.

2.1.1 Chemical composition of lead halide perovskites
Perovskites are a class of compounds which have the same crystal structure as CaTiO3,
a cubic crystal structure with the general formula ABX3. They were studied in detail by
Victor Goldschmidt in 192618, who calculated that stable perovskite crystal structures
can only be formed from combinations of elements with particular sizes. The
Goldschmidt tolerance factor (𝑡𝑓 ) is a dimensionless number which is calculated using
Equation 2.1 from the ionic radii of the A cations (𝑟𝐴 ), B cations (𝑟𝐵 ) and the X anions
(𝑟𝑋 ) used to form a compound.
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𝑡𝑓 =

(𝑟𝐴 + 𝑟𝑋 )
√2 (𝑟𝐵 + 𝑟𝑋 )

2.1

While it is difficult to accurately determine the exact ionic radii, particularly for organic
cations with non-spherical geometries that constantly rotate inside the crystal lattice,
tolerance factor calculations may be used to predict whether stable perovskite crystal
structures are likely to be formed. Typically, a stable, three-dimensional perovskite
crystal structure is only formed when the tolerance factor is between 0.8 and 1.
However, even with this limitation, the range in tolerance factor means that a number of
different atomic and molecular combinations crystallise into stable, three-dimensional
perovskite crystal structures. Therefore, depending on their composition, perovskites
may be insulating19, semiconducting20 or metallic21 and exhibit a range of interesting
physical and magnetic properties, such as ferroelectricity, insulator-to-metal transitions,
ferromagnetism, and superconductivity22.
Lead halide perovskites are a class of compounds with general formula ABX3, where
typically A is methylammonium CH3NH3, formamidinium (NH2)2CH or Cs, B is Pb and
X is I, Br or Cl. They were first studied in 189323 and are semiconducting materials
which are used in a number of different optoelectronic devices24,25, including solar
cells5,6, light-emitting diodes7,8, optically pumped lasers9–12, tranisitors13, water splitting
cells14, and photodetectors15,16.
The excellent optoelectronic performance of lead halide perovskites arise from their
large absorption coefficients26, low Urbach energies that indicate low disorder and high
crystallinity27, low exciton (bound electron-hole pair28,29) binding energies that lead to
the generation of free charge carriers at room temperature30,31, high charge carrier
mobilities and lifetimes32, long carrier diffusion lengths33,34 slow bimolecular charge
recombination rates9, low amplified spontaneous emission thresholds and the fact that
they support photon recyling35. Lead halide perovskites also exhibit ferroelasticity36,
giant photostriction37, piezoelectricity38 and potentially ferroelectricity39, although this
is heavily debated40,41. It has also been suggested that the dynamic disorder42–44 of the
lead halide lattice, potentially arising from rotation of the organic A-site cation45–47, may
lead to a dynamic indirect bandgap with giant Rashba spin-orbit coupling48–52 that
hinders charge carrier recombination and enhances charge carrier lifetime53.
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In addition to having these interesting properties, lead halide perovskites are also
solution-processable at room-temperature and are highly tuneable54,55. The range of
possible tolerance factors mean that lead halide perovskites may be composed from a
range of cations and anions. This means that the optical bandgap of these materials may
be tuned to better match the solar spectrum – for example by shifting the bandgap from
~1.6 eV to ~1.5 eV by replacing methylammonium cations with larger formamidinium
cations56 – or to change their colour of emission – for example by shifting the bandgap
from near-infrared to green by replacing iodide anions with bromide anions7.

2.1.2 Mixed lead halide perovskites
The properties of lead halide perovskites may also be tuned further by using a mixture
of cations and anions, which may or may not form stable three-dimensional perovskites
when used individually. For example, CsPbI3 and (NH2)2CHPbI3 do not exist in stable
perovskite structures at room temperature, because the Goldschmidt tolerance factor of
CsPbI3 is slightly below 0.8 and the Goldschmidt tolerance factor of (NH2)2CHPbI3 is
slightly above 1. However, when Cs and (NH2)2CH are combined, such as in a material
with a composition of (NH2)2CH0.85Cs0.15PbI3, a stable perovskite phase is formed at
room temperature, as shown in Figure 2.157,58. Therefore, using mixtures of cations such
as rubidium, caesium, methylammonium and formamidinium57–62 or mixtures of anions
such as iodide and bromide63–65 can significantly improve the performance and stability
of lead halide perovskite optoelectronic devices.
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Image removed for copyright reasons.

Figure 2.1 Diagram of tolerance factor and effective radius for mixtures of CsPbI3 and
(NH2)2CHPbI3, taken from reference 57. Since CsPbI3 has a tolerance factor slightly
below 0.8, it exists in a yellow orthorhombic phase (δO-CsPbI3) at room temperature.
Since (NH2)2CHPbI3 has a tolerance factor slightly above one, it exists in a yellow
hexagonal phase (δH-FAPbI3) at room temperature. By combining Cs and (NH2)2CH,
the effective tolerance factor may be tuned and stable black perovskite phases may be
formed.
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2.1.3 Two-dimensional, one-dimensional and zero-dimensional lead
halide perovskites
The properties of lead halide perovskites may also be tuned further by modulating the
dimensionality of the crystal lattice with bulky organic molecules. For example, when
butylammonium

cations

are

incorporated

into

standard

three-dimensional

methylammonium lead iodide perovskites, two-dimensional Ruddlesden-Popper
perovskites are formed66. These perovskites consist of well-defined methylammonium
lead iodide layers separated by organic butylammonium layers and have the chemical
formula (CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1, where n is equal to the number of
layers in the methylammonium lead iodide stack66.
The general formula of Ruddlesden-Popper perovskites is An-1A’2BnX3n+1, where A, A’,
and B are cations, X is an anion and n is the number of octahedral layers in the welldefined perovskite stacks67. As with three-dimensional perovskites, two-dimensional
Ruddlesden-Popper perovskites may be formed from a variety of different organic and
inorganic cations and anions66,68–72. However, in contrast to three-dimensional
perovskites, two-dimensional Ruddlesden-Popper perovskites are natural quantum wells
with large exciton binding energies67 and are relatively stable73. In lead halide
perovskites composed of a variety of Ruddlesden-Popper phases with different numbers
of layers in the well-defined perovskite stacks, it has been shown that these natural
quantum wells efficiently funnel and concentrate charge carriers into localised low
energy states, resulting in increased radiative recombination and enhanced lightemitting diode performance74–77. It is also possible to synthesise lead halide perovskite
phases consisting of one-dimensional networks of octahedra separated by organic
regions78 or zero-dimensional polyhedra surrounded by organic regions79,80. Isolated
colloidal ABX3 lead halide perovskite quasi-two-dimensional nanoplatelets81–83, quasione-dimensional nanowires10,84–86 and quasi-zero-dimensional nanocrystals87–91, have
also been fabricated by controlling the growth direction during synthesis.
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Figure 2.2 Diagram of a three-dimensional perovskite lattice being transformed into a
two-dimensional Ruddlesden-Popper type perovskite lattice upon the addition of
butylammonium cations, taken from reference 66. On the left side is a threedimensional perovskite lattice. On the right side are two-dimensional RuddlesdenPopper type perovskite lattices, with the number of layers in the perovskite stack (n)
equal to n = 4, n = 3, n = 2 and n = 1 respectively.
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2.1.4 Commercialisation of lead halide perovskites
Given the excellent photophysical properties of lead halide perovskites, combined with
their

simple

room-temperature

solution-processability,

lead

halide

perovskite

optoelectronic devices sound like perfect candidates for commercialisation. However, as
well as significant issues with stability, one of the major hurdles facing the
commercialisation of lead halide perovskite optoelectronic devices is the fact that they
contain lead.
According to Directive 2002/95/EC of the European Union, the use of lead and
cadmium is prohibited in electrical and electronic equipment put on the market after 1st
July 200692. Therefore, in order to successfully commercialise lead halide perovskite
optoelectronic devices, either effective environmental protection and recycling
procedures must be developed, or the lead must be replaced with a less harmful
material.
Simple and sustainable waste disposal and recycling procedures for lead based
perovskites are already being developed93. These procedures suggest that every layer in
the solar cell could be removed individually. This would effectively isolate the toxic
lead compounds so that they could be handled in a way that would not harm the
environment. It would also mean that the extracted lead compounds could be processed
and reused again in new perovskite solar cells, so that lead waste is reduced.
A number of lead-free alternatives to lead halide perovskites are also being developed94.
Currently, tin is the most common substitute for lead in these materials 95–100, partly
because the optical band gap of CH3NH3SnI3 (1.3 eV) is closer to the optimal bandgap
for solar cells proposed by Shockley and Queisser (1.34 eV) than the optical band gap
of CH3NH3PbI3 (1.6 eV)101,102. However, the major problem with using tin in these
materials is that it irreversibly oxidises from Sn2+ cations to Sn4+ cations when it is
exposed to air 103. This oxidation causes CH3NH3SnI3 to become self-doped and change
from a semiconducting material into a conductive material, which significantly reduces
device performance104. This is one reason why, the current record pure tin halide
perovskite and mixed lead-tin perovskite solar cell power conversion efficiencies are
only 9%105 and 15%95 respectively. This is significantly lower than the current record
pure lead halide perovskite solar cell power conversion efficiency of 22.7%6.
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Recent studies have shown that the oxidation of tin halide perovskites occurs through a
cooperative mechanism in which multiple adjacent Sn2+ ions form SnO2 and SnI4106.
Therefore, supressing this process could enhance the stability of these materials.
Substituting a small fraction of tin with lead has been shown to fundamentally change
the oxidation mechanism of tin based perovskites and increase their stability more than
would be expected from a simple reduction in the tin content. This is because there is a
higher probability that Sn2+ ions will be adjacent to Pb2+ ions which have a higher
tolerance to oxidation than Sn2+ ions106. It has also been shown that adding SnI2
dimethyl sulfoxide complexes during the crystallisation process107 or additives, such as
SnCl2108 or SnF2109, to tin halide perovskites can enhance stability. Low-dimensional tin
halide perovskites, such as phenylethylammonium formamidinium tin iodide are also
generally more stable than three-dimensional tin halide perovskites110,111.
Another problem with using tin in these materials is that, for different reasons, exposure
to SnI2 is more lethal than exposure to the same nominal concentration of PbI2112. In
addition,

exposure

to

either

lead

or

tin

can

cause

impaired

embryonic

development112,113. Water soluble salts, such as those used in lead and tin halide
perovskites, are particularly harmful as they are easily taken up by living organisms 93.
In fact, a daily dose of only 1 mg can result in chronic lead poisoning symptoms, such
as birth defects, in humans93. Despite this, it has been suggested that only a negligibly
small risk of heavy metal intoxication could arise from defective perovskite solar
cells112.
Other proposed substitutes for lead, which are less toxic and more stable, include
germanium114 and bismuth115–118. Computational studies have also identified a number
of other potential combinations of less toxic and more stable elements that could form
semiconducting perovskites119.
In this section, we have discussed the semiconducting properties of lead halide
perovskites. In the next section, we discuss the fundamental origin of these
semiconducting properties.
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2.2 Properties of semiconductors
According to the Oxford English Dictionary120, a semiconductor is a “solid substance
that has a conductivity between that of an insulator and that of most metals”. This
conductivity arises from free electrons in the conduction band. Therefore, since the
probability of exciting an electron from the valence band to the conduction band is
related to the energy gap between the top of the valence band and the bottom of the
conduction band – known as the bandgap – the electrical conductivity of a solid is
related to the bandgap. Semiconductors used in optoelectronic applications typically
have bandgaps with energies corresponding to the ultraviolet, visible or infrared regions
of the electromagnetic spectrum.

2.2.1 Origin of the bandgap
The complete Hamiltonian which fully describes a perfect crystal lattice has five terms,
a sum of the kinetic energy of each electron, sum of the kinetic energy of each nucleus,
sum of coulomb interaction between each pair of nuclei, sum of coulomb interaction
between each pair of electrons and sum of coulomb interaction between each electron
with each nucleus121. This many-particle Hamiltonian is currently too complicated to
solve without many simplifications. Therefore, two approximations are generally made.
First, the electrons are categorised as either valence electrons (in incompletely filled
shells) or core electrons (in completely filled shells). All the core electrons surrounding
a single nucleus and that corresponding nucleus can be considered to be a single entity
called an ion core, since the core electrons are mainly localised around the nuclei, this
greatly reduces the number of electrons which must be considered in the calculations121.
The second approximation, called the Born-Oppenheimer or adiabatic approximation,
states that the frequency of electronic motion (on order of 1015s -1) is much faster than
ionic vibrations (typically less than 1013 s -1). This is because the mass of the ions in the
lattice are much heavier than the mass of the electrons in the lattice. Therefore, to a
good approximation the ions are stationary relative to the electrons, and the ions are
subject to only a time-averaged adiabatic electronic potential121.
With these approximations the Hamiltonian is simplified to121,
𝐻 = ∑ 𝐻𝑖𝑜𝑛𝑠 (𝑹𝑗 ) + ∑ 𝐻𝑒 (𝒓𝑖 , 𝑹𝑗0 ) + ∑ 𝐻𝑒−𝑖𝑜𝑛 (𝒓𝑖 , 𝛿𝑹𝑗 )
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where, 𝐻𝑖𝑜𝑛𝑠 (𝑹𝑗 ) is the Hamiltonian for the ionic motion in the environment of the
ionic potentials and time-averaged adiabatic electronic potentials, 𝐻𝑒 (𝒓𝑖 , 𝑹𝑗0 ) is the
Hamiltonian of the electrons in the environment of stationary ions in their equilibrium
positions 𝑹𝑗0 , 𝐻𝑒−𝑖𝑜𝑛 (𝒓𝑖 , 𝛿𝑹𝑗 ) is the Hamiltonian originating from the change in the
electronic energy resulting from displacements 𝛿𝑹𝑗 of the ions from their equilibrium
positions (electron-phonon interaction), 𝒓𝑖 is the position of the 𝑖th valence electron and
𝑹𝑗 is the position of the 𝑗th ion core. The terms involving ionic motion, 𝐻𝑖𝑜𝑛𝑠 (𝑹𝑗 ) and
𝐻𝑒−𝑖𝑜𝑛 (𝒓𝑖 , 𝛿𝑹𝑗 ), are important for the vibrational and electron-phonon interactions in
semiconductors but the Hamiltonian describing the electronic motion, 𝐻𝑒 (𝒓𝑖 , 𝑹𝑗0 ), is
most important for band structure calculations.
The Hamiltonian 𝐻𝑒 (𝒓𝑖 , 𝑹𝑗0 ) can be simplified further by using the mean-field
approximation, in which it is assumed that every electron of mass 𝑚 experiences the
same average periodic potential 𝑉(𝒓) or the potential energy of every electron is an
average potential 𝑉(𝒓) which has the same periodicity as the crystal lattice. In this case,
every electron has the same equation of motion122,
𝑝2
𝐻1𝑒 𝜓𝑘 (𝒓) = (
+ 𝑉(𝒓)) 𝜓𝑘 (𝒓) = 𝐸𝑘 𝜓𝑘 (𝒓),
2𝑚

2.3

where, 𝐻1𝑒 is the one-electron Hamiltonian and 𝐸𝑘 and 𝜓𝑘 (𝒓) are the corresponding
energy eigenvalues and wavefunctions respectively. The wavefunctions can be
expressed as Bloch functions of the form122,
𝜓𝑘 (𝒓) = 𝑢𝑘 (𝒓) exp(𝑖𝒌 ∙ 𝒓),

2.4

where 𝑢𝑘 (𝒓) is a periodic function with the periodicity of the crystal lattice and
exp(𝑖𝒌 ∙ 𝒓) is a plane wave with wavevector 𝒌.
If the electrons are in free space, where 𝑉(𝒓) is a constant, the equation of motion is122,
ℏ2 𝛁 2
ℏ2 𝑘 2
−
𝜓 (𝒓) =
𝜓 (𝒓) = 𝐸𝑘 𝜓𝑘 (𝒓).
2𝑚 𝑘
2𝑚 𝑘

2.5

In this case, the electron energy eigenvalues scale quadratically with the wavevector, so
the allowed energy states may be plotted as a parabola, as shown in Figure 2.3. If the
electrons are in a crystal lattice, where 𝑉(𝒓) is periodic due to the regularly spaced
atomic cores that are each a distance 𝑎 apart, the plane waves at the Brillouin zone
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𝜋

boundaries ± 𝑎 undergo Bragg reflection. This leads to the formation of standing waves
with higher charge density either in between the positions of the atomic cores122,
|𝜓(−)|2 ∝ sin2 (

𝜋𝑥
),
𝑎

2.6

𝜋𝑥
),
𝑎

2.7

or at the positions of the atomic cores122,
|𝜓(+)|2 ∝ cos 2 (

in one-dimension 𝑥. Therefore, electrons with the same wavevector can have different
energies – depending on whether the higher charge density is at the positions of the
atomic cores or in between the positions of the atomic cores – and a bandgap is formed.
Image removed for copyright reasons.

Figure 2.3 Diagram demonstrating band formation in semiconductors, taken from
reference 122. (A) Electron energy against wavevector for an electron in free space.
(B) The formation of standing waves leads to regions of higher charge density either at
the positions of the atomic cores or in between the positions of the atomic cores. This
leads to the formation of a band gap (C) at the Brillouin zone boundaries.
The origin of the bandgap can also be understood by considering the atomic orbitals of
the atoms in the crystal lattice, as shown in Figure 2.4. In a typical inorganic
semiconductor such as Si, Ge, or GaAs, each isolated atom has on average four valence
electrons that occupy discrete atomic s and p states. In the presence of neighbouring
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atoms, these discrete atomic s and p states hybridise and form bonding and antibonding
molecular orbitals. In a crystal lattice, this leads to the formation of the valence band
and conduction band – and a bandgap is formed123. In lead halide perovskites, the
valence band maxima dominantly arise from the 6s and 5p orbitals of the lead and
iodine atoms respectively and the conduction band minima dominantly arise from the
6p orbitals of lead atoms52.
Image removed for copyright reasons.

Figure 2.4 Diagram demonstrating band formation in typical inorganic semiconductors
such as Ge and GaAs, taken from reference 123. The discrete atomic s and p orbitals
evolve into s and p bonding and antibonding molecular orbitals and then into bands.
In general, the formed bandgap can be either direct – where the valence band maximum
and conduction band minimum occur at the same wavevector – or indirect – where the
valence band maximum and conduction band minimum occur at different wavevectors –
as shown in Figure 2.5. This is an important distinction, because in order to conserve
momentum, the wavevector of an electron is effectively unchanged after photon
absorption (which is why photon absorption processes are always represented as vertical
lines on diagrams of energy verses wavevector)123. Therefore, in semiconductors with
an indirect bandgap, an additional phonon – quantised lattice vibration – must also be
absorbed or emitted in order for the momentum to be conserved and photoexcitation to
occur. It is currently heavily debated whether lead halide perovskites are direct bandgap
or indirect bandgap semiconductors44,124–126, as we will discuss in more detail in
Chapter 4.
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Image removed for copyright reasons.

Figure 2.5 Diagram of a direct and indirect semiconductor bandgap, taken from
reference 123. (A) Direct bandgap. (B) Indirect bandgap. Both photon absorption
(vertical arrow) and phonon absorption or emission (horizontal arrow) are required for
photoexcitation in an indirect bandgap semiconductor such as Si.
In this section, we have discussed the origin of the semiconductor bandgap. In the next
section, we will discuss how this semiconductor bandgap is important for the interaction
of semiconductors with light.

2.2.2 Interaction of semiconductors with light
In general, when light is incident on a semiconductor, it may be reflected from the
semiconductor, interact with the semiconductor or be transmitted through the
semiconductor, as summarised in Figure 2.6123. If the light interacts with the
semiconductor, a number of simple linear processes and more complicated non-linear
processes can occur. The simplest interactions that can occur are refraction, scattering,
absorption and luminescence123.
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Image removed for copyright reasons.

Figure 2.6 Summary of general linear optical processes, adapted from reference 123.
Light incident on a material may be reflected from the front or back surfaces of the
material, undergo refraction, scattering, or absorption and luminescence in the
material, or be transmitted through the material. The narrowing of the arrows indicates
attenuation of the light.
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2.2.2.1 Refraction
Refraction occurs when the incident light propagates with a smaller velocity through the
semiconductor than in free space, but it does not change the intensity of the propagating
light. The reduction in velocity is described by the refractive index of the material (𝑛),
𝑛=

𝑐
𝑣

2.8

where 𝑣 is the velocity of light in the material and 𝑐 is the velocity of light in a
vacuum123. The refractive index depends on the frequency of the light propagating
through the material, but in materials with low dispersion over visible wavelengths, it is
common to characterise the material with a single refractive index.
2.2.2.2 Scattering
Scattering causes the direction and in some cases the frequency of the incident light to
change, but it does not change the overall number of photons. In elastic scattering
processes, the frequency of the scattered light is the same as the frequency of the
incident light and in inelastic scattering processes, the frequency of the scattered light is
different to the frequency of the incident light. In inelastic scattering processes, if the
frequency of the light increases, energy must be transferred from the material and if the
frequency of the light decreases, energy must be transferred to the material.
2.2.2.3 Absorption
Absorption causes the incident beam to be attenuated as it passes through the
semiconductor. It can be described classically (dipole oscillator model), semi-classically
(Fermi’s golden rule) and quantum mechanically (quantum optics). In the classical
description, both the atoms and light are modelled classically. It is assumed that each
pair of negatively charged bound electrons and positively charged nuclei in the
semiconductor behave as classical electric dipoles, with electric dipole moments that are
proportional to their separation. The alternating electric field of the incident light exerts
a force on the negatively charged bound electrons and on the positively charged nuclei,
driving oscillations. Since the masses of the nuclei are orders of magnitude higher than
the masses of the electrons, only the electrons can respond to the rapidly oscillating
electric field of the light. The electrons behave as classical Lorentz oscillators,
undergoing high amplitude oscillations when the frequency of the incident light matches
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their natural resonance frequency. Therefore, only these frequencies of incident light are
absorbed by the semiconductor123.
In the semi-classical description, the atoms are modelled using quantum mechanics and
the light is modelled classically. It is assumed that the atoms consist of discrete energy
levels that can be occupied by electrons. The transition rate ( 𝑊1→2 ) between two
discrete states 1 and 2 is described by Fermi’s golden rule123,
𝑊1→2 =

2𝜋
|𝑀12 |2 𝛿(𝐸2 − 𝐸1 − ℎ𝜈),
ℏ

2.9

where 𝐸1 and 𝐸2 are the energies of states 1and 2, ℎ𝜈 is the energy of the incident light
with frequency 𝜈, and 𝑀12 is the matrix element for the transition. The matrix element
has the form123,
𝑀12 = ⟨2|𝐻′(𝒓)|1⟩ = ∫ 𝜓2∗ (𝒓)𝐻′(𝒓)𝜓1 (𝒓)𝑑 3 𝒓,

2.10

where 𝒓 is the position vector of each electron, 𝜓1 (𝒓) and 𝜓2 (𝒓) are the wavefunctions
of states 1 and 2 and 𝐻′(𝒓) is the perturbation to the Hamiltonian of each electron due
to the alternating electric field of the incident light. According to Equation 2.9, the
transition rate is only non-zero when the frequency of the incident light exactly matches
the energy difference between the two discrete states 1 and 2. In a semiconductor,
transitions occur between continuous bands 1 and 2 rather than discrete states 1 and 2.
In this case, the transition rate can be written as123,
𝑊1→2 =

2𝜋
|𝑀12 |2 𝑔(ℎ𝜈),
ℏ

2.11

where 𝑔(ℎ𝜈) is the weighted joint density of states of the two bands 1 and 2 –
describing the number of states 𝑔(ℎ𝜈)𝑑𝐸 within the energy range 𝐸 to 𝐸 + 𝑑𝐸 for an
energy ℎ𝜈 – and ℎ𝜈 is the energy of the incident light with frequency 𝜈. According to
this equation, the transition rate is only non-zero when the density of states is non-zero.
Therefore, only these frequencies of light are absorbed by the semiconductor123. A fully
quantum mechanical description of absorption may be found in quantum optics
literature127–129.
The amount of incident light absorbed by a semiconductor can be quantified by the
optical density (OD) – or absorbance – of the semiconductor, or the absorption
coefficient (α) – or absorption cross-section – of the semiconductor. The OD or
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absorbance of a semiconductor is defined as the logarithm of the ratio of the number of
photons transmitted (𝑛𝑡𝑟𝑎𝑛𝑠 ) through the semiconductor to the number of photons
incident (𝑛𝑖𝑛𝑐𝑖𝑑 ) on the semiconductor,
𝑛𝑡𝑟𝑎𝑛𝑠
OD = −𝑙𝑜𝑔10 (
).
𝑛𝑖𝑛𝑐𝑖𝑑

2.12

The absorption coefficient or absorption cross-section of a semiconductor is defined as
the logarithm of the ratio of the number of photons transmitted (𝑛𝑡𝑟𝑎𝑛𝑠 ) through the
semiconductor to the number of photons incident (𝑛𝑖𝑛𝑐𝑖𝑑 ) on the semiconductor per unit
length of the semiconductor. It can be calculated from the OD of the semiconductor by
dividing by the thickness of the semiconductor (𝑑),
α=

1
1
𝑛𝑡𝑟𝑎𝑛𝑠
OD = − 𝑙𝑜𝑔10 (
).
𝑑
𝑑
𝑛𝑖𝑛𝑐𝑖𝑑

2.13

As a semiconductor absorbs incident light, electrons in the valence band are
photoexcited into the conduction band. These photoexcited charge carriers subsequently
undergo relaxation. The relaxation dynamics may be described by four temporally
overlapping regimes130, the decoherence regime (first few tens of femtoseconds), the
thermalisation regime (~0-500 fs), the cooling regime (~0.2-500 ps), and the
recombination regime (> 1 ps).
2.2.2.3.1 Decoherence regime (first few tens of femtoseconds)
Immediately after room-temperature photoexcitation of an inorganic semiconductor
such as GaAs, Si or lead halide perovskite, a coherent population of free carriers is
generated. The system is defined as coherent when there is a well-defined relationship
between the phase of the exciting electromagnetic field and the photoexcited free carrier
distribution, as well as a well-defined phase relationship within the photoexcited free
carrier distribution. Scattering processes rapidly destroy these coherences within a few
tens of femtoseconds in inorganic semiconductors131.
2.2.2.3.2 Thermalisation regime (~0-500 fs)
The photoexcited free carrier population following decoherence through dephasing is
most likely to have a non-thermal distribution. This initial non-thermal energy
distribution is determined by the incident light spectrum and cannot be characterised
with a temperature. In inorganic semiconductors, relaxation of this non-thermal
population to a hot thermalised population occurs within the first ~500 fs after
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photoexcitation. Relaxation dominantly occurs through carrier-carrier scattering
processes. This has been probed in GaAs using transient spectroscopy techniques such
as transient absorption132 and transient photoluminescence133. However, in these studies,
only an upper limit could be placed on the thermalisation times, because thermalisation
occurred within the time resolution of the experimental setup.
The difficulty in measuring thermalisation times with these techniques is that both high
time and high energy resolution are required. High time resolution is required because
the relaxation processes are extremely fast. High energy resolution is required in order
to identify the transition from a spectrally narrow non-thermal energy distribution to a
spectrally broad thermalised Fermi-Dirac distribution with a defined temperature.
High time and energy resolution are difficult to achieve in a simple transient absorption
experiment because of the uncertainty principal in quantum mechanics that puts a
fundamental limit on the precision with which complementary variables, such as time
and energy, can be known. The time-energy uncertainty relation has the form,
𝜎𝜏 ∙ 𝜎𝐸 ≥

ℏ
,
2

2.14

where 𝜎𝜏 is the uncertainty in the time, 𝜎𝐸 is the uncertainty in the energy and ℏ is the
reduced Plank constant134. This means that it is not possible to create a temporally and
energetically narrow excitation pulse, only a temporally narrow and spectrally broad
pulse or a temporally broad and spectrally narrow pulse.
These restrictions can be overcome by using a more complex variety of transient
absorption spectroscopy known as two-dimensional electronic spectroscopy. In these
measurements two pump pulses are used instead of one and the data is extracted using a
Fourier transform approach. Using this technique, thermalisation has been studied in
lead halide perovskites by others in our research group. In their study135, it was found
that in CH3NH3PbI3 perovskite the dominant process involved in thermalisation is
carrier-carrier scattering and that thermalisation occurs on timescales of below 10 fs to
85 fs, depending on the carrier density and excess energy above the optical band gap.
2.2.2.3.3 Cooling regime (~0.2-500 ps)
The redistribution of energy within the free carrier population by carrier-carrier
scattering processes results in a thermalised distribution. This quasi-equilibrium
distribution can be described by a Fermi-Dirac distribution of the form,
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𝑛𝑖 =

1
𝑒 (𝜖𝑖 −𝜇)/𝑘𝐵 𝑇

+1

2.15

where, 𝑛𝑖 is the average number of electrons and holes in state 𝑖, 𝜖𝑖 is the energy of state
𝑖, 𝜇 is the Fermi level, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the average temperature
of the electrons and holes136.
The average temperature of the electrons and holes is initially much higher than the
temperature of the lattice. Therefore, these carriers are referred to as hot carriers. During
the cooling regime, these hot carriers undergo numerous scattering events with phonons
– quantised lattice vibrations – which lower the temperature of the hot carrier
distribution until it is in equilibrium with the lattice136.
In lead halide perovskites, carrier cooling occurs in two stages137,138. During the first
~2 ps, hot carriers undergo rapid cooling by emitting longitudinal optical phonons139,140.
The rate of this cooling is highly carrier density dependent137, with decay rates ranging
from 230 fs at 6 × 1017 cm−3 to 770 fs at 60 × 1017 cm−3. This decrease in decay rate at
higher carrier densities arises because carriers begin to undergo substantial reheating by
reabsorbing a substantial number of longitudinal optical phonons – an effect known as
the hot phonon bottleneck effect137,141, which is commonly observed in inorganic
semiconductors142,143. After ~2 ps, carriers continue to slowly cool by emitting either
delayed longitudinal optical phonons or lower energy acoustic and optical phonons137.
2.2.2.3.4 Recombination regime (> 1 ps)
Following decoherence, thermalisation and cooling, the majority of photoexcited charge
carriers undergo recombination and relax back to the ground state138. A small fraction of
charge carriers will already have undergone recombination during the thermalisation
and cooling regimes, as observed in hot photoluminescence measurements144,145. In
general, charge carrier recombination occurs through a number of different radiative and
non-radiative mechanisms146,147.
Band-to-band recombination
In band-to-band recombination, an electron in the conduction band recombines with a
hole in the valence band. In direct semiconductors, since the bottom of the conduction
band and the top of the valence band are aligned in k space, direct optical transitions are
possible. This is not the case in indirect semiconductors, in which the bottom of the
conduction band and the top of the valence band are offset in k space. In indirect
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semiconductors, band-to-band recombination in only possible with the assistance of a
phonon and is therefore much less likely.
In semiconducting bulk materials, free charge carriers can freely diffuse and interact
throughout the entire material. Therefore, the band-to-band recombination rate −

𝑑𝑛(𝑡)
𝑑𝑡

at

a given time 𝑡 scales linearly with both the electron 𝑛𝑒 and hole 𝑛ℎ density. Therefore,
if 𝑛𝑒 = 𝑛ℎ = 𝑛, the band-to-band recombination rate scales quadratically with charge
carrier density 𝑛,
−

𝑑𝑛(𝑡)
∝ 𝑛𝑒 𝑛ℎ − 𝑛𝑒,𝑖 𝑛ℎ,𝑖 ∝ 𝑛(𝑡)2 − 𝑛𝑖 (𝑡)2 ,
𝑑𝑡

2.16

where 𝑛𝑒,𝑖 and 𝑛ℎ,𝑖 are the intrinsic densities of thermally excited electrons and holes
respectively. In an undoped semiconductor, 𝑛𝑒,𝑖 = 𝑛ℎ,𝑖 = 𝑛𝑖 , where 𝑛𝑖 is the intrinsic
density of thermally excited charge carriers. The total charge carrier density is the sum
of the intrinsic density of thermally excited charge carriers 𝑛𝑖 plus the density of
photoexcited charge carriers Δ𝑛,
𝑛 = 𝑛𝑖 + Δ𝑛.

2.17

In semiconducting nanomaterials, free charge carriers can freely diffuse and interact
within individual nanoregions but do not freely diffuse and interact between different
nanoregions. Therefore, when the total charge carrier density is lower than the
nanoregion density the band-to-band recombination rate scales linearly with total charge
carrier density,
−

𝑑𝑛(𝑡)
∝ 𝑛(𝑡) − 𝑛𝑖 (𝑡),
𝑑𝑡

2.18

as shown in Figure 2.7.
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Figure 2.7 Diagram of charge carrier interactions in semiconducting bulk materials and
semiconducting nanomaterials. Assuming that the charge carrier density 𝒏 is lower
than the nanoregion density and that charge carriers in different nanoregions do not
interact, the recombination rate in samples consisting of many nanoregions scales with
the charge carrier density.
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In heavily doped semiconducting bulk materials, the intrinsic charge carrier densities
can be significantly larger than the photoexcited charge carrier densities. In this case,
the band-to-band recombination rate effectively scales linearly with the dominating
intrinsic charge carrier density. In general, the band-to-band recombination rate expands
as,
−

𝑑𝑛(𝑡)
∝ 𝑛𝑒 𝑛ℎ − 𝑛𝑒,𝑖 𝑛ℎ,𝑖 ∝ (𝑛𝑒,𝑖 + Δ𝑛𝑒 )(𝑛ℎ,𝑖 + Δ𝑛ℎ ) − 𝑛𝑒,𝑖 𝑛ℎ,𝑖
𝑑𝑡

2.19

∝ 𝑛𝑒,𝑖 Δ𝑛ℎ + Δ𝑛𝑒 𝑛ℎ,𝑖 + Δ𝑛𝑒 Δ𝑛ℎ
Therefore, for a heavily n-doped semiconductor, where 𝑛𝑒,𝑖 ≫ 𝑛ℎ,𝑖 , Δ𝑛𝑒 , Δ𝑛ℎ , the bandto-band recombination rate approximates to,
−

𝑑𝑛(𝑡)
∝ 𝑛𝑒,𝑖 Δ𝑛ℎ ,
𝑑𝑡

2.20

and for heavily p-doped semiconductor, where 𝑛ℎ,𝑖 ≫ 𝑛𝑒,𝑖 , Δ𝑛𝑒 , Δ𝑛ℎ , the recombination
rate is approximately,
−

𝑑𝑛(𝑡)
∝ Δ𝑛𝑒 𝑛ℎ,𝑖 .
𝑑𝑡

2.21

Shockley-Read-Hall recombination
In Shockley-Read-Hall recombination, free charge carriers recombine with trapped
charge carriers. Free charge carriers can become trapped charge carriers due to crystal
lattice defects such as dislocations, impurities and disorder. The Shockley-Read-Hall
trap-assisted recombination rate is given by148,
−

𝑑𝑛(𝑡)
𝑛𝑒 𝑛ℎ − 𝑛𝑒,𝑖 𝑛ℎ,𝑖
=
,
𝑑𝑡
𝜏𝑒 (𝑛ℎ + 𝑛ℎ,𝑡 ) + 𝜏ℎ (𝑛𝑒 + 𝑛𝑒,𝑡 )

2.22

where 𝜏𝑒 and 𝜏ℎ are the effective electron and hole lifetimes respectively and 𝑛𝑒,𝑡 and
𝑛ℎ,𝑡 are the electron and hole densities when their quasi-Fermi levels reach the trap
energy level respectively.
Auger recombination
In Auger recombination, a recombining electron and hole transfer their energy to a third
electron or hole that subsequently occupies a higher energy state in the semiconductor
band structure. Therefore, the Auger recombination rate scales linearly with the density
of each of the three involved charge carriers,
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−

𝑑𝑛(𝑡)
∝ 𝑛3 .
𝑑𝑡

2.23

Auger recombination is the opposite of the impact ionization process, in which an
energetic charge carrying species transfers excess energy to an electron in the valence
band and excites it into the conduction band.
Surface and interface recombination
Surface and interface recombination are important in optoelectronic devices, however
they are analytically complex and often specific to the optoelectronic device under
consideration. Since the focus of this thesis is on understanding the fundamental
photophysical properties of isolated materials rather than devices, we will not consider
them further. More information about surface and interface recombination may be found
in the literature149.
General recombination rate equation
Since the intrinsic room-temperature carrier density in semiconductors such as GaAs
and Si is only ~106cm-3 and ~109cm-3 respectively150, under standard optoelectronic
device operating conditions, 𝑛𝑖 ≪ Δ𝑛 and 𝑛 ≈ Δ𝑛. Therefore, from now on, we will
always refer to the photoexcited carrier density Δ𝑛 as 𝑛.
As we have discussed, charge carrier recombination can occur through a number of
different radiative and non-radiative mechanisms146,147, with different dependencies on
photoexcited charge carrier density, 𝑛(𝑡). We can express the general rate of reduction
in the carrier density −

𝑑𝑛(𝑡)
𝑑𝑡

due to charge carrier recombination as a sum of these

competing recombination mechanisms147,151–153,
−

𝑑𝑛(𝑡)
= 𝑘1 ∙ 𝑛(𝑡) + 𝑘2 ∙ 𝑛(𝑡)2 + 𝑘3 ∙ 𝑛(𝑡)3 .
𝑑𝑡

2.24

In this general recombination rate equation, 𝑘1 is the first-order recombination rate
constant, 𝑘2 is the second-order recombination rate constant and 𝑘3 is the third-order
recombination rate constant. First-order recombination is the dominant recombination
mechanism in inorganic semiconductor materials that are heavily doped, have high trap
densities151, have bound excitons as the dominant photoexcited species154, or consist of
domains in which photoexcited charge carriers are dielectrically or spatially localised so
that geminate recombination (recombination of the initially photoexcited electron-hole
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pair) is significantly more likely than non-geminate recombination (recombination of an
electron and hole from different photoexcitation events)155–158. Second-order
recombination is the dominant recombination mechanism in inorganic semiconductor
materials with free charge carriers as the dominant photoexcited species. Third-order
recombination is the dominant recombination mechanism in inorganic semiconductors
with high carrier densities152,159, which can arise in semiconductors with a small
bandgap154, from heavy doping154, or from high intensity photoexcitation152,153.
The photoexcitation densities at which these first-order, second-order and third-order
recombination processes dominate – and the corresponding recombination rate
constants – can be investigated using transient absorption (TA) measurements. TA is a
time-resolved spectroscopic technique, described in detail in Section 3.3.3, that can be
used to probe the relaxation of electronic states in semiconductors. When first-order
recombination dominates, the normalised kinetics obtained from TA are excitation
density independent9,160, because doubling the excitation density doubles the
recombination rate. However, when second-order or third-order recombination
dominates, the normalised kinetics obtained from TA are excitation density
dependent161, because doubling the excitation density either quadruples or octuples the
recombination rate.
In bulk lead halide perovskite films152, the dominant recombination regime is first-order
at low photoexcitation densities below around 1016 cm-3, second-order at medium
photoexcitation densities between 1016-1018 cm-3 and third-order at high photoexcitation
densities above around 1018 cm-3. These values are extracted from plots of
recombination rate against photoexcited carrier density obtained from excitation density
dependent TA measurements, as shown in Figure 2.8.
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Image removed for copyright reasons.

Figure 2.8 Recombination rate as a function of photoexcitation density (A) and TA
signal as a function of time (B) for CH3NH3PbI3 films, both taken from reference 152.
The dominant recombination regime changes from first-order (red), to second-order
(blue) and then to third-order (black) as the photoexcitation density increases. The
overlapping TA kinetics confirm that the recombination rate is only dependent on
carrier density.
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In these measurements, a value proportional to the photoexcited carrier density as a
function of time 𝑡 is obtained by spectrally integrating over the ground state bleach
(GSB)

signal

–

which

arises

from

phase-space

filling

by

photoexcited

carriers137,138,154,162,163 – as a function of time 𝑡 . This is converted into the actual
photoexcited carrier density 𝑛(𝑡) as a function of time 𝑡 by normalising the spectral
integral immediately after photoexcitation to the initial photoexcited carrier density. The
initial photoexcited carrier density is calculated from the experimental parameters used
in the measurement using,
𝑛 (𝑐𝑚−3 ) =

𝑂𝐷 ∗ 𝑃 (𝑊) ∗ 𝜆 (𝑚)
𝑑 (𝑚) ∗ 𝑓𝑟𝑒𝑝 (𝑠 −1 ) ∗ ℎ (𝑚2 𝑘𝑔 𝑠 −1 ) ∗ 𝑐 (𝑚 𝑠 −1 ) ∗ 𝜋 ∗ 𝑟 2 (𝑚2 ) ∗ 1𝑒6

2.25

where, 𝑂𝐷 is the optical density of the sample, 𝑃 is the excitation power, 𝜆 is the
excitation wavelength, 𝑑 is the thickness of the sample, 𝑓𝑟𝑒𝑝 is the excitation pulse
repetition rate, ℎ is the Plank constant, 𝑐 is the speed of light and 𝑟 is the radius of the
excitation spot.
The spectral integral of the GSB is known to be a good measure of the carrier density,
because the spectral integral of the GSB immediately after photoexcitation scales
linearly with excitation power152. In addition, the spectral integral of the GSB decays
smoothly over several orders of magnitude, confirming that the recombination rate is
only dependent on carrier density and does not have any memory of previous
measurements152, as shown in Figure 2.8. This is important for the interpretation of the
results presented in Chapters 4, 5 and 6.
2.2.2.4 Luminescence
If a photon is emitted during a recombination event, the recombination is known as
radiative recombination. Radiative recombination is extremely important for
optoelectronic device performance. In a light-emitting diode, efficient radiative
recombination is required for efficient light emission and therefore high external
quantum efficiencies. In a solar cell, efficient radiative recombination is required for
high open-circuit voltage and therefore high power conversion efficiency.
The efficiency of radiative recombination in a semiconductor can be quantified by the
photoluminescence quantum efficiency (PLQE) of the semiconductor164,
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𝑑𝑛(𝑡)
)
𝑑𝑡 𝑟𝑎𝑑
PLQE =
𝑑𝑛(𝑡)
𝑑𝑛(𝑡)
(−
)
+ (−
)
𝑑𝑡 𝑟𝑎𝑑
𝑑𝑡
(−

2.26

𝑛𝑜𝑛−𝑟𝑎𝑑

where (−

𝑑𝑛(𝑡)
𝑑𝑡

)

𝑟𝑎𝑑

is the radiative recombination rate and (−

𝑑𝑛(𝑡)
𝑑𝑡

)

𝑛𝑜𝑛−𝑟𝑎𝑑

is the non-

radiative recombination rate. It can be measured accurately using the integrating sphere
method described in detail in Section 3.2.5. When the PLQE of a semiconductor is less
than unity, the open-circuit voltage 𝑉𝑂𝐶 is reduced to165,
𝑉𝑂𝐶 = 𝑉𝑂𝐶,𝑆𝑄 −

k𝐵 𝑇
1
𝑙𝑛 (
)
𝑞
PLQE

2.27

where 𝑉𝑂𝐶,𝑆𝑄 is the open-circuit voltage predicted by Shockley and Queisser102 for an
ideal solar cell, k 𝐵 is the Boltzmann constant, 𝑇 is the temperature and 𝑞 is the
electronic charge. Therefore, semiconductors with higher PLQEs generally perform
better in optoelectronic devices than semiconductors with lower PLQEs.
The recombination rates extracted from TA arise from both radiative – light emitting –
and non-radiative processes. In order to distinguish between these radiative and nonradiative processes, TA measurements are combined with TPL measurements. The TPL
signal TPL(𝑡) as a function of time 𝑡 is proportional to the radiative recombination rate
(

d𝑛(𝑡)
d𝑡

)

𝑟𝑎𝑑

as a function of time 𝑡.
TPL(𝑡)~ (−

d𝑛(𝑡)
)
d𝑡 𝑟𝑎𝑑

2.28

However, since the radiative recombination rate is a function of carrier density, the TPL
signal is dependent on both the radiative and non-radiative recombination processes
occurring in the material. Therefore, a first-order or third-order non-radiative
recombination process may dominate the carrier density decay – and therefore also the
TPL signal decay – despite radiative recombination only occurring through a secondorder process. This is the case in typical lead halide perovskite films152.
In order to identify whether radiative recombination occurs through a first-order,
second-order, or third-order process, either the initial TPL signal immediately after
photoexcitation may be plotted as a function of the initial excitation density152, or the
TPL signal as a function of time can be plotted against the TA signal measured at the
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same times152. Therefore, by combining the data from TA and TPL measurements, it is
possible to identify both the radiative and non-radiative recombination regimes
occurring in a material, as we will discuss in more detail in Chapters 4, 5 and 6.
In this section, we have discussed the general interaction of semiconductors with light.
In the next section, we will consider the interaction of semiconductors with linearly
polarised light.

2.2.3 Interaction of semiconductors with linearly polarised light
Linearly polarised light may be used to investigate intrinsic (steady-state) and induced
(transient) anisotropy in a material. It is important to study these properties as both
intrinsic and induced anisotropies provide information about the interaction between
polarised light and matter in optoelectronic devices. This is particularly important for
devices such as LEDs and laser cavities, where the intensity and wavelength of radiative
emission from these devices will depend strongly on anisotropies in the material.
2.2.3.1 Intrinsic anisotropy
Materials with intrinsic polarisation anisotropy exhibit anisotropic absorption for
different polarisations of light. This anisotropy will be evident both under pulsed and
continuous optical excitation, and does not vary with time. The most common example
of such a system is an absorbing linear polariser, of which there are many types. Wire
grid polarisers, consisting of an array of equally spaced parallel metallic wires
sandwiched between a glass substrate, are the most common. Incident light with an
electric field oscillating parallel to the wires causes the electrons in the wire to move
along the wires, leading to Joule heating and preferential absorption of the light
polarised parallel to the wire166. Other examples are polaroid polarisers, consisting of
many microscopic crystals of iodoquinine sulphate (herapathite) embedded in a polymer
film, which preferentially absorb light polarised along a particular direction of the
crystal structure167 and nanoparticle film polarisers, consisting of spherical ellipsoid
nanoparticles embedded in a glass substrate, which again preferentially absorb light
polarised perpendicular to a particular axis of transmission168.
Since excitation of an intrinsically anisotropic material leads to a population of
polarized excited states, if these decay radiatively, a corresponding intrinsic anisotropic
photoluminescence may be observed. One example is aligned films of poly(2-methoxy,
5-(2'-ethyl-hexoxy)-p-phenylenevinylene) in polyethylene169. In these films, the large
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anisotropy observed in absorption and photoluminescence arises from the highly
ordered alignment of the polymer chains, achieved by tensile drawing of the material
while it was a polymer gel. Another example is aligned films of arylenevinylene
polymers170, liquid crystal polymers used in liquid crystal displays. In these films, the
large anisotropy observed in absorption and photoluminescence again arises from the
highly ordered alignment of the polymer chains, but alignment was achieved by spin
coating on top of a rubbed polyimide alignment substrate rather than by tensile drawing.
Many more examples of aligned polymer films with intrinsic polarisation anisotropy
giving rise to anisotropic photoluminescence and electroluminescence may be found in
the literature171.
Such intrinsic anisotropic absorption and photoluminescence has also been observed in
inorganic single crystals. One example is GaN172, a highly luminescent semiconductor
material used to make blue LEDs173,174. GaN has two common crystal structures, a cubic
zinc-blende structure and a hexagonal wurtzite structure175. In the zinc-blende structure,
since every crystal axis is equivalent, absorption and photoluminescence are isotropic.
However, in the wurtzite structure, because of the crystal field along the long c axis,
absorption and photoluminescence are anisotropic.
The anisotropy observed in these single crystal wurtzite films172, grown with the c axis
parallel to the growth plane (1100) using metalorganic vapour phase epitaxy, arises
from differences in the dipoles of the wavefunctions of the valence bands. GaN can be
approximated to have one conduction band and three valence bands, labelled the heavy
hole band, light hole band and split off band, as shown in Figure 2.9. The dipole of the
wavefunction of the split off band is parallel to the c axis, which means that it strongly
interacts with light polarised parallel to the c axis. In contrast, the dipole of the
wavefunctions of the heavy hole and light hole bands are perpendicular to the c axis,
which means that they interact strongly with light polarised perpendicular to the c axis.
Since the band gap is smaller for the light hole and heavy hole bands than the split off
band, the emission perpendicular to the c axis is lower in energy than the emission
parallel to the c axis172. The photoluminescence intensity is larger for emission
perpendicular to the c axis simply because there is a larger thermal distribution of
carriers in the light hole and heavy hole bands172.
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Image removed for copyright reasons.

Figure 2.9 Intrinsic anisotropy in wurtzite GaN, taken from reference 172.

(A)

Polarisation selective photoluminescence spectra of a GaN (1100) single crystal and
the simplified band structure of GaN indicating the conduction band, heavy hole band,
light hole band and split-off band. The photoluminescence (B) wavelength and (C)
intensity shift with polarisation angle only when the c axis is parallel to the growth
plane (1100).
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Even if the relaxed crystal structure is isotropic, intrinsic anisotropy may also be
induced by strain. This can be observed in inorganic layered structures, for example in
GaAs layers grown on Si substrates using atmospheric-pressure metal organic chemical
vapour deposition176. In this case, the tensile stress which arises during postgrowth
cooling, because of the difference in the thermal expansion coefficients of GaAs and Si,
leads to the formation of numerous microcracks in the (110) direction. Preferential
absorption along these parallel cracks gives rise to intrinsic anisotropic absorption and
photoluminescence176. Another instance is an In0.1Ga0.9N/GaN multiple quantum well
structure grown on γ-LiAlO2 using molecular beam epitaxy177. In this case, high
compressive strain in these wells gives rise to intrinsic anisotropic absorption and
photoluminescence.
Intrinsic anisotropy may also be observed in materials that are optically isotropic in
their bulk form, when they are fabricated into anisotropic microstructures or
nanostructures, for example in an isolated nanowire or carbon nanotube. Such intrinsic
anisotropies have been observed in many samples including Ge nanowires178, core/shell
GaAs/AlGaAs nanowires179 and Ag nanowires180. In such samples, the transition dipole
moment is highly correlated with the physical structure. This has been demonstrated in
linear polarisation selective transient absorption measurements on individual Si
nanowires181 and aligned bundles of single walled carbon nanotubes182. In these
measurements, the ground state bleach signal, arising from phase-space filling by
photoexcited carriers, is largest when the linear polarisation of the excitation pulse and
the probe pulse are aligned parallel to the long axis of the sample. This suggests that the
transition dipole moment is largest along the long axis of these materials. As shown in
Figure 2.10, after correcting the transient absorption signal intensity for the differences
in the transition dipole moment, no further differences are observed in the signals
collected with linear polarisation of the pump and probe aligned parallel and
perpendicular to the long axis of the samples. This indicates that the fundamental charge
carrier relaxation and recombination processes occurring in these materials are
independent of alignment within the sample.
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Image removed for copyright reasons.

Figure 2.10 Linear polarisation selective transient absorption measurements on aligned
silicon nanowires and single-walled carbon nanotubes, taken from references 181 and 182
respectively. (A) The intensity of the ground state bleach signal changes when the
excitation (E) and probe (P) pulses are polarised parallel (∥) or perpendicular (⊥) to
the long axis of the silicon nanowires. However, when the signals are normalised, there
is no difference in the kinetics. (B) The intensity of the ground state bleach signal
changes when the polarisations of the excitation and probe pulses are parallel or
crossed, while the excitation pulse remains polarised along the long axis of the singlewalled carbon nanotubes. However, as in the silicon nanowires, when the signals are
normalised, no differences in the kinetics are observed.

51

Charge Carrier Dynamics of Lead Halide Perovskites Probed with Ultrafast Spectroscopy

2.2.3.2 Induced anisotropy
Even materials without intrinsic polarisation anisotropy may become anisotropic when
perturbed with polarised light. This may occur, for example, in a material comprised of
an isotropic distribution of individually absorbing species. In this case, photoexcitation
with linearly polarised light preferentially excites an anisotropic subset of the available
species. In other words, the polarised photoexcitation has induced an anisotropy in the
system. Since the anisotropy is induced, it will strongly depend on the properties of the
external perturbation and is likely to decay after the external perturbation has been
removed. Usually this occurs because of randomisation in the orientations of the
individual transition dipole moments through diffusion or reorganisation183–187.
The most common definitions of the induced anisotropy 𝐴(𝑡) used in linear polarisation
selective transient photoluminescence measurements and linear polarisation selective
transient absorption measurements are given in Equations 2.29 and 2.30 respectively.
𝐴(𝑡) =

𝐼∥ (𝑡) + 𝐼⊥ (𝑡)
𝐼∥ (𝑡) − 2𝐼⊥ (𝑡)

2.29

Δ𝑇
Δ𝑇
( 𝑇 ) (𝑡) − ( 𝑇 ) (𝑡)
∥
⊥
𝐴(𝑡) =
Δ𝑇
Δ𝑇
( 𝑇 ) (𝑡) + 2 ( 𝑇 ) (𝑡)
∥
⊥

2.30

In the first equation, 𝐼∥ (𝑡) and 𝐼⊥ (𝑡) are the photoluminescence intensities detected with
polarisation parallel and perpendicular to the polarisation of the excitation respectively.
Δ𝑇

Δ𝑇

In the second equation, ( 𝑇 ) (𝑡) and ( 𝑇 ) (𝑡) are the transient absorption intensities
∥

⊥

detected with the polarisation of the excitation and probe pulses aligned parallel and
perpendicular to one another respectively.
As with intrinsic polarisation anisotropy, many different systems exhibit light-induced
polarisation

anisotropy.

Commonly,

linear

polarisation

selective

transient

photoluminescence and transient absorption measurements are used to study exciton
diffusion in organic systems. In solutions of π-conjugated butadiyne-linked porphyrin
nanorings183, it was found that photoexcited excitons convert into relaxed or selflocalized excitons within the first ~200 fs after photoexcitation. These excitons diffuse
from their initial nanoring positions within ~20 ps and full randomisation of the
transition dipole moments occurs when the nanorings rotationally diffuse in the
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solution183. Similar measurements have also been done to measure the rotational
dephasing time of symmetric molecules184 and the rate of exciton diffusion between
neighbouring polymer chains in amorphous polymer films with randomly aligned
transition dipole moments185–187.
Linear polarisation selective transient photoluminescence and absorption have also been
carried out on inorganic semiconductors, in order to investigate charge carrier relaxation
and induced birefringence in these materials. In Pr3+-doped AsGaGeS glasses,
photoexcitation with linearly polarised light leads to the formation of anisotropic
metastable defect states188. Since photoexcited carriers are localised in these states,
thermalisation does not lead to reorientation of the transition dipole moments. Instead,
reorientation only occurs as the photoexcited carriers transfer into Pr3+ dopants or glass
defects.
In standard cubic inorganic semiconductors, such as Si, GaAs and CaF2, photoexcitation
with linearly polarised light can induce birefringence. Depending on how strongly
excitonic the system is, this birefringence occurs either because of a variation in
dielectric constant with excitation wavevector (in the case of Si189 and GaAs190) or from
exciton dispersion (in the case of CaF2191). However, this effect is tiny, giving rise to
anisotropies on the order of ~10-6 or ~10-7, and can therefore not be detected in standard
linear polarisation selective transient absorption measurements.
Significantly larger anisotropies have also been detected in GaAs, arising from the
optical alignment of photoexcited electron momentum distributions. The momentum
distribution functions for electrons photoexcited from the heavy and light hole bands to
the conduction band are shown in Figure 2.11. These anisotropic momentum
distributions arise in GaAs because the optical transition dipole moment varies with the
angular momentum of the electronic wave functions144,145,192–196. Carrier-carrier
scattering processes randomise these momentum distributions, which subsequently
become isotropic within a few femtoseconds after photoexcitation194.
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Image removed for copyright reasons.

Figure 2.11 Momentum distribution functions of electrons photoexcited with linearly
polarised light, taken from reference 192.

The symmetry axis of the photoexcited

distribution is aligned along the polarisation vector of the excitation pulse (eexc) in both
the (A) heavy hole to conduction band and (B) light hole to conduction band transitions.
The spatial momentum alignment is obtained by rotating these distributions around the
polarisation vector of the excitation pulse (eexc).
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In lead halide perovskites, anisotropy measurements have been used to measure spinrelaxation197 and exciton diffusion198,199. We will discuss these measurements and the
applications of these measurements in more detail in Chapter 4.
In this section, we have shown that intrinsic and induced anisotropies can significantly
affect the interaction of semiconductors with light and should therefore be considered
when fabricating optoelectronic devices such as solar cells and light-emitting diodes. In
the next section, we will briefly discuss the key properties of solar cells and lightemitting diodes.

2.3 Solar cells and light-emitting diodes
Solar cells are optoelectronic devices that convert light energy into electrical energy and
light-emitting diodes are optoelectronic devices that convert electrical energy into light
energy.
Solar cells operate through the photovoltaic effect – the generation of electric current or
voltage in a system upon illumination – which was first discovered in 1839 by
Alexandre Edmond Becquerel3. Since the discovery of the photovoltaic effect, a number
of different solar cell technologies have been developed3,149,200,201 from both inorganic
and organic materials with a number of different architectures such as p-n junctions202
and heterojunctions149.
Light-emitting diodes operate through electroluminescence – the emission of light from
a material powered by an electrical power source – which was first discovered in SiC in
1907 by Henry Joseph Round4. Since the discovery of electroluminescence, a number of
different light-emitting diode technologies have been developed203,204 from both
inorganic and organic materials with a number of different architectures such as p-n
junctions203,205 and heterojunctions7.
The first lead halide perovskite solar cell was demonstrated in 2009, with a power
conversion efficiency of only 3.8%5. Now, less than ten years later, lead halide
perovskite solar cells have been demonstrated with over 22% power conversion
efficiency6.
The first lead halide perovskite light-emitting diode was demonstrated in 2014, with an
external quantum efficiency of only 0.76%7. Now, less than five years later, lead halide
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perovskite light-emitting diodes have been demonstrated with over 11% external
quantum efficiency76.
In the next section, we will discuss the definitions of a number of key performance
indicators used to compare the performance of solar cells and light-emitting diodes in
Chapters 4, 5 and 6.

2.3.1 Internal quantum efficiency (IQE)
The IQE of an optoelectronic device describes how efficiently the device converts
between photons and charge carriers within the device. For solar cells, the IQE can be
defined as the ratio of the number of photoexcited charge carriers collected from the
photoactive layer to the number of photons absorbed by the photoactive layer203. For
light-emitting diodes, the IQE is defined as the ratio of the number of photons emitted
from the active region to the number of charge carriers injected into the active region203.
Therefore, materials with higher IQEs generally perform better in optoelectronic
devices.

2.3.2 Incoupling and outcoupling efficiencies
The incoupling and outcoupling efficiencies of an optoelectronic device describe how
efficiently photons couple to the optoelectronic device. The incoupling efficiency is
most important for solar cells and can be defined as the ratio of the number of photons
incident on the device to the number of photons absorbed by the photoactive layer. The
outcoupling efficiency is most important for light-emitting diodes and can defined as
the ratio of the number of photons emitted from the device to the number of photons
emitted from the active region. Both incoupling and outcoupling efficiencies are
affected by the absorption of photons by the device substrate or metal contacts, the
polarisation and energy of the photons, and refractive index effects such as total internal
reflection and waveguiding.

2.3.3 External quantum efficiency (EQE)
The EQE of an optoelectronic device describes how efficiently the device converts
between photons outside the device and charge carriers within the device. For solar
cells, the EQE can be defined as the IQE multiplied by the incoupling efficiency203. For
light-emitting diodes the EQE can be defined as the IQE multiplied by the outcoupling
efficiency203. Therefore, materials with higher EQEs generally perform better in
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optoelectronic devices. In order to improve the EQE of a material, either the IQE or the
incoupling and outcoupling efficiencies must be improved. The IQE can be enhanced by
engineering materials with fewer non-radiative recombination pathways and traps.
Whereas, the incoupling and outcoupling efficiencies can be enhanced by reducing
parasitic absorption, optimising the device to the photon energies of interest, and by
reducing undesirable refractive index effects.
Since the refractive indices of inorganic semiconductors are very high (between
~2-5206) compared to the refractive index of air (~1), the probability that a photon will
escape an inorganic semiconducting material is reduced by total internal refection (TIR)
at the semiconductor-air interface. This means that only photons which approach the
semiconductor-air interface at an angle within the escape cone – a small range of
incidence angles at which light does not undergo TIR – will escape.
Therefore, in order to reduce TIR and improve the EQE of optoelectronic devices,
textured surfaces207, textured substrates152, or optical coatings208 may be used. For
example, it has been shown208 that coating organic light-emitting diodes with thin light
scattering layers fabricated from low refractive index scattering centres in high
refractive index matrices improves EQEs by up to 65%. It has also been shown 152 that
the EQEs of CH3NH3PbI3 films can be improved by up to 185% by simply fabricating
them on textured substrates rather than planar substrates.
Another approach is to exploit a phenomenon known as photon recycling, the selfabsorption and reemission of emitted photons. In this case, a planar film is sufficient as
the continual reabsorption and emission of photons has the desired effect of
randomising the angles at which photons approach the semiconductor-air interface.
Photon recycling occurs in semiconductors, such as GaAs165,209 and lead halide
perovksites35, with spectrally overlapping sharp absorption onsets and homogeneously
phonon-broadened photoluminescence that facilitate the self-absorption and reemission
processes210. Such semiconductors have high IQEs, exhibiting long carrier lifetimes and
low non-radiative losses35. These long carrier lifetimes (and therefore long diffusion
lengths) are possible despite the high recombination rates observed in these materials
because the charge-carrier diffusion length does not limit the average distance a charge
carrier travels. Instead, pairs of charge carriers can be reemitted as photons and then
reabsorbed again multiple times while propagating over large distances.

57

Charge Carrier Dynamics of Lead Halide Perovskites Probed with Ultrafast Spectroscopy

The disadvantage of exploiting photon recycling rather than using a textured surface,
textured substrate, or optical coating to enhance the EQE is that, unless the
semiconducting material has 100% IQE, every time a photon is reabsorbed there is a
chance that the photoexcited carriers will interact with a trap or undergo non-radiative
recombination. If this happens, the EQE will be reduced. Therefore, materials with over
90% IQE are required165. With such materials, it has been shown that the exploitation of
photon recycling is an effective strategy for the fabrication of both highly efficient solar
cells35,165 and light-emitting diodes209.

2.3.4 Power conversion efficiency (PCE)
The PCE of an optoelectronic device describes how efficiently the device converts
between optical and electrical power.
For solar cells, the PCE can be defined as the ratio of optical power incident on the
device to the electrical power generated by the device. It is typically calculated at the
maximum power point of the device using the equation,
PCE =

𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶 ∙ 𝐹𝐹
𝑃𝑖𝑛

2.31

where, 𝐽𝑆𝐶 is current flowing through the device under short circuit conditions, 𝑉𝑂𝐶 is
the voltage across the device under open circuit conditions, 𝐹𝐹 is the fill factor of the
device (defined as the ratio of the maximum power supplied by the device to the
product of the short-circuit current and the open-circuit voltage) and 𝑃𝑖𝑛 is the optical
power incident on the device.
For light-emitting diodes, the PCE can be defined as the ratio of the optical power
generated by the device to the electrical power supplied to the device. It is typically
calculated at the desired brightness of the device using the equation,
PCE =

Φ𝑣
𝐼∙𝑉

2.32

where, Φ𝑣 is the luminous flux emitted by the device (defined as the optical power
emitted by the device multiplied by a luminosity function describing the sensitivity of
the human eye to different wavelengths of light), 𝐼 is the current supplied to the device
and 𝑉 is the voltage applied across the device.
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3 Experimental Method

In this chapter, we describe the experimental details of the methods used to obtain the
data presented in this thesis. This includes all sample fabrication processes, steady state
material

characterisation

techniques

and

transient

material

characterisation

techniques.

3.1 Materials studied
In this section, we describe all the sample fabrication processes used to collect the data
in this thesis. The lead halide perovskite nanocrystals were fabricated by Tom Jellicoe
or Nathaniel Davis. The mixed cation lead halide perovskites were fabricated by the
group of Michael Grätzel (École Polytechnique Fédérale de Lausanne). The lead halide
perovskites containing molecular additives were prepared by the group of Baoquan Sun
(Soochow University).

3.1.1 Standard lead halide perovskite films
Standard lead halide perovskite films (bulk CH3NH3PbI3, bulk CH3NH3PbBr3, and
CsPbI3 nanocrystals) were prepared on either fused-silica substrates (Foctek Photonics)
or standard microscope cover slips (Academy Science). Substrates were cleaned by
sonicating in acetone (Sigma-Aldrich) and then isopropanol (Sigma-Aldrich) for 15
minutes, before being rinsed with isopropanol and then dried with nitrogen. The
substrates were further cleaned in an oxygen plasma (Diener electronic) for 10 mins,
before immediately being transferred into a nitrogen-filled glovebox for film deposition.
59

Charge Carrier Dynamics of Lead Halide Perovskites Probed with Ultrafast Spectroscopy

3.1.1.1 CH3NH3PbI3 and CH3NH3PbBr3 bulk films
CH3NH3PbI3 and

CH3NH3PbBr3

bulk

films

were

prepared

using

standard

procedures211,212, from either lead chloride or lead acetate precursors (Sigma-Aldrich).
All preparation and deposition was carried out in a nitrogen-filled glovebox. Solutions
were prepared with final concentrations of ~40 weight percent, by dissolving a 3:1
molar ratio of CH3NH3I (Sigma-Aldrich) and either PbCl2 or Pb(CH3CO2)2 in
anhydrous N,N-Dimethylformamide. Perovskite films were deposited from these
solutions by spincoating at 2000 rpm. After spincoating, the deposited films were
annealed at 100°C for either 10 minutes if the Pb(CH3CO2)2 precursor was used, or 2
hours if the PbCl2 precursor was used.
3.1.1.2 CsPbI3 and CsPbBr3 nanocrystal films
All CsPbI3 and CsPbBr3 perovskite nanocrystals were synthesised by Tom Jellicoe or
Nathaniel Davis213,214 using previously reported procedures91. In summary, octadecene
and either PbI2 or PbBr2 (for CsPbI3 and CsPbBr3 perovskite nanocrystals respectively)
were placed in a flask and then dried under vacuum. Dried oleylamine and dried oleic
acid were injected at 120°C under N2. Once the PbX2 salt had completely solubilized,
the temperature was raised to between 140-200°C (for smaller or larger nanocrystals
respectively). A Cs-oleate solution was rapidly injected and then after a few seconds the
reaction mixture was cooled in an ice-water bath. In an argon atmosphere, the
nanocrystals were precipitated from solution with anhydrous butanol and centrifuged.
The supernatant was discarded and then the nanocrystals were redispersed in anhydrous
hexane.
Films were prepared from these CsPbI3 and CsPbBr3 perovskite nanocrystals by either
spincoating or drop casting. Spincoated samples were spincoated from a 10 mg/ml
nanocrystal solution at 2000 rpm. Dropcasted samples were dropcasted from 40 uL of a
50 mg/mL nanocrystal solution and then after 2 minutes the films were spun at 1500
rpm for 20 s to remove excess solvent.

3.1.2 Mixed cation lead halide perovskites
All mixed cation lead halide perovskites (APbX3 with A = mixtures of CH3NH3,
(NH2)2CH, Cs, and Rb and X = a mixture of I and Br) were prepared by the group of
Michael Grätzel, at the École Polytechnique Fédérale de Lausanne59. All samples were
prepared on standard microscope slide (Menzel-Gläser) substrates. The substrates were
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first cleaned by sonicating in 2% Hellmanex water solution for 30 minutes, before being
rinsed with deionised water and ethanol. Then the substrates were further cleaned with
UV ozone treatment for 15 minutes. After cleaning, the substrates were immediately
transferred into a glovebox with a nitrogen atmosphere for perovskite deposition.
We use the nomenclature MAPbI, MAPbIBr, MAFAPbIBr, CsMAFAPbIBr and
RbCsMAFAPbIBr to refer to the complete perovskite compounds shown in Table 3.1.
Abbreviation

Chemical formula

MAPbI

MAPbI3

MAPbIBr

MAPb(I0.83Br0.17)3

MAFAPbIBr

MAFAPb(I0.83Br0.17)3

CsMAFAPbIBr

Cs0.05MAFAPb(I0.83Br0.17)3

RbCsMAFAPbIBr

Rb0.05(Cs0.05MAFA)0.95Pb(I0.83Br0.17)3

Table 3.1 Table of the abbreviations used in this thesis and the corresponding chemical
formulae. All mixed cation lead halide perovskite samples were prepared by the group
of Michael Grätzel, at the École Polytechnique Fédérale de Lausanne.
These perovskite compounds were prepared from organic cation iodide salts (Dyesol),
lead compounds (TCI) and CsI and RbI (abcr) from the following precursor solutions:


MAPbI and MAPbIBr films were deposited from standard precursor solutions
reported in the literature59,62.



MAFAPbIBr films were deposited from a precursor solution containing FAI (1 M),
PbI2 (1.1 M), MABr (0.2 M) and PbBr2 (0.22 M) in anhydrous DMF:DMSO 4:1
(v:v).



CsMAFAPbIBr films were deposited from a precursor solution prepared by first
creating a 1.5 M stock solution of CsI in DMF:DMSO 4:1 (v:v) and then by adding
this to the MAFAPbIBr precursor solution.



RbCsMAFAPbIBr films were deposited from a precursor solution prepared by first
creating a 1.5 M stock solution of RbI in DMF:DMSO 4:1 (v:v) and then by adding
this to the CsMAFAPbIBr precursor solution.

Perovskite films were deposited onto the standard microscope slide substrates from
these precursor solutions by spincoating. A two-step program was used, spinning at
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1000 rpm for 10 s and then 4000 rpm for 30 s. During the second step, 200 μL of
chlorobenzene was dropped onto the spinning substrate 20 s before the end of the
program. Then the films were annealed at 100°C for 1 hour in a nitrogen-filled
glovebox.
Although the stoichiometric ratios of the solutions are known, the stoichiometric ratios
of the fabricated films may not match those of the solutions. Extracting the
stoichiometric ratios of the films is challenging and may be attempted using
synchrotron-based photoelectron spectroscopy215.

3.1.3 Additive-controlled lead halide perovskites
All additive-controlled lead halide perovskites (CsPbBr3, CsPbBr3 with phenethylamine
bromide, CsPbBr3 with phenethylamine bromide and a -O-C-O- molecule, and CsPbBr3
with phenethylamine bromide, a -O-C-O- molecule, and potassium bromide) were
prepared by Muyang Ban under the supervision of Baoquan Sun at Soochow
University8. The nomenclature PEA, PEABr and -O-C-O- represent phenethylamine,
phenethylamine bromide, and a -O-C-O- chemical additive with an electron rich -O-CO- chemical bond respectively.
PEABr was prepared by adding 6.71 g hydrobromic acid (48 wt% in water, Alfa Aesar)
to a solution of phenethylamine (39.8 mmol, Acros) in ethanol (anhydrous, 25 ml,
Innochem) while vigorously stirring at 0°C for 2 hours. The PEABr precipitate was
obtained by evaporating at 50°C, washing with ethanol three times and then drying
under vacuum at 40°C for 24 hours. Solutions were prepared by first dissolving a 1:1
molar ratio of lead bromide (PbBr2) and caesium bromide (CsBr) in dimethyl sulfoxide
(Innochem). Then, the required amount of PEABr with or without -O-C-O- was added
to the solution at 80°C and stirred continuously for 2 hours. The nomenclature x%
indicates the used molar ratio of PEABr to PbBr2 in percent.
Perovskite films were deposited through a two-step spincoating procedure after filtering
the prepared solutions through a polytetraﬂuoroethylene filter (0.45 µm). Spincoating
was carried out at 1000 rpm for 5 s and then at 3000 rpm for 55 s. Finally, the films
were annealed at 100°C for 1 minute in order to accelerate crystallisation.
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3.2 Steady state material characterisation techniques
In this section, we describe all the steady state material characterisation techniques used
to collect the data in this thesis. This includes scanning electron microscopy, Raman
spectroscopy, x-ray diffraction, steady-state absorption, and photoluminescence
quantum efficiency measurements. The scanning electron microscopy measurements
were carried out by either Giorgio Divitini or Karl Gödel. The Raman spectroscopy
measurements were carried out by Tudor Thomas. The x-ray diffraction measurements
were carried out by Tudor Thomas, Tim van de Goor and Edward Booker. The
photoluminescence quantum efficiency measurements were carried out by Johannes
Richter and Edward Booker.

3.2.1 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is a technique used to image the surface
topography of a sample, with around 10 nm resolution.
3.2.1.1 Principles
In order to build up an image, a fine beam of electrons is focused onto the surface of the
sample and then scanned across it in a pattern of parallel lines. Typically, these
electrons have energies between a few hundred eV to tens of keV. Spatial resolution is
achieved because the electrons interact locally with the sample. Within this interaction
volume, the incoming electron beam is elastically and inelastically scattered by the
sample. These scattered electrons are detected and used to build up an image of the
surface topography of the sample. Further details about this technique may be found in
the literature216,217.
3.2.1.2 Procedure
All SEM measurements were carried out by either Giorgio Divitini on a JEOL 5800 LV
SEM or by Karl Gödel on a LEO GEMINI 1530VP FEG-SEM. Samples were mounted
on conductive carbon tape in order to reduce charging effects and low voltages were
used in order to minimise sample degradation.

3.2.2 Raman spectroscopy
Raman spectroscopy is a technique used to probe the vibrational, rotational and other
low-frequency modes of a sample.
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3.2.2.1 Principles
In order to probe the vibrational, rotational and other low-frequency modes of a system,
a laser beam of a single frequency is directed onto a sample. Unlike absorption
spectroscopy, where the frequency of the laser beam must match the energy of the
particular electronic or vibrational transition of interest, in Raman spectroscopy the
frequency of the laser beam does not need to match the energy of any electronic or
vibrational transitions. Instead, Raman spectroscopy detects the change in energy of a
photon that has undergone Raman scattering with the sample, as shown in Figure 3.1.

Image removed for copyright reasons.

Figure 3.1 Diagram of the elastic Rayleigh scattering and the inelastic Raman scattering
processes (Stokes and anti-Stokes) taken from reference 218. The upward arrows
indicate incident photons and the downward arrows indicate scattered photons. The
lowest energy vibrational state m and a higher energy vibrational state n are indicated.
The energies of the incident photons are significantly larger than the energies of the
vibrational states.
When the laser beam interacts with the sample, it distorts (polarises) the electron cloud
around the nuclei, forming an unstable short-lived state known as a virtual state. If only
the electron cloud is distorted, the frequency of the scattered photons will be almost
identical to the frequency of the incident photons, since only very small amounts of
energy are required to displace the comparatively light electrons. This is an elastic
scattering process known as Rayleigh scattering. However, if nuclear motion is induced
too, a significant and specific amount of energy may be transferred from the incident
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photon to the sample (Stokes scattering) or from the sample to the scattered photon
(anti-Stokes scattering). These are inelastic scattering processes known as Raman
scattering. Raman scattering events are much less likely than Rayleigh scattering events,
with only one in 106-108 incident photons undergoing Raman scattering. For this reason,
measurements are carried out with a laser and microscope, in order to achieve the high
power densities required.
A spectrum of these specific energies is typically obtained from the Stokes scattering
signal, because at room temperature, Stokes scattering events are significantly more
likely to occur than anti-Stokes scattering events. This is because the occupation of the
vibrational states follows a Boltzmann distribution, with the occupation of lower energy
states being more probable than the occupation of higher energy states, and the
probability of a particular scattering event depends on the occupation of the initial
vibrational state. Further details about these scattering mechanisms and experimental
considerations can be found in the literature218,219.
3.2.2.2 Procedure
All Raman spectroscopy measurements were carried out by Tudor Thomas using
previously reported procedures220. Stokes Raman spectra were collected using a
HORIBA T64000 Raman spectrometer attached to a confocal microscope with a 100×
objective. Excitation was performed with 532-nm laser, with the laser power minimized
to reduce the possibility of sample degradation. Therefore, several accumulations were
required in order to achieve a good signal-to-noise ratio. The spectra were recorded
from 50 to 300 cm−1.

3.2.3 X-ray diffraction (XRD)
X-ray diffraction (XRD) is a technique used to extract information about the crystal
structure and chemical composition of a sample.
3.2.3.1 Principles
In order to probe the crystal structure and chemical composition of a sample, a
monochromatic x-ray beam is directed onto the sample. This x-ray beam interacts with
the atoms in the sample and is scattered. Scattering by the nuclei is negligible because
the nuclei are too heavy to respond to the rapidly oscillating electromagnetic field.
However, it is possible for the rapidly oscillating electromagnetic field to accelerate the
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electrons surrounding the nuclei. As the electrons oscillate with the incident x-rays, they
isotropically reemit x-rays with the same wavelength and frequency as the incident xrays. This scattering process is known as Thomson scattering. It is elastic, because the
incident and scattered radiation have the same wavelength. It is also coherent, because
there is a well-defined phase relationship between the incident and scattered radiation.
For a free electron, the intensity of scattered radiation, 𝐼2𝜃 , defined as the power per unit
solid angle scattered through a scattering angle of 2θ, is given by Equation 3.1221.
2

𝐼2𝜃

1
𝑒2
= (
) (1 + cos 2 2𝜃)𝐼0
2 4𝜋𝜖0 𝑐 2 𝑚

3.1

Where 𝑒 is the charge of an electron, 𝜖0 is the permittivity of free space, 𝑐 is the speed
of light, 𝑚 is the mass of an electron, 2𝜃 is the scattering angle and 𝐼0 is the intensity of
the incident radiation. The intensity of an x-ray beam scattered by an individual atom is
extremely small. However, the intensity of several constructively interfering x-ray
beams scattered from multiple neighbouring atoms is significant enough to be detected.
The constructive interference of x-rays from neighbouring planes of atoms only occurs
under certain conditions. These conditions are specified by Bragg’s law (Equation
3.2)221.
2dsinθ = λ

3.2

Where, d is the distance between two neighbouring planes of atoms, 2θ is the scattering
angle and λ is the wavelength of the incident x-ray beam (Figure 3.2). Since
constructive interference, and therefore the scattering intensity, is a function of the
distance between neighbouring planes of atoms, structural information may be extracted
by keeping λ constant and sweeping 2θ . Compositional information may also be
extracted, because the scattered intensity from a particular atom is dependent on the
electron density and therefore atomic number of that atom. For a scattering angle of
zero (2θ = 0), the intensity of an x-ray scattered by an atom with Z electrons is Z times
larger than the intensity of an x-ray scattered by a single electron.
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Image removed for copyright reasons.

Figure 3.2 Diagram demonstrating Bragg’s law taken from reference 221. Bragg’s law
is only obeyed when the x-rays reflecting off neighbouring planes of atoms interfere
constructively.

67

Charge Carrier Dynamics of Lead Halide Perovskites Probed with Ultrafast Spectroscopy

Another type of scattering, known as Compton scattering, may occur when x-rays are
incident on a sample. Compton scattering is analogous to a classical hard-sphere
collision, in which energy is transferred from an incident x-ray photon to a loosely
bound or free electron as kinetic energy. This is an inelastic scattering process, because
the scattered x-rays have a longer wavelength (lower energy) than the incident x-rays. It
is also an incoherent scattering process, because there is no well-defined phase
relationship between the incident and scattered x-rays. For this reason, Compton
scattering does not contribute to the diffraction pattern, but does increase the
background noise. Further information about the scattering processes involved in XRD
and the methods of extracting data from XRD may be found in the literature221–223.
3.2.3.2 Procedure
All XRD measurements were carried out by Tudor Thomas, Tim van de Goor and
Edward Booker using a D8 Advance x-ray diffractometer (Bruker AXS) with a Cu Kα
source (0.5418 Å). The incident beam slit width was 0.1 mm. Data was collected in a
1D locked coupled mode for 2θ between 10 and 60 degrees using a step size of 0.0102
degrees with a Bruker Lynx-Eye detector.

3.2.4 Steady-state absorption spectroscopy
Steady state absorption spectroscopy is a technique used to determine the optical
density and optical bandgap of a sample.
3.2.4.1 Principles
As discussed in Section 2.2.1, inorganic semiconductors are very useful for a number of
different optoelectronic applications because they have optical bandgaps in the UV,
visible or NIR part of the electromagnetic spectrum. The energy of this bandgap is
obtained using a broadband beam of photons emitted from either a deuterium-discharge
lamp (UV) or a tungsten lamp (visible and NIR). First, a background spectrum is
collected by collecting the photons transmitted through a blank substrate. Then, a
sample spectrum is collected by collecting the photons transmitted through the sample.
Photons with an energy equal to or larger than the optical bandgap of the sample may
excite an electron from the valence band into the conduction band, reducing the number
of photons with these energies being transmitted through the sample. Since the number
of photons incident on and transmitted through the sample are known quantitatively for
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each photon energy, the OD (as defined in Section 2.2.2.3) can be obtained for each
photon energy. Further details may be found in the literature224,225.
3.2.4.2 Standard procedure
Steady-state absorption spectra were obtained using a Hewlett Packard 8453 ultravioletvisible spectrometer. Additional counts due to photon scattering were subtracted from
the measured spectra.
3.2.4.3 Linear polarisation selective procedure
All steady-state linear polarisation selective absorption measurements were carried out
by Roxanne Middleton, using a custom-modified Zeiss Axio A1 optical microscope
equipped with a digital CCD camera (IDS UI-3580LE). Each sample was illuminated in
transmission from a halogen lamp (Zeiss HAL100). A linear polariser (Zeiss A1
polariser D 427706) in the illumination beam path defined the orientation of the incident
polarisation. The incident light was focused through a condenser onto the sample (Zeiss
424225-9001). The transmitted light was coupled into a ×05, NA 0.13 objective (Zeiss
EC Epiplan-Neofluar 1156-514). The reflected signal from the sample was filtered by a
broadband wire grid linear polariser (Thorlabs WP25M-UB). The polariser was
mounted on a motorised rotation stage on the optical path and rotated between the
orientation parallel to the incident beam polariser, and perpendicular to it. The central
area of ~300um reflected from the illuminated area was coupled into a 600-μm core
optical fiber (Avantes FC-UV600) mounted in confocal configuration and measured in a
spectrometer (Avantes Avaspec HS2048). Measurement consistency was confirmed by
repeating the measurements with the sample manually rotated by 90 degrees.

3.2.5 Photoluminescence quantum efficiency (PLQE)
Photoluminescence quantum efficiency measurements are used to determine the
photoluminescence quantum efficiency of a material (as defined in Section 2.2.2.4).
3.2.5.1 Principles
The PLQE of a material is defined as the number of photons emitted by a material to the
number of photons absorbed by a material164. Therefore, the simplest way to measure
the PLQE of a material is in a linear configuration, where the excitation laser is directed
into the detector. The PLQE is calculated by measuring the number of photons emitted
from the material and diving this by the difference in the number of photons collected
69

Charge Carrier Dynamics of Lead Halide Perovskites Probed with Ultrafast Spectroscopy

from the excitation laser before and after the sample is placed in the beam path. In nonscattering samples, the difference in the number of photons collected from the excitation
laser before and after the sample is placed in the beam path, is a good estimate for the
number of photons absorbed by the material. However, in highly scattering samples, an
integrating sphere must be used to accurately determine PLQE164.
An integrating sphere is a hollow sphere with an inside surface coated with a material
that reflects light diffusively (typically barium sulphate). Therefore, in an ideal
integrating sphere any light emitted or scattered from within the sphere is isotropically
redistributed around the sphere. In order to calculate the PLQE of a material using an
integrating sphere, three measurements are required (Figure 3.3). First, the excitation
laser is directed into the empty integrating sphere. In this measurement, experiment a,
the signal from the excitation laser is detected by the spectrometer located at the top of
the sphere. Then the excitation laser is directed into the integrating sphere containing
the sample, but the excitation laser is directed onto the inside of the integrating sphere
and not on the sample. In this measurement, experiment b, the signal from the excitation
laser and from the photoluminescence of the sample (arising from the absorption of the
excitation laser light scattered around the integrating sphere) is detected. Finally, the
excitation laser is directed into the integrating sphere containing the sample, and the
excitation laser is directed onto the sample. In this measurement, experiment c, signal is
detected again from the excitation laser and from the photoluminescence of the sample,
but now the photoluminescence arises from both the absorption of the direct excitation
laser light and absorption of the excitation laser light scattered around the integrating
sphere. In experiments a, b and c, the signal from the excitation laser becomes
increasingly smaller and the signal from the sample photoluminescence becomes
increasingly larger.
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Image removed for copyright reasons.

Figure 3.3 (A) Diagram of the measurements required to calculate the PLQE of a
sample using the integrating-sphere method. (B) Example laser spectrum and PL
spectrum obtained from the measurements shown in (A). Both taken from reference
164. In experiment (a), the excitation laser is directed into the empty integrating
sphere. In experiment (b), the excitation laser is directed into the integrating sphere
containing the sample, but the excitation laser is directed onto the inside of the
integrating sphere and not on the sample. In experiment (c), the excitation laser is
directed into the integrating sphere containing the sample, and the laser is directed
onto the sample.
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The PLQE (𝜂) is calculated from these measurements using Equation 3.3164,
𝜂=

𝑃𝑐 − (1 − 𝐴)𝑃𝑏
𝐿𝑎 𝐴

3.3

where 𝐿𝑎 , 𝐿𝑏 and 𝐿𝑐 are the integrated areas of the laser profiles (which are proportional
to the amount of unabsorbed light) and 𝑃𝑎 , 𝑃𝑏 and 𝑃𝑐 are the integrated areas of the
emission profiles (which are proportional to the number of emitted photons) in
experiments a, b and c respectively. 𝐴 is the absorption coefficient and is calculated
using Equation 3.4.
𝐴 = (1 −

𝐿𝑐
)
𝐿𝑏

3.4

Using this method, it is possible to measure the PLQEs of solutions and films on
different substrates. Further details about calculating PLQE using this integratingsphere method may be found in the literature164.
3.2.5.2 Procedure
All PLQE measurements were carried out either by Johannes Richter or Edward
Booker, using the integrating-sphere method described above164. All samples were
excited with a continuous wave MGL-III 532 nm diode-pumped solid-state laser and the
corresponding emission was detected using an Andor iDus DU490A InGaAs detector.

3.3 Transient characterisation techniques
In this section, we describe all transient material characterisation techniques used to
collect the data in this thesis. This includes transient photoluminescence, collected using
time-correlated single photon counting (TCSPC) or an intensified charge-coupled
device (ICCD), and transient absorption (TA).

3.3.1 Sample encapsulation
Before carrying out these transient characterisation techniques, all samples were
encapsulated in a nitrogen-filled glovebox, in order to reduce the possibility of
degradation resulting from oxygen and moisture exposure. A thin-glass cover slip
(Academy Science) was placed over each sample and then the edges were sealed with
epoxy (Double Bubble, Loctite). In order to reduce interference effects, it was found to
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be important to leave a small air gap between the sample and the cover slip. Therefore,
small pieces of carbon tape were placed between the sample and the coverslip, just
inside the edges of the cover slip, before placing the cover slip onto the sample. After
encapsulation, it was possible to characterise the samples in air.

3.3.2 Transient photoluminescence (TPL) spectroscopy
TPL spectroscopy measurements are used to detect the number and wavelength of
photons emitted from a material at a given time after photoexcitation. Depending on the
lifetime of the emission from the material, measurements are carried out with either
time-correlated single photon counting (TCSPC) or an intensified charge-coupled
device (ICCD).
3.3.2.1 Time-correlated single photon counting (TCSPC)
TCSPC

measurements

are

used

to

detect

the

TPL from

materials

with

photoluminescence lifetimes of between ~100 ps and ~100 ns.
3.3.2.1.1 Principles
TCSPC works on the assumption that the probability distribution of single photon
emission following a photoexcitation event, is equal to the total intensity of all photons
emitted at different times after the photoexcitation event226,227. Therefore, by repeatedly
recording the time taken for a single photon to be emitted after a large number of
excitation events, photoluminescent lifetimes can be extracted. Data is collected using a
trigger, which generates an electrical pulse that is perfectly correlated in time with an
optical pulse. At the time of this trigger, a capacitor starts charging and the sample
begins to emit photons. These photons pass through a small aperture, which is adjusted
so that a maximum of only one photon from each photoexcitation event passes through.
As soon as this photon is detected, the capacitor stops charging. The charge on the
capacitor, which is proportional to the time delay, is recorded. This is repeated for
multiple photoexcitation events in order to build up a histogram of counts in different
time bins. The width of these time bins is chosen so that the photoluminescent lifetime
of the sample can be measured accurately and efficiently. The measurement is
continued until the noise is sufficiently low and a lifetime can be extracted. Since this
technique only detects photons of a single wavelength, measurements must be repeated
at multiple different wavelengths to build up a map of the photoluminescence against
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wavelength and time. Further details about this technique may be found in the
literature226,227.

Image removed for copyright reasons.

Figure 3.4 Diagram of TCSPC, taken from reference 226. (A) The time between the
excitation of the sample with the laser pulse and the emission of a photon is recorded.
The experiment is arranged such that less than one emitted photon is detected per laser
pulse. (B) This is repeated multiple times in order to build up a histogram.
3.3.2.1.2 Procedure
All TCSPC measurements were carried out using a monochromator to select the desired
photon wavelength and a photomultiplier detector (Hamamatsu R3809U-50). A colour
filter and a neutral density filter were placed before the detector to remove pump scatter
and reduce the intensity so that no more than a single photon was detected from every
~400 pump pulses respectively. Photoexcitation was performed using ~100 ps pulses
centred at ~470 nm with a repetition rate 2.5 MHz (PicoQuant LDH470).
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3.3.2.2 Intensified charge-coupled device (ICCD)
ICCD measurements are used to detect the TPL from materials with photoluminescence
lifetimes of between ~5 ns and 1 ms.
3.3.2.2.1 Principles
In order to detect the TPL from a material, an ICCD camera is used to detect the number
and energy of the photons emitted from the material at a given time after a
photoexcitation event. These photons are focused into a spectrometer and then dispersed
onto a photocathode, where the incident photons are converted into photoelectrons.
These photoelectrons are accelerated towards a microchannel plate - a thin disk
consisting of a honeycomb of glass channels with a resistive coating - by applying a
high voltage across the microchannel plate. If the applied voltage is large enough, the
photoelectrons will have enough energy to dislodge secondary electrons from the
microchannel plate. The resulting cloud of electrons continues to be accelerated by the
high voltage onto a phosphor screen which is coupled to the CCD. Time-resolved
measurements are achieved by rapidly changing the voltage applied across the
microchannel plate, so that the photoelectrons are generally prevented from passing
through the ICCD except at a given time after photoexcitation when the photoelectrons
are rapidly accelerated towards the microchannel plate. During these times, a
photoluminescence spectrum is detected. Further details about this technique may be
found in the literature228–230.

Figure 3.5 Diagram of the ICCD setup. After photoexcitation with the pump beam, the
TPL from the sample is focused into a spectrometer, gated and intensified in an image
intensifier tube and then detected.
3.3.2.2.2 Procedure
All ICCD measurements were carried out using a gated intensified CCD camera system
(Andor iStar DH740 CCI-010) connected to a grating spectrometer (Andor SR303i).
Photoexcitation was performed using ~90 fs pulses centred at ~400 nm with a repetition
rate of ~1 kHz, generated by frequency doubling the output of a Ti:sapphire laser
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(Spectra-Physics, Solstice) with a beta barium borate (BBO) crystal. TPL was measured
by electronically stepping the gate delay through specified times after photoexcitation.
The gate width was 1.5 ns.

3.3.3 Transient absorption (TA) spectroscopy
TA measurements are used to detect the changes in the transmission of a material at a
given time after photoexcitation.
3.3.3.1 Principles
In order to measure the changes in the transmission of a material at a given time after
photoexcitation, the transmission of the material must be measured before and at a
given time after photoexcitation. This is typically achieved using an experimental setup
similar shown to the experimental setup shown in Figure 3.6.

Figure 3.6 Diagram of a typical transient absorption (TA) setup. The transmission of
the probe beam through the sample is detected first with the pump beam blocked by the
chopper wheel (𝑻𝒑𝒖𝒎𝒑 𝒐𝒇𝒇 ) and then at a given time after photoexcitation (𝑻𝒑𝒖𝒎𝒑 𝒐𝒏 )
with the pump beam passing through the chopper wheel. The time delay between the
pump and probe beams is controlled using either a mechanical delay stage or an
electronic delay generator.
First, the transmission of a laser beam – known as the probe beam – through the
material before photoexcitation is detected (𝑇𝑝𝑢𝑚𝑝 𝑜𝑓𝑓 ). Then, the transmission of the
same laser beam through the material at a given time after photoexcitation with another
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laser beam – known as the pump beam – is detected (𝑇𝑝𝑢𝑚𝑝 𝑜𝑛 ). The time delay between
the pump and probe beams is generally generated using a mechanical delay stage for
time delays between 10 fs – 2 ns and with an electrical delay generator for time delays
Δ𝑇

longer than 2 ns. From these measurements, the normalised change in transmission ( 𝑇 )
is calculated at a given time after photoexcitation,
𝑇𝑝𝑢𝑚𝑝 𝑜𝑛 − 𝑇𝑝𝑢𝑚𝑝 𝑜𝑓𝑓
Δ𝑇
=
.
𝑇
𝑇𝑝𝑢𝑚𝑝 𝑜𝑓𝑓

3.5

A typical example of the TA signal obtained from a standard lead halide perovskite
sample is shown in Figure 3.7. Three distinct features are generally observed. The
positive feature labelled as A is a ground state bleach (GSB) signal, which arises from
phase-space filling by photoexcited carriers137,138,154,162,163. The signal is positive
because the phase-space filling reduces the absorption and therefore increases the
transmission of the probe beam through the sample. Immediately after photoexcitation,
the photoexcited charge carrier distribution is centred around the energy of the pump
beam. Therefore, the GSB signal is also centred at the energy of the pump beam. Then,
rapid carrier scattering processes cause the photoexcited carrier distribution to relax to
lower energy states at the band edge. Therefore, the GSB signal also shifts to lower
energies, as indicated by the red arrow in Figure 3.7. Finally, the photoexcited charge
carrier distribution, and therefore the GSB signal, decay as charge carriers undergo
band-to-band recombination. The negative feature labelled as B arises from many-body
effects which lead to bandgap renormalisation137,154 and the negative feature labelled as
C arises from photo-induced refractive index changes137,154.
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Figure 3.7 Normalised change in transmission as a function of probe wavelength and
time after photoexcitation for a standard CH3NH3PbI3 perovskite sample. Signals A, B
and C arise from ground state bleaching (GSB), bandgap renormalisation and photoinduced changes in refractive index respectively. Immediately after photoexcitation, the
GSB signal shifts from higher to lower energies, as indicated by the red arrow. The
sample was excited with a 532 nm laser (500 Hz repetition rate, ~90 fs pulse duration,
~25 meV FWHM) with excitation density ~1018 cm-3.
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3.3.3.2 Procedure
All TA measurements were carried out using probe beams generated from a Ti:sapphire
laser (Spectra-Physics, Solstice) which produces ~90 fs pulses centred at ~780 nm with
a repetition rate of ~1 kHz and an output power of ~3.5 W. The probe beams were
generated in a non-collinear optical parametric amplifier (NOPA)231–233, as shown in
Figure 3.8, by taking a fraction of the main laser output (~350 mW) and then splitting it
into high power beam (~300 mW) and a low power beam (~500 μW). The low power
beam was tightly focused onto a 2 mm thick sapphire plate (UQG Optics, WSR-252), in
order

to

generation

generate
234,235

an

ultrabroadband

seed

pulse

through

supercontinuum

. Meanwhile, the high power beam was frequency doubled to 400 nm in

a beta barium borate (BBO) crystal (INGCRYS Laser Systems, thickness = 0.2 mm, θ =
29.2°). Both the low and high power beams were then focussed onto another beta
barium borate (BBO) crystal (INGCRYS Laser Systems, thickness = 2 mm, θ = 29.9°)
in a non-collinear geometry, with an angle between the beams of 3.7°. When the beams
are spatially and temporally overlapped, the ultrabroadband seed is amplified over a
broad wavelength range (typically ~500-700 nm). In order to increase the spectral
broadness of the probe, only reflective optics were used in the low power beam paths
and the high power beams were temporally stretched by passing them through a 10 cm
fused quartz rod (UQG Optics, QRL-110).
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Image removed for copyright reasons.

Figure 3.8 Diagram of a non-collinear optical parametric amplifier (NOPA), taken from
reference 236, and a schematic of optical parametric amplification, taken from reference
231. (A) Amplified broadband pulses are generated from the monochromatic output of
a Ti:sapphire laser. (B) In a non-linear crystal, typically beta barium borate (BBO),
power is transferred from a high energy and high intensity pump beam into a lower
energy and lower intensity signal beam. (C) The signal beam is amplified through the
stimulated emission of signal photons from a virtual level excited by the pump photons.
In order to obey energy conservation, a third beam (known as the idler) is also
generated.
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The problem with generating probe beams using a NOPA, is that the intensity of the
beams can have shot-to-shot variations of up to 10% under normal operating
Δ𝑇

conditions237. This is a problem because the normalised change in transmission ( 𝑇 )
signals (which are typically less than 0.1%) are calculated from sequential
measurements before and at a given time after photoexcitation. Therefore, correcting for
these large variations in probe intensity can significantly improve the signal to noise
ratio of the measured TA signal and speed up data collection. This is achieved by
splitting the probe into two identical beams, known as the probe and reference beams.
The transmission of both the probe and reference beams through the sample is detected,
but only the probe beam is spatially and temporally overlapped with the pump beam.
The reference beam is simply used to correct for the shot-to-shot variations in the
intensity of the probe beam.
All measurements were carried out using probe and reference beams, which were
focused into a spectrometer (PI Acton Spectrapro 2150i) and then dispersed onto a pair
of spatially separated 256-pixel photodiode arrays (Hamamatsu S3901256Q). The
signal from these arrays was read out using a Hamamatsu C7844 card, digitised with a
National Instruments PXI-6122 analogue-to-digital conversion card, and then acquired
(National Instruments PXI-1002). All data collection was controlled with LabVIEW and
Δ𝑇

the normalised change in transmission ( 𝑇 ) was calculated from the probe and reference
signals before and at a given time after photoexcitation using Equation 3.6.
𝑇𝑜𝑛 (𝑝𝑟𝑜𝑏𝑒)
𝑇𝑜𝑓𝑓 (𝑝𝑟𝑜𝑏𝑒)
𝑇𝑜𝑛 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) − 𝑇𝑜𝑓𝑓 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
Δ𝑇
=
𝑇𝑜𝑓𝑓 (𝑝𝑟𝑜𝑏𝑒)
𝑇
𝑇𝑜𝑓𝑓 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)

3.6

The pump beams were generated in a NOPA – for measurements requiring < 50 fs time
resolution – or a commercial travelling-wave optical parametric amplifier of
superfluorescence (Light Conversion, TOPAS) – for measurements requiring ~150 fs
time resolution – when the normalised change in transmission was collected within the
first ~2 ns after photoexcitation. In this case, the time delay was generated with a
mechanical delay stage (Newport, controller: XPS-C8, stage: M-IMS300CCHA). The
stage was aligned using a beam profiler (Thorlabs, BC106N-VIS/M) so that the position
of the probe beam at the sample deviated by < 10 µm, which was significantly smaller
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than the typical probe beam spot sizes of 100-200 µm and the typical pump beam spot
sizes of 500-1000 µm. The pump beam spot size was always chosen to be larger than
the probe beam spot size to minimise artefacts due to delay stage misalignment and to
achieve a uniform excitation density. The 𝑇𝑜𝑛 and 𝑇𝑜𝑓𝑓 signals were distinguished by
modulating the 1 kHz pump beam to 500 Hz by blocking alternate pulses with an
optical chopper (ThorLabs, MC1000A).
When the normalised change in transmission was collected after the first ~2 ns after
photoexcitation, it was no longer feasible to use a mechanical delay stage, so the pump
beams were generated from the frequency doubled (532 nm) or tripled (355 nm)
emission from a 1064 nm q-switched pulsed laser (Advanced Optical Technologies
AOT-YVO-25QSPX). In this case, the time delay was generated using an electronic
delay generator (Stanford Research Systems DG535) and the 𝑇𝑜𝑛 and 𝑇𝑜𝑓𝑓 signals were
distinguished by triggering the laser with a 500 Hz signal generated by frequency
dividing the 1 kHz clock pulse from the Ti:sapphire laser.
In both cases, the linear polarisations of the pump and probe beams were aligned at the
magic angle (54.7°) to reduce optical orientation effects, except when these optical
orientation effects were studied using the linear polarisation selective transient
absorption measurements described in detail in the next chapter.
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4 Polarisation anisotropy in lead
halide perovskites

In this chapter, we use linear polarisation selective transient absorption spectroscopy
(LPTA) to probe changes in the electronic properties of CH3NH3PbI3, CH3NH3PbBr3
and CsPbI3 lead halide perovskites arising from dynamic fluctuations in the crystal
lattice. We find that lead halide perovskites maintain a pump induced anisotropy for
several picoseconds after photoexcitation, which is independent of crystal size and Asite cation. The lifetime of this anisotropy is significantly longer than reported carrier
scattering timescales in these materials. First-principles calculations suggest that this
anisotropy arises from an intrinsic anisotropy in the transition dipole moment, which
depends on the orientation of light polarisation and polar distortion of the crystal. The
anisotropy seems to decay because of dynamic variations in the optical transitions,
which occur on the time-scales of structural motion. These observations suggest that the
photophysics of lead halide perovskites are a hybrid of organic photophysics and
inorganic photophysics, requiring a new interpretation of recombination and transport
mechanisms. The first-principles calculations in this chapter were carried out by Liang
Tan in the group of Andrew Rappe at the University of Pennsylvania and the CsPbI3
lead halide perovskite nanocrystals were synthesised by Tom Jellicoe and Nathaniel
Davis. All SEM images were obtained by Karl Gödel and Giorgio Divitini.
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4.1 Background and motivation
Since the first lead halide perovskite solar cell was fabricated in 2009, with a power
conversion efficiency of only 3.8%5, intense research on these materials has led to them
becoming the fastest-advancing solar technology in the world. Now the record lead
halide perovskite devices have certified power conversion efficiencies exceeding 22%6.
It has been suggested in the literature that the excellent photovoltaic performance of
lead halide perovskites originates from the hybrid nature of the crystal structure53,238–240,
where the band structure and carrier-lattice coupling give rise to a range of novel
photophysical properties. These studies suggest that lead halide perovskites seem to lie
between the extremes of highly-ordered, crystalline semiconductors – which can exhibit
ballistic charge transport – and disordered, molecular semiconductors – where strong
electron-phonon coupling leads to highly localised excited states.
However, research into the role of lattice distortion and the coupling between charge
carriers and lattice phonons, which is key to understanding the physics of these
materials, is only now beginning42,135,241. It has been suggested that the formation of
large polarons, arising from the deformation of the lead halide lattice, could be one
explanation for the excellent optoelectronic properties of these materials240,242. Another
suggestion is that the combined effects of the strong spin-orbit coupling and the local
electric fields generated in the non-centrosymmetric crystal lattice52,243,244 give rise to
Rashba-type symmetry breaking in carrier momentum space48,50,51,53,197. Such Rashbatype symmetry breaking has been observed at low temperatures, but a large range of
splitting energies have been reported (4-240 meV)245,50. It is believed that this Rashbatype splitting could be the origin of the low recombination rates observed in lead halide
perovskites, because of the formation of an indirect bandgap and spin-forbidden
transitions53,126,246. Other studies suggest that the low recombination rates arise from the
spatial separation of the electron and hole over different regions of the perovskite unit
cell32, trapping and detrapping from a reservoir of dark states124, or from molecular
rotations, which cause dynamical changes in the perovskite band structure238.
Gaining further insight into how these processes affect the optoelectronic properties of
standard CH3NH3PbI3, CH3NH3PbBr3 and CsPbI3 lead halide perovskites, by using
linear polarisation selective transient absorption (LPTA), is important for further
improvements in device performance and will therefore be the focus of this chapter.
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4.2 Preparation of lead halide perovskite films
Standard CH3NH3PbI3 and CH3NH3PbBr3 bulk films were prepared using the procedure
described in detail in Section 3.1.1.1. The CH3NH3PbI3 films were prepared from either
a lead acetate (Pb(CH3CO2)2) or a lead chloride (PbCl2) precursor, but in both cases the
resulting films have the chemical formula CH3NH3PbI3, as no traces of acetate or
chloride can be detected in the annealed films212,247. Using different precursors simply
changes the film morphology. Throughout this chapter we use the nomenclature
CH3NH3PbI3 (acetate) and CH3NH3PbI3 (Cl) to refer to CH3NH3PbI3 bulk films
prepared from lead acetate and lead chloride precursors respectively. Standard CsPbI3
nanocrystal films were prepared by Tom Jellicoe and Nathaniel Davis using the
procedure described in detail in Section 3.1.1.2. Images of the films obtained using
scanning electron microscopy (SEM) are shown in Figure 4.1. All samples were
encapsulated in a nitrogen atmosphere, using the method described in detail in Section
3.3.1, before transient absorption measurements were carried out.
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Figure 4.1 Scanning electron microscopy (SEM) images of standard lead halide
perovskites. The (A) CH3NH3PbI3 (acetate) and (B) CH3NH3PbI3 (Cl) bulk films are
continuous, with polycrystalline domain sizes of a few 100 nm and a few micrometres
respectively. The (C) CsPbI3 nanocrystal film consists of cubic nanocrystals with an
average size of ~14 nm. The (D) CH3NH3PbBr3 bulk film consists of grains with an
average size of a few 100 nm. All SEM images were obtained by Karl Gödel and
Giorgio Divitini.
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4.3 Linear polarisation selective steady-state absorption of
lead halide perovskite films
In order to confirm that the prepared samples were representative of those investigated
in previous literature and to ensure that the samples had no intrinsic anisotropy, linear
polarisation selective steady-state absorption was carried out using the method
described in detail in Section 3.2.4. Absorption spectra of the CH3NH3PbI3,
CH3NH3PbBr3 bulk films and CsPbI3 nanocrystal films obtained through parallel and
crossed polarisers are shown in Figure 4.2. The absorption spectra are comparable to
those found in the literature125,91 and no intrinsic anisotropy is observed. The
CH3NH3PbI3, CH3NH3PbBr3 bulk films and the CsPbI3 nanocrystal film have optical
bandgaps of 1.6 eV, 2.3 eV and 1.8 eV respectively.

Figure 4.2 Linear polarisation selective steady-state absorption of standard perovskite
films.

The absorption spectra obtained through parallel polarisers (red) are

comparable to those found in the literature125,91. The absorption spectra obtained
through crossed polarisers (blue) are zero, indicating that the samples have no intrinsic
anisotropy.
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4.4 Linear polarisation selective transient absorption (LPTA)
of lead halide perovskite films
In order to determine whether lead halide perovskites exhibit a dynamic anisotropy and
to investigate the properties of this dynamic anisotropy, we carried out LPTA on
standard CH3NH3PbI3, CH3NH3PbBr3 bulk films and CsPbI3 nanocrystal films. LPTA is
very similar to standard TA, which is described in detail in Section 3.3.3, but is carried
out with four additional polarisers (Thorlabs, LPVISE2X2 and WP50L-UB) and two
half-wave plates (Thorlabs, AHWP10M-600). A diagram of the LPTA setup is shown
in Figure 4.3. This arrangement avoids artefacts arising from changes in the probed
sample position and changes in the excitation density248.

Figure 4.3 Diagram of the linear polarisation selective transient absorption (LPTA)
setup. The linear polarisation of the pump beam is set at an angle of 45° to the linear
polarisation of the probe beam before the sample. A second set of polarisers after the
sample detect the linear polarisation component of the probe beam either parallel or
perpendicular to the pump beam polarisation direction.
Samples were excited with narrowband linearly polarised pump pulses (~25 meV
FWHM, pulse duration <50 fs) at energies between 10 and 200 meV above the optical
bandgap, and probed after a variable time delay with broadband linearly polarised probe
pulses (1.55-2.55 eV, pulse duration ~100 fs). The relative polarisation between the
pump and probe pulses was varied by changing the variable polariser directly after the
sample. For each relative polarisation, the transmission of the probe pulse through the
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sample was measured with (𝑇𝑜𝑛 ) and without the pump pulse (𝑇𝑜𝑓𝑓 ) and the relative
change in transmission was calculated using Equation 4.1.
𝑇𝑜𝑛 − 𝑇𝑜𝑓𝑓
Δ𝑇
=
𝑇
𝑇𝑜𝑓𝑓

4.1

4.4.1 Femtosecond LPTA of lead halide perovskite films
Typical LPTA spectra obtained within the first 200 fs after photoexcitation are shown in
Figure 4.4, for a CH3NH3PbI3 bulk film photoexcited with a 1.72 eV pump pulse.
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Figure 4.4 LPTA spectra for a CH3NH3PbI3 bulk film within the first 200 fs after
photoexcitation. The change in the transmission of the probe was measured at (A) 0 fs
(B) 50 fs and (C) 200 fs after photoexcitation with the linear polarisation of the probe
pulse aligned either parallel (red) or perpendicular (blue) to the linear polarisation of
the pump pulse. We observe a stronger increase in the transmission when the pump and
probe pulse polarisations are aligned parallel. The differences observed in the transient
spectral dynamics indicate that the carrier populations probed in parallel and
perpendicular configurations undergo different relaxation processes. The sample was
excited with a 1.72 eV laser (1 kHz repetition rate, ~50 fs pulse duration, ~25 meV
FWHM indicated by shaded area) with an intensity of ~20 μJ cm-2.
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Immediately after photoexcitation (0 fs), we observe a strong positive signal close to the
excitation energy in both polarisation configurations. This is a positive ground state
bleach (GSB) signal, which arises from phase-space filling by photoexcited carriers
137,138,162,163

. The weak tail of this GSB extends towards the band edge at 1.64 eV. This

indicates that only small fraction of carriers have started to thermalise. Most carriers are
still non-thermal and have not yet scattered with other carriers and phonons. The signal
in the parallel configuration is stronger than the signal in the perpendicular
configuration, indicating that the parallel probe interacts with either a larger carrier
population, or the excited carrier population exhibits different transition dipole matrix
elements (TDMEs) for different linear polarisation directions. This is the first indication
that the symmetry in the optical properties is broken by the linear polarisation of the
pump pulse.
At later time delays (50 fs), the signal in the perpendicular configuration is strongly
broadened towards the band edge, indicating that these carriers have thermalised further
and started to cool. Unexpectedly, the signal in parallel configuration remains rather
localised at energies close to the excitation energy (indicated by shaded area). This
suggests that the carrier population probed in parallel configuration undergoes slower
relaxation than the carrier population probed in perpendicular configuration. The signal
in the parallel configuration is still stronger than the signal in the perpendicular
configuration and neither the parallel nor the perpendicular carrier distributions have
fully thermalised.
At even later time delays (200 fs), the LPTA spectra indicate that the carrier
distributions probed in both the parallel and perpendicular configurations have evolved
into fully thermalised Fermi-Dirac distributions. However, the signal probed in
perpendicular configuration maintains a different spectral shape and a 30% lower signal
intensity than the signal probed in the parallel configuration. These persistent
differences in signal intensity and shape suggest that the initial anisotropy is preserved
through thermalisation and cooling processes, such as carrier-carrier and carrier-lattice
scattering.
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4.4.2 Picosecond LPTA of lead halide perovskite films
Typical LPTA spectra obtained between 1-10 ps after photoexcitation are shown in
Figure 4.5, for a CH3NH3PbI3 bulk film photoexcited with a 1.72 eV pump pulse and a
CsPbI3 nanocrystal film photoexcited with a 1.90 eV pump pulse.

Figure 4.5 LPTA spectra for a CH3NH3PbI3 bulk film and a CsPbI3 nanocrystal film
between 1-10 ps after photoexcitation. The change in transmission of the probe through
the (A) CH3NH3PbI3 bulk film and the (B) CsPbI3 nanocrystal film was measured at the
indicated time delays with the linear polarisation of the probe pulse aligned parallel
(red) or perpendicular (blue) to the linear polarisation of the pump pulse. The initially
polarisation-dependent spectra converge within the first ~10 ps after photoexcitation.
The CH3NH3PbI3 sample was excited with a 1.72 eV laser with an intensity of ~15 μJ
cm-2. The CsPbI3 sample was excited with a 1.90 eV laser with an intensity of ~4 μJ cm2

. Both lasers had a 1 kHz repetition rate, ~50 fs pulse duration and ~25 meV FWHM

indicated by the shaded areas.
In both the CH3NH3PbI3 bulk film and the CsPbI3 nanocrystal film, the GSB signal is
higher in the parallel configuration than in the perpendicular configuration and the
spectral shapes are different. In the parallel configuration, the GSB signal is higher at
high energies and lower at low energies than the GSB signal observed in the
perpendicular configuration. These differences in spectral shape and intensity reduce
over time, converging to an intermediate spectrum within ~10 ps after photoexcitation.
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In order to understand how the differences in the parallel and perpendicular signals
evolve in probe energy and delay time 𝑡, we define an anisotropy 𝐴(𝑡) as shown in
Equation 4.2.
Δ𝑇
Δ𝑇
( 𝑇 ) (𝑡) − ( 𝑇 ) (𝑡)
∥
⊥
𝐴(𝑡) =
Δ𝑇
Δ𝑇
( 𝑇 ) (𝑡) + 2 ( 𝑇 ) (𝑡)
∥
⊥

4.2

Maps of the anisotropy for the CH3NH3PbI3 bulk film photoexcited with the 1.72 eV
pump pulse and the CsPbI3 nanocrystal film photoexcited with the 1.90 eV pump pulse
are shown in Figure 4.6.
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Figure 4.6 LPTA anisotropy maps for a CH3NH3PbI3 bulk film and a CsPbI3
nanocrystal film within the first 10 ps after photoexcitation. During the first 10 ps after
photoexcitation, the anisotropy in (A) CH3NH3PbI3 and (B) CsPbI3 shifts to lower
energy states closer to the band minima. After an initial relaxation, the anisotropy
kinetics of (C) CH3NH3PbI3 and (D) CsPbI3 decay with time constants of 2.85 ± 0.1 ps
and 2.45 ± 0.2 ps respectively. No significant variation in this decay time is found for
different probe energies.
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Immediately after photoexcitation, the anisotropy is largest near the pump energy in
both the CH3NH3PbI3 bulk and CsPbI3 nanocrystal films. Within the first picosecond
after excitation, the anisotropy maximum relaxes towards lower energy states at the
band edge. The following decay of the anisotropy after thermalisation can be fitted with
a single-exponential decay with a lifetime of 2.85 ± 0.1 ps in the CH3NH3PbI3 bulk film
and 2.45 ± 0.2 ps in the CsPbI3 nanocrystal film. No significant variation in these decay
time is found for other probe energies, which suggests that the loss of the photoexcited
anisotropy occurs through a common process for all states. These timescales are much
longer than typical phonon emission249–251 and carrier cooling times137,141,163, but are in
agreement with reported timescales for dynamic fluctuations of the crystal lattice241,47.
This indicates that the origin of the anisotropy is connected with the crystal
conformation, rather than a particular carrier-phonon interaction. The similarity of the
timescales, independent of crystallite size, suggests that the observed anisotropy is not
lost through grain boundary scattering or diffusion between crystallites198,199, but
originates on considerably smaller length-scales.

4.4.3 Effect of crystallite size and crystallite packing on the
polarisation anisotropy
In order to further investigate whether the lifetime of the anisotropy was dependent on
the crystal size and packing, we extracted the LPTA kinetics of the GSB signal
measured in the CH3NH3PbI3 (acetate) bulk film, the CH3NH3PbI3 (Cl) bulk film and
the CsPbI3 nanocrystal film. We also reconstructed the population kinetics 𝑛(𝑡) as a
Δ𝑇

function of delay time 𝑡 from the LPTA kinetics obtained in the parallel ( 𝑇 ) and
∥

Δ𝑇

perpendicular ( 𝑇 ) configurations using Equation 4.3, by assuming that the charge
⊥

carriers move freely in three-dimensional space.
Δ𝑇
Δ𝑇
( 𝑇 ) (𝑡) + 2 ( 𝑇 ) (𝑡)
∥
⊥
𝑛(𝑡) =
3

4.3

The LPTA and population kinetics and shown in Figure 4.7. In all samples, the LPTA
kinetics converge over timescales of around ~10 ps after photoexcitation. Since the
population kinetics do not decay on these timescales, recombination is negligible, as
expected at these excitation densities153, and therefore cannot be the origin of the
anisotropy decay. It is also unlikely that interactions between carriers cause the
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anisotropy decay, since the excitation density in the nanocrystal film was lower than the
density of nanocrystals, such that each nanocrystal contained no more than a single
photoexcited charge carrier pair. We can also rule out the possibility that the anisotropy
originates from rotation of the organic cation45–47,56,238, since we also observe an
anisotropy in CsPbI3 films.
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Figure 4.7 LPTA and population kinetics of standard lead halide perovskites. LPTA
kinetics of (A) CH3NH3PbI3 (acetate) bulk film, (B) CH3NH3PbI3 (Cl) bulk film and (C)
CsPbI3 nanocrystal film excited with lasers of in intensity ~16 μJ cm-2, ~2 μJ cm-2, ~3 μJ
cm-2 respectively. LPTA kinetics were measured with the linear polarisation of the
probe pulse aligned either parallel (red) or perpendicular (blue) to the linear
polarisation of the pump pulse. The population kinetics (black) were calculated from the
Δ𝑻

Δ𝑻

parallel ( 𝑻 ) and perpendicular ( 𝑻 )
∥

⊥

data using Equation 4.3. The initially

polarisation-dependent kinetics converge within the first 10 ps after photoexcitation.
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The fact that the LPTA kinetics converge on the same timescales in the CH3NH3PbI3
(acetate) bulk film, the CH3NH3PbI3 (Cl) bulk film and the CsPbI3 nanocrystal film,
which have very different crystallite sizes and crystallite packing, indicate that the
observed anisotropy has a fundamental origin beyond the macroscopic crystal structure
and does not decay by diffusion between crystallites. Further evidence for this is that the
anisotropy maps of the CH3NH3PbI3 (acetate) bulk film, the CH3NH3PbI3 (Cl) bulk film
and the CsPbI3 nanocrystal film are qualitatively the same, as shown in Figure 4.8, and
that a similar effect is also observed in CH3NH3PbBr3 bulk films252, as shown in Figure
4.9.

Figure 4.8 LPTA maps of standard lead halide perovskites. LPTA maps of a (A,B)
CH3NH3PbI3 (acetate) bulk film, (D,E) CH3NH3PbI3 (Cl) bulk film and (G,H) CsPbI3
nanocrystal film and (C,F,I) the corresponding anisotropy maps. The CH3NH3PbI3
(acetate) bulk film, the CH3NH3PbI3 (Cl) bulk film and the CsPbI3 nanocrystal film
were excited with lasers of energy 1.72 eV, 1.72 eV and 1.9 eV and intensities of ~16 μJ
cm-2, ~2 μJ cm-2, ~3 μJ cm-2 respectively. All lasers had a 1 kHz repetition rate, ~50 fs
pulse duration and ~25 meV FWHM.
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Figure 4.9 LPTA of a CH3NH3PbI3 bulk film. LPTA maps with the linear polarisation
of the probe pulse aligned (A) parallel and (B) perpendicular to the linear polarisation
of the pump pulse. (C) Anisotropy map. LPTA (D) spectra and (E) kinetics measured
with the linear polarisation of the probe pulse aligned either parallel (red) or
perpendicular (blue) to the linear polarisation of the pump pulse.
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4.4.4 Effect of pump energy on the polarisation anisotropy
Different pump energies create excited states at different positions in the band, allowing
us to investigate whether the behaviour of the observed anisotropy is dependent on the
initial state occupied by the photoexcited charge carriers. The anisotropy measured at a
fixed probe energy above the GSB peak for all the standard lead halide perovskite
samples is shown in Figure 4.10. The anisotropy is calculated at probe energies of 1.71
eV, 1.69 eV, 1.87 eV and 2.37 eV for the CH3NH3PbI3 (acetate), CH3NH3PbI3 (Cl),
CH3NH3PbBr3 bulk films and the CsPbI3 nanocrystal film respectively and is averaged
over the first 10 ps in the iodide samples and over the first 1 ps in the bromide sample.
The pump energy was varied from 1.7-2.5 eV, whilst keeping the excitation density
constant.
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Figure 4.10 Pump energy dependent average anisotropy for all standard lead halide
perovskites. The anisotropy of the GSB was averaged over the first ~10 ps after
photoexcitation for the (A) CH3NH3PbI3 (acetate) bulk film, (B) CH3NH3PbI3 (Cl) bulk
film and (C) CsPbI3 nanocrystal film and over the first ~1 ps after photoexcitation for
the (D) CH3NH3PbBr3 bulk film. The CH3NH3PbI3 (acetate), CH3NH3PbI3 (Cl), CsPbI3
and CH3NH3PbBr3 samples were excited with lasers of intensity ~16 μJ cm-2, ~2 μJ cm2

, ~40 μJ cm-2 and ~1 μJ cm-2 respectively. The data is fitted with simple single-

exponentials with decay constants of 155 meV, 190 meV, 110 meV and 120 meV for the
CH3NH3PbI3 (acetate), CH3NH3PbI3 (Cl), CsPbI3 and CH3NH3PbBr3 samples
respectively.
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In all samples, the average anisotropy is largest when the pump energy is close to
resonance with the probe energy. The anisotropy decreases as the difference between
pump and probe energy increases. Simple single-exponential fits to the data indicate
characteristic energies of around 150 meV, which is over an order of magnitude higher
than the dominant phonon modes of the material (~50 cm-1 = 6 meV). The
corresponding pump energy dependent anisotropy kinetics of the GSB signal for all the
standard lead halide perovskites are plotted in Figure 4.11. We observe that increasing
the pump energy reduces the magnitude of the anisotropy, but does not significantly
change the lifetime.
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Figure 4.11 Pump energy dependent anisotropy kinetics for all standard lead halide
perovskite samples.

The anisotropy kinetics decay within ~10 ps in the (A)

CH3NH3PbI3 (acetate) bulk film, (B) CH3NH3PbI3 (Cl) bulk film and (C) CsPbI3
nanocrystal film. The anisotropy kinetics decay within ~1 ps in the (D) CH3NH3PbBr3
bulk film. The CH3NH3PbI3 (acetate), CH3NH3PbI3 (Cl), CsPbI3 and CH3NH3PbBr3
samples were excited with lasers of intensity ~16 μJ cm-2, ~2 μJ cm-2, ~40 μJ cm-2 and
~1 μJ cm-2 respectively.
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4.4.5 Effect of excitation density on the polarisation anisotropy
In order to investigate whether the behaviour of the observed anisotropy was dependent
on excitation density, we carried out excitation density dependent LPTA measurements
on the standard lead halide perovskite films. The typical response is shown in Figure
4.12, for a CH3NH3PbI3 bulk film excited with a 1.72 eV at excitation densities of ~1016
cm-3, ~1017 cm-3 and ~1018 cm-3. The average anisotropy decreases with increasing
excitation density, but the lifetime remains around ~10 ps.
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Figure 4.12 Effect of excitation density on the anisotropy.

LPTA maps of a

CH3NH3PbI3 bulk film excited with a 1.72 eV laser (1 kHz repetition rate, ~50 fs pulse
duration and ~25 meV FWHM) with an excitation density of (A,B) ~1016 cm-3 and (C,D)
~1018 cm-3. (E,F) Corresponding anisotropy maps. LPTA (G,H) spectra and (I) kinetics,
indicating that the anisotropy is larger for lower excitation densities, but has an
excitation independent lifetime of ~10 ps. (J) Anisotropy averaged over time delays of 010 ps and probe energies of 1.64-1.68 eV for excitation densities of ~1016 cm-3, ~1017
cm-3 and ~1018 cm-3. The average anisotropy is lower at higher excitation densities.
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4.4.6 First principles calculations of the polarisation anisotropy
In standard inorganic semiconductors, like GaAs, photoexcitation with linearly
polarised light can generate a charge carrier population with an anisotropic carrier
momentum distribution, because the optical transition dipole moment (TDM) can vary
with the angular momentum of the electronic wave functions192–195. However, this
anisotropy decays through carrier-carrier scattering within a few femtoseconds after
photoexcitation194. In contrast, in standard organic semiconductors, with more localised
excitonic states, optical alignment may arise from an alignment of the TDM with the
physical structure. In this case either an intrinsic (steady-state)169,170,253,254 or an induced
(transient)185–187,255,256 anisotropy may be observed. If the anisotropy is induced
(transient), it may decay through physical reorientation of the photoexcited molecules or
by diffusion of the excited charge carriers to neighbouring regions with different TDM
orientations. The timescales of such physical reorientation and diffusion are typically
orders of magnitude longer than the timescales associated with carrier scattering.
In order to determine whether the anisotropy observed in the LPTA of the standard lead
halide perovskite samples is likely to arise from similar mechanisms, we used first
principles calculations to model the perovskite band structure. Liang Tan, in the group
of Andrew Rappe at the University of Pennsylvania, carried out these calculations by
considering a √2 × √2 × 2 unit cell of the tetragonal phase CH3NH3PbI3 structure. We
used a structure in which the CH3NH3 molecules are in a polar configuration, which is
known to be a local energy minimum for this unit cell257. This structure therefore serves
as a local electronic structure model for CH3NH3PbI3. It has a polar axis in the zdirection, which breaks the local inversion symmetry. Our calculations show that the
breaking of the inversion symmetry has consequences not only for the band energies,
but also for the transition dipole moments (TDM). In Figure 4.13 we plot the calculated
transition dipole moments and ground state absorption close to the absorption edge. We
find that the absorption is stronger when the light polarisation axis is perpendicular to
the Rashba direction and weaker when it is parallel to the Rashba direction, with a
crossing near the band edge.
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Figure 4.13 First-principles calculation of the transition dipole moments (TDMs) of
CH3NH3PbI3. (A) Plot of the TDM k-space asymmetry for energies close to the band
minima (B) Calculated absorption spectrum from first principles for electric field
polarisation direction ê parallel and perpendicular to the Rashba direction of the
crystal lattice r̂ , and for unpolarised light. Iso-energetic surfaces of photoexcited
carrier distributions for photon energies (C) above and (D) close to the band edge.
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The shape of the measured LPTA spectra can be understood by using the spectral
dependence of the calculated anisotropy in a simple model137. While qualitative
agreement with experiment can be achieved in this way, as shown in Figure 4.14A,
there is a mismatch in the crossing point of parallel and perpendicular polarisations that
cannot be replicated. A more quantitative fit to the data can be achieved if, in addition,
the effective carrier temperature is allowed to differ for different polarisations, also
shown in Figure 4.14B. This recreates the experimental data more effectively, including
the crossing near the band edge, and shows that there is different broadening in the
parallel and perpendicular spectra which is accurately modelled as a change in effective
carrier temperature. This spectral broadening cannot be qualitatively accounted for by
differences in the homogeneous and inhomogeneous broadening, reduced effective
mass, or asymmetry in the effective masses of electrons and holes. This leads to the
intriguing possibility that the parallel and perpendicular populations maintain different
temperatures, or carrier-phonon interactions, for many picoseconds. This may well be
justified, given the early-time data shown in Figure 4.4, which shows clear differences
in the thermalisation rates for the carrier populations probed in the parallel and
perpendicular configurations at time delays of less than 100 fs.
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Figure 4.14 LPTA spectra and modelled spectra of CH3NH3PbI3. Experimental data
(hollow circles and triangles) and modelled data (solid lines) are shown with the linear
polarisation of the probe pulse aligned parallel (red) and perpendicular (blue) to the
linear polarisation of the pump pulse. (A) LPTA data is modelled using the procedure
described in Price et al.137. All parameters are identical in the parallel and
perpendicular cases, except for the transition dipole moment which has an anisotropy of
the form predicted in the first-principles calculations. (B) LPTA data modelled as in (A)
but with an additional difference in effective carrier temperature. The parallel and
perpendicular spectra have effective carrier temperatures of 410 K and 310 K
respectively. When this difference in effective carrier temperatures is included, the
model effectively replicates the spectral broadening and the crossing near the optical
bandgap observed in the experimental data.
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The first-principles calculations predict that the anisotropy in absorption is imprinted
into the carrier populations upon optical excitation. The total transient absorption signal
for a sample containing many polarised nanoregions (NR) can be written in the
condensed shown in Equation 4.4,
〈𝛼〉 = ∑ Π𝑖 ∙ 𝑛𝑖

4.4

𝑖∈𝑁𝑅

where Π𝑖 is the transition dipole element squared in a given nanoregion i and 𝑛𝑖 is the
density of available optical transitions in that nanoregion. Since each region has a
different Rashba axis, Π𝑖 and 𝑛𝑖 depend on the nanoregion, and cannot be treated as
constant.
The larger the TDMs along the light polarisation axis, the higher the excitation density
will be, and the lower 𝑛𝑖 will be. For the parallel and perpendicular configurations, the
correlations between Π𝑖 and 𝑛𝑖 will be different in magnitude. This leads to different
values of 〈𝛼〉 and generates an anisotropy, as quantified in Equation 4.5,
𝐴=−

3 𝐶20 𝐵20
2 𝐶00 𝐵00

4.5

where 𝐶𝑙𝑚 and 𝐵𝑙𝑚 are the coefficients of the expansions of Π𝑖 and 𝑛𝑖 in spherical
harmonics. We estimate values of 𝐶𝑙𝑚 and 𝐵𝑙𝑚 from our DFT calculations, obtaining a
value of A = 0.09 for the polarisation anisotropy of CH3NH3PbI3, for pump and probe
energies of 1.7 eV. Comparing this theoretical estimate to the magnitudes of the
measured anisotropy indicates that this mechanism is largely responsible for the
observed polarisation anisotropy. As this theoretical estimate is based on a single
structure at a local energy minimum, it is likely that it will be increased if other nonequilibrium structures with higher polarity are considered as well.
As the structure fluctuates on picosecond time scales, the Rashba axis changes
stochastically in each nanoregion. We assume that this stochastic evolution
approximates a random walk, with nanoregions losing memory of their initial Rashba
directions after a characteristic time 𝜏. Over this time scale, the values of Π𝑖 become
randomized and uncorrelated with 𝑛𝑖 . The LPTA signals for both parallel and
perpendicular configurations would then regress towards the uncorrelated value
〈𝛼〉 = 〈Π〉 ∙ 〈n〉 in the long time limit. This would cause the anisotropy to decay to zero,
as observed in the LPTA measurements.
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Our theoretical model above assumes an isotropic distribution of carrier momenta
shortly after photoexcitation, in agreement with literature which suggests that
thermalisation and cooling processes randomise carrier momentum within 200 fs after
photoexcitation135. This is true for excitations with more than ~100 meV excess energy
above the band edge, for which the excitation isosurface is approximately spherical, as
shown in Figure 4.13. However, excitations close to the band edge access a restricted
momentum space, since the presence of polar distortions leads to toroidal isosurfaces,
also shown in Figure 4.13. To demonstrate how the changes in the momentum space
distribution with energy affect the LPTA signals, we write the LPTA signal for a single
nanoregion as an integral over momentum space, as shown in Equation 4.6.
𝛼𝑖 = ∫𝑑𝑘 Π𝑖 (𝑘)𝑛𝑖 (𝑘)

4.6

𝑆

Here, the momentum resolved TDMs Π𝑖 (𝑘) and the energy isosurface 𝑆 depend only on
the probe energy and the Rashba direction. On the other hand, the momentum resolved
carrier densities 𝑛𝑖 (𝑘) depend on the pump energy and the Rashba direction. As the
pump energy is increased above the optical bandgap, the carrier density isosurface at
excitation becomes progressively more spherical, and hence less correlated with the
Rashba direction. This leads to a decreasing correlation between 𝛼𝑖 and the Rashba
direction with increasing separation between the pump and probe energies. The
dependence of the anisotropy on pump energy, shown in Figure 4.10, is consistent with
this interpretation. However, we cannot rule out an additional influence from more
energetic carriers losing excess energy to the lattice as they relax to the band edges,
which could result in more rapid structural deformations of the lead-halide lattice and a
partial randomisation of the initial Rashba directions.

4.5 Conclusions and future work
In this chapter, we have investigated the role of lattice distortion and the coupling
between charge carriers and lattice phonons in CH3NH3PbI3 (acetate), CH3NH3PbI3 (Cl)
and CH3NH3PbBr3 bulk films and in CsPbI3 nanocrystal films, all with spatially and
temporally averaged central symmetry. Using LPTA we have shown that standard lead
halide perovskites exhibit a long-lived photo-induced anisotropy, with a lifetime of
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around ~10 ps in iodide perovskites and a lifetime of around ~1 ps in bromide
perovskites, independent of whether the A-site cation is CH3NH3 or Cs. These
observations contrast similar measurements in GaAs, in which the anisotropy decays
through carrier-carrier and carrier-phonon scattering within a few 100 fs after
photoexcitation.
First-principles calculations suggest that the observed anisotropy arises from dynamic
disorder in the lead halide lattice. Dynamic deformations of small regions of the lattice,
for example through anharmonic lattice vibrations, lead to localised polarised lattice
distortions. Experiments and calculations suggest that such nanoregions form
spontaneously within lead iodide lattices on picosecond timescales and have
characteristic sizes of <10 nm42,44. This indicates that the samples and individual
crystallites consist of multiple nanoregions, each with different optical and electronic
properties, which dynamically fluctuate on picosecond timescales48,53,240,241.
These picosecond local polar lattice distortions affect the optical and electronic
properties of charge carriers in lead halide perovskites under device operating
conditions (ambient temperature and pressure), giving rise to a dynamic landscape of
electronic states. In the future, it may be possible to enhance and stabilise this effect by
applying a suitable external strain to the lattice, such as a piezoelectric force49,37. The
electron-phonon interactions mediated by this mechanism also suggest that such
external strain could also be used to control thermal conductivity, with implications for
lead halide perovskite thermoelectrics. This behaviour is not typically observed in
classical organic or inorganic semiconductors, so our observations have far-reaching
implications for the understanding and application of this important new class of
materials.
Although the first principles calculations offer one explanation for the observed longlived photo-induced anisotropy, reduced carrier-carrier and carrier-phonon scattering
could offer another explanation. In this case, the parallel and perpendicular LPTA
spectra shown in Figure 4.5 could be interpreted as a hotter, higher density carrier
population and a colder, lower density carrier population respectively. This means that
each population must have thermalised individually, in order for both the parallel and
perpendicular spectra to represent fully thermalised Fermi-Dirac distributions with
different temperatures. The observation that the population probed in the parallel
configuration is hotter (blue shifted LPTA signal) and represents a higher density of
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carriers (higher LPTA signal), indicates that these carriers have undergone less
scattering with phonons or are in higher energy states. While the observation that the
population probed in the perpendicular configuration is colder (red shifted LPTA signal)
and represents a lower density of carriers (lower LPTA signal), indicates that these
carriers have undergone more scattering with phonons or are in lower energy states.
Over picosecond timescales, these carrier populations interact with each other and the
parallel and perpendicular spectra converge to an intermediate temperature. This
explanation is consistent with other literature that suggests that carrier-carrier and
carrier-phonon scattering (especially with high energy LO phonons239) is hindered in
lead halide perovskites137,141,163, perhaps due to the formation of large polarons239,258.
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5 Recombination in mixed cation
lead halide perovskites

In this chapter, we use TA, TPL, PLQE, XRD and Raman spectroscopy to identify the
photophysical origin of the exceptional power conversion efficiencies reported in mixed
cation lead halide perovskites. We find that these exceptional power conversion
efficiencies coincide with a significant enhancement in the carrier lifetimes and PLQEs
of these materials. Using TA and TPL we show that the first-order recombination rate
decreases when inorganic and organic cations are incorporated into the crystal lattice.
We also show that radiative recombination remains a second-order process at early
times, even in regimes where carrier recombination is dominated by non-radiative firstorder or third-order processes. By extracting the crystal lattice parameters using XRD,
we find that the incorporation of mixed cations into the crystal lattice distorts the
crystal lattice. These distortions coincide with changes to the vibrational modes of the
crystal lattice observed in resonant-Raman measurements, which indicate that the
crystal lattice becomes more homogeneous when inorganic and organic cations are
incorporated into the crystal lattice. We have shown that this is an effective method of
reducing the density of trap states in the material and enhancing device performance.
The PLQE measurements in this chapter were carried out by Johannes Richter and
Edward Booker, the Raman measurements were carried out by Tudor Thomas, and the
XRD measurements were carried out by Tudor Thomas, Edward Booker and Tim van de
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Goor. All samples were prepared by Michael Saliba and Silver Cruz, in the group of
Michael Grätzel, at the École Polytechnique Fédérale de Lausanne.

5.1 Background and Motivation
At the end of 2016, an article was published in Science59, indicating that the
performance of lead halide perovskite solar cells is significantly improved when
rubidium cations are incorporated into the crystal lattice. Michael Saliba et al., in the
group of Michael Grätzel, at the École Polytechnique Fédérale de Lausanne59 achieved
stabilised power conversion efficiencies (PCEs) of up to 21.6% on small area
photovoltaic devices (with an average PCE of 20.2%) and PCEs of up to 19.0% on 0.5
cm2 photovoltaic devices. In addition to high PCEs, these devices also exhibited
relatively high EQEs (3.8%) and high open circuit voltages (1.24 V). These open circuit
voltages, measured in lead halide perovskites with a bandgap of 1.63 eV, correspond to
a voltage drop of only 0.39 V. This is even lower than the voltage drop of 0.4 V in
commercial silicon solar cells.
In addition to improving device performance, the addition of rubidium cations enhanced
the stability of the material. An improved Goldschmidt tolerance factor and an increase
in the entropy of mixing have been suggested as the reason for this increase in
stability59. Coated with a polymer layer, the devices maintained 95% of their initial
performance at 85°C for 500 hours under full solar illumination and maximum power
point tracking59.
Such improvements in device performance and stability have also been reported in other
mixed cation lead halide perovskites. Previous record-breaking solar cell performances
were achieved by mixing methylammonium and formamidinium cations as well as Br
and I halides63–65. Several other investigations have also focused on improving the
stability and efficiency of perovskite devices by using various mixtures of Cs,
methylammonium and formamidinium cations57,58,60–62.
The results of these high-impact studies demonstrate the exciting commercialisation
potential of these materials. However, many questions remain about the fundamental
origin of their excellent photovoltaic performance. For example, does the addition of
rubidium change the properties of the crystal structure, lead to localised regions, change
the free carrier nature of the dominant charge carriers, change the nature of the radiative
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and non-radiative recombination pathways, or reduce the density of trapping sites in the
material? Answering these questions, by combining results from photoluminescence
quantum efficiency (PLQE), transient photoluminescence (TPL), transient absorption
(TA), x-ray diffraction (XRD) and Raman spectroscopies, could lead to new ideas for
further improvements in device performance and will therefore be the focus of this
chapter.

5.2 Preparation of mixed cation perovskites
All mixed cation perovskites were prepared by the group of Michael Grätzel, at the
École Polytechnique Fédérale de Lausanne, using the methods described in detail in
Section 3.1.2. Throughout this chapter we use the nomenclature MAPbI, MAPbIBr,
MAFAPbIBr, CsMAFAPbIBr and RbCsMAFAPbIBr to refer to the complete
perovskite compounds containing the various combinations of methylammonium
CH3NH3 (MA), formamidinium (NH2)2CH+ (FA), Cs, Rb, Pb, I and Br. All of the FA
containing samples are prepared with FA as the majority cation, because the red-shifted
band gap is beneficial for solar cell performance. The percentage of Rb and Cs included
in the total A-site composition can be varied, but we focus on the samples containing
5% Rb and 5% Cs, as the best performing solar cells were fabricated from these
materials.
Increasing the percentages of Rb and Cs beyond 5% leads to a decrease in photovoltaic
performance and stability, because the ionic radii of Rb and Cs are too small to form
stable photoactive perovskite crystal structures. At room temperature, pure RbPbI3 and
CsPbI3 exist in a non-photoactive yellow phase because their tolerance factor does not
lie comfortably between the required values of 0.8 and 1, as shown in Figure 5.1.
Therefore, while adding a few percent of Rb and Cs can improve the quality of the
crystal lattice, adding too much can lead to phase segregation and the formation of
regions of RbPbI3 and CsPbI3 as shown in Figure 5.2. Images of the films obtained from
scanning electron microscopy (SEM) also indicate that the addition of 5% Rb to the
perovskite lattice leads to the formation of larger perovskite crystals, which have
previously been shown to enhance the performance of solar cell devices259.
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Image removed for copyright reasons.

Figure 5.1 Tolerance factors of APbI3 perovskites (where A is either Li, Na, K, Rb, Cs,
methylammonium or formamidinium) and corresponding images of the films formed,
both taken from reference 59. (A) A stable perovskite crystal structure is generally only
formed when the tolerance factor lies comfortably between 0.8 and 1. (B) CsPbI3 has a
tolerance factor very close to 0.8 and therefore exists in a non-photoactive yellow phase
at room temperature. A phase transition to the photoactive black phase occurs when the
material is heated to 380°C. RbPbI3 also exists in a yellow non-photoactive phase at
room temperature and remains in a non-photoactive yellow phase at 380°C.
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Image removed for copyright reasons.

Figure 5.2 X-ray diffraction (XRD) spectra of RbPbI3, and RbCsMAFAPbIBr
perovskite with varying Rb percentage x, taken from reference 59. (A) Addition of Rb
modifies the crystal lattice and reduces the intensity of the peaks assigned to Pb excess
and yellow-phase impurities. (B) As the percentage x of Rb is increased, peaks appear
at 13.4° and 10.1°. Similar peaks are observed in pure RbPbI3, indicating that phase
segregation occurs at higher Rb concentrations.
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Image removed for copyright reasons.

Figure 5.3 Scanning electron microscopy (SEM) images of RbCsMAFAPbIBr
perovskites, taken from reference 59. Films contain (A) 0% Rb, (B) 2% Rb, (C) 5% Rb
and (D) 10% Rb.
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5.3 Steady-state absorption of mixed cation perovskites
In order to confirm that the prepared samples were representative of those investigated
in previous literature, the steady-state absorption spectrum of each mixed cation sample
was measured using the method described in detail in section 3.2.4 and the optical
bandgaps were extracted using standard Tauc plots260, as shown in Figure 5.4.

Figure 5.4 Steady-state absorption spectra of mixed cation perovskite samples. All
samples were prepared on glass. The absorbance of all samples is similar, except for
the MAPbI sample. The reduced absorbance in the MAPbI sample arises from the
experimental challenges associated with preparing thick MAPbI films, resulting in a
~130 nm thick MAPbI sample compared to the ~400 nm thick MAPbIBr, MAFAPbIBr,
CsMAFAPbIBr and RbCsMAFAPbIBr samples59.
The pure MAPbI was found to have an optical bandgap onset of 779 nm (1.59 eV),
which blue shifts upon the addition of Br to 748 nm (1.66 eV) in the MAPbIBr sample.
The addition of FA leads to a red shift, resulting in an optical band gap of 776 nm (1.60
eV) for the MAFAPbIBr sample. But the addition of Cs (5%) and Rb (5%) makes little
difference, resulting in optical bandgaps of 770 nm (1.61 eV) and 775 nm (1.60 eV) for
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the CsMAFAPbIBr and RbCsMAFAPbIBr samples respectively. Therefore, the
enhanced device performance of the RbCsMAFAPbIBr sample cannot simply be
explained by a change in the optical bandgap. Such values are comparable to those
found in the literature59,62, indicating that the prepared films had comparable optical
properties to those found in the literature.

5.4 Photoluminescence quantum efficiency (PLQE) of mixed
cation perovskites
In general, the PLQE of a material is a good indicator of potential device performance,
where materials with higher PLQEs generally outperform materials with lower
PLQEs165. This is because low PLQEs indicate that recombination may mostly be
occurring through undesirable non-radiative recombination pathways including trap
states. These non-radiative recombination pathways reduce the build-up of charge
carrier density in solar cells, reducing the open-circuit voltage and therefore the device
efficiency. This is why device efficiencies are generally higher when they are fabricated
from materials with higher PLQEs.
The PLQEs of the mixed cation perovskites were measured by Johannes Richter and
Edward Booker using the method described in detail in Section 3.2.5. The PLQEs vary
by almost an order of magnitude from between 2.7% for the MAPbIBr film to 26.4%
for the RbCsMAFAPbIBr film, as shown in Table 5.1.
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Sample

PLQE (%)

MAPbI

16.8

MAPbIBr

2.7

MAFAPbIBr

22.6

CsMAFAPbIBr

11.7

RbCsMAFAPbIBr

26.4

Table 5.1 Table of the PLQEs of the mixed cation perovskite samples. All samples
were prepared on standard glass, to eliminate changes in the PLQEs due to changes in
outcoupling efficiency. This can arise when perovskite samples are prepared on
substrates with different surface roughness152. All samples were excited with a 532 nm
laser with a 650 um diameter spot size and 100 mW average power. In order to reduce
any effects of sample degradation, the data was collected immediately after unblocking
the laser beam. Measurements were carried out by Johannes Richter and Edward
Booker.
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5.5 Transient photoluminescence (TPL) of mixed cation
perovskites
In order to understand why the PLQE of the RbCsMAFAPbIBr sample was
significantly higher than the PLQEs of the other samples, we carried out TPL
measurements on the all samples using the method described in detail in Section 3.3.2.
The low excitation density (~1016 cm-3) TPL spectra, temporally integrated over the first
µs after photoexcitation, are plotted in Figure 5.5. In agreement with the steady-state
absorption spectra, the addition of Br to the lattice blue shifts the TPL spectrum, the
addition of FA to the lattice red shifts the TPL spectrum, and the addition of Cs and Rb
to the lattice slightly blue shifts and red shifts the TPL spectrum respectively.

Figure 5.5 Transient photoluminescence (TPL) spectra of mixed cation perovskite
samples. The TPL spectra, temporally integrated over the first µs after photoexcitation
(solid lines), are centred at 764 nm, 740 nm, 770 nm, 761 nm and 776 nm for the
MAPbI, MAPbIBr, MAFAPbIBr, CsMAFAPbIBr and RbCsMAFAPbIBr samples
respectively. All samples were photoexcited with a 400 nm laser (1 kHz repetition rate,
~90 fs pulse duration, ~25 meV FWHM) with a photoexcitation density of ~1016 cm-3.
Only a small Stokes shift is observed between the TPL and the steady-state absorption
(dotted line) of all samples.
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The corresponding low excitation density (~1016 cm-3) TPL kinetics, spectrally
integrated over the TPL spectra, are plotted in Figure 5.6. It is clear that the
photoluminescent lifetimes (1/e) change dramatically with sample composition, ranging
from 32 ns for the MAPbIBr sample to 335 ns for the RbCsMAFAPbIBr sample. The
excitation density dependent TPL kinetics for each sample are also plotted in Figure 5.6.
In each sample, the TPL lifetime is highly excitation density dependent until the
excitation density drops to below ~1016 cm-3. Below this point, the lifetimes do not
change significantly as the excitation density is reduced further, indicating that the
dominant recombination mechanism transitions from a higher-order process to a firstorder process.
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Figure 5.6 Transient photoluminescence (TPL) kinetics of mixed cation perovskite
samples. (A) The TPL kinetics, spectrally integrated over the TPL spectra, are
measured with a 400 nm laser (1 kHz repetition rate, ~90 fs pulse duration, ~25 meV
FWHM) with a photoexcitation density of ~1016 cm-3. Excitation density dependent TPL
kinetics, spectrally integrated over the TPL spectra, for (B) MAPbI, (C) MAPbIBr, (D)
MAFAPbIBr, (E) CsMAFAPbIBr and (F) RbCsMAFAPbIBr mixed cation perovskite
samples are measured with a 400 nm laser (1 kHz repetition rate, ~90 fs pulse duration,
~25 meV FWHM).
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As described in Section 2.2.2.3.4, recombination in inorganic semiconductors can
generally be described by a sum of first, second and third-order processes, with different
processes dominating recombination at different excitation densities. A detailed review
of the recombination processes occurring in lead halide perovskites may be found in the
literature125,147,151,261,262. Which process dominates recombination, −

𝑑𝑛(𝑡)
𝑑𝑡

, at a given

carrier density 𝑛(𝑡), is dependent on the first, second and third-order recombination
constants 𝑘1 , 𝑘2 and 𝑘3 respectively, as shown in Equation 5.1.
−

𝑑𝑛(𝑡)
= 𝑘1 ∙ 𝑛(𝑡) + 𝑘2 ∙ 𝑛(𝑡)2 + 𝑘3 ∙ 𝑛(𝑡)3 .
𝑑𝑡

5.1

This equation describes how both radiative and non-radiative recombination processes
reduce the carrier density in the material. At any given time 𝑡, the observed TPL signal
TPL(𝑡) scales with the radiative recombination rate (−
TPL(𝑡)~ (−

d𝑛(𝑡)

d𝑛(𝑡)
) .
d𝑡 𝑟𝑎𝑑

d𝑡

)

𝑟𝑎𝑑

at that time,
5.2

Therefore, the TPL kinetics decrease as 𝑛(𝑡) decreases, independent of whether
𝑛(𝑡) decreases through a radiative or non-radiative process, and the first-order
recombination constants can be estimated from low excitation density TPL kinetics, as
shown in Figure 5.7. The MAPbIBr sample was found to have the fastest first-order
decay rate (3.1 x 107 s-1) and the RbCsMAFAPbIBr sample the slowest (3.0 x 106 s-1).
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Figure 5.7 Estimated lifetimes of mixed cation perovskite samples from TPL
measurements. The TPL kinetics (black squares), spectrally integrated over the TPL
spectra, were fitted after either 25 ns or 100 ns with simple monoexponential decays
(solid red line) for the (A) MAPbI, (B) MAPbIBr, (C) MAFAPbIBr, (D) CsMAFAPbIBr
and (E) RbCsMAFAPbIBr mixed cation perovskite samples. All samples were excited
with a 400 nm laser (1 kHz repetition rate, ~90 fs pulse duration, ~25 meV FWHM)
with a photoexcitation density of ~1016 cm-3.
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In order to determine whether radiative recombination is a first, second or third-order
process, the TPL signal is plotted against the carrier density 𝑛(𝑡). This is achieved by
measuring the TPL signal immediately after photoexcitation PL0, when the carrier
density can be calculated from the experimental parameters such as the laser
wavelength, power and spot size, as described in Section 2.2.2.3.4. Plots of PL0 against
carrier density, shown in Figure 5.8, indicate that radiative recombination is always a
second-order process in mixed cation perovskites, even when the dominant carrier
recombination mechanism is first-order. This suggests that radiative recombination
occurs through the band-to-band recombination of free carriers, consistent with previous
literature on other lead halide perovskite materials152,263–265.
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Figure 5.8 Initial TPL signal (PL0) plotted against excitation density n for the mixed
cation perovskite samples.

PL0 (black squares) scales quadratically with carrier

density even at low excitation densities where recombination is dominated by a firstorder process in (A) MAPbI, (B) MAPbIBr, (C) MAFAPbIBr, (D) CsMAFAPbIBr and
(E) RbCsMAFAPbIBr mixed cation perovskite samples. Red lines are guides to the eye
indicating a quadratic dependence. At high excitation densities, the measured value of
PL0 does not continue to increase quadratically with excitation density because the
measurement is limited by the time resolution of the ICCD setup. All samples were
photoexcited with a 400 nm laser (1 kHz repetition rate, ~90 fs pulse duration, ~25 meV
FWHM).
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5.6 Transient absorption (TA) of mixed cation perovskites
Next we carried out TA measurements on the mixed cation perovskite samples in order
to extract the first, second and third-order recombination constants and to confirm
which recombination processes dominate at which carrier densities. All measurements
were done according to the method described in detail in Section 3.3.3. Typical spectra
and kinetics for each mixed cation perovskite sample are shown in Figure 5.9.

Figure 5.9 Transient absorption (TA) spectra and kinetics of mixed cation perovskite
samples. (A) The ground state bleaches (GSB) of the TA spectra, temporally integrated
over the first µs after photoexcitation, are centred around 751 nm, 721 nm, 746 nm, 752
nm and 753 nm for the MAPbI, MAPbIBr, MAFAPbIBr, CsMAFAPbIBr and
RbCsMAFAPbIBr samples respectively. (B) The TA kinetics, spectrally integrated over
the GSB, exhibit lifetimes (1/e) of around 87 ns, 18 ns, 179 ns, 140 ns and 315 ns for the
MAPbI, MAPbIBr, MAFAPbIBr, CsMAFAPbIBr and RbCsMAFAPbIBr samples
respectively. All samples were excited with a 532 nm laser (500 Hz repetition rate, ~2
ns pulse duration, ~25 meV FWHM) with excitation density ~1017 cm-3.
The dominant feature in every TA spectrum is the positive ground state bleach (GSB)
signal, arising from phase-space filling by photoexcited carriers137,162,138, which is
observed at around 720 nm in the MAPbIBr sample and at around 750 nm in all the
other samples. A negative signal at wavelengths below 700 nm is also observed in all
samples, arising from previously reported refractive index changes137. The lifetime of
the GSB signal varies significantly for different sample compositions, with the
MAPbIBr sample having a lifetime of around only 18 ns and the RbCsMAFAPbIBr
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sample having a lifetime of around 315 ns, at an excitation density of ~1017 cm-3. This
spectral shift and increase in lifetime is consistent with the TPL measurements.
The first, second and third-order recombination constants were extracted from the TA
data by plotting the recombination rate −

𝑑𝑛(𝑡)
𝑑𝑡

against carrier density 𝑛(𝑡) for each

mixed cation perovskite sample, as shown in Figure 5.10. As reported in the
literature152, a good estimate of the carrier density as a function of time can be achieved
by integrating over the GSB as a function of time and then scaling this to the initial
excitation density calculated from the experimental parameters such as the laser
wavelength, power and spot size, as described in Section 2.2.2.3.4. Once the carrier
density as a function of time is known, the recombination rate is calculated simply by
taking the derivative of the carrier density with respect to time. This recombination rate
is then plotted against carrier density to generate the plots in Figure 5.10.
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Figure 5.10 Recombination rate plotted against carrier density for all mixed cation
perovskite samples.

Black squares indicate experimental data extracted from TA

measurements on the (A) MAPbI, (B) MAPbIBr, (C) MAFAPbIBr, (D) CsMAFAPbIBr
and (E) RbCsMAFAPbIBr mixed cation perovskite samples. Blue, red and green solid
lines are guides to the eye with gradients of one, two and three, indicating the first,
second and third-order recombination regimes respectively.

132

Chapter 5: Recombination in mixed cation lead halide perovskites

In order to extract the recombination constants for each sample, the plots of
recombination rate against carrier density should simply be fitted with Equation 5.1.
However, since the data spans over multiple orders of magnitude, it is extremely
difficult to fit. Therefore, we took the log of both the recombination rate and carrier
density and fitted the data with Equation 5.3, as shown in Figure 5.11.
𝑑𝑛(𝑡)
log (
) = log(𝑘1 ∙ 10log(𝑛(𝑡)) + 𝑘2 ∙ 102∙log(𝑛(𝑡)) + 𝑘3 ∙ 103∙log(𝑛(𝑡)) ).
𝑑𝑡

5.3
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Figure 5.11 Fits of log(recombination rate) plotted against log(carrier density) for all
mixed cation perovskite samples. The values of a, b and c correspond to the first,
second and third-order recombination constants 𝒌𝟏 , 𝒌𝟐 and 𝒌𝟑 respectively for the (A)
MAPbI, (B) MAPbIBr, (C) MAFAPbIBr, (D) CsMAFAPbIBr and (E) RbCsMAFAPbIBr
mixed cation perovskite samples.
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The recombination constants extracted from TA and TPL are shown in Table 5.2. The
first-order recombination rate constant is largest in the MAPbIBr sample (2.2×107 s-1
from TA and 3.1×107 s-1 from TPL) and smallest in the RbCsMAFAPbIBr sample
(6.0×105 s-1 from TA and <3.0×106 s-1 from TPL). This is in agreement with the
significant variation in lifetime observed in the low excitation density TA and TPL
measurements and indicates that the density of non-radiative first-order recombination
pathways is smaller in the RbCsMAFAPbIBr sample than in the other mixed cation
perovskite samples. This reduction in non-radiative recombination channels is likely to
be the origin of the higher PLQEs and improved device performance observed in these
materials262.
Sample

𝒌𝟏
(s-1)

𝒌𝟐
(cm3 s-1)

𝒌𝟑
(cm6 s-1)

𝒌𝟏 from TPL
(s-1)

MAPbI

2.4×106

1.3×10-11

5.7×10-30

< 9.8×106

MAPbIBr

2.2×107

1.0×10-12

1.3×10-29

3.1×107

MAFAPbIBr

7.3×105

1.8×10-11

2.5×10-29

< 3.4×106

CsMAFAPbIBr

7.6×105

2.4×10-11

8.6×10-30

< 4.8×106

RbCsMAFAPbIBr

6.0×105

6.8×10-12

9.3×10-30

< 3.0×106

Table 5.2 Table of the first, second and third-order recombination rates extracted from
TA and TPL measurements. Both the first-order and second-order recombination rates
are reduced in the best performing RbCsMAFAPbIBr material, indicating a reduction
in the density of undesirable non-radiative recombination pathways.
It is also observed that the second-order recombination rate is smaller in the
RbCsMAFAPbIBr sample than in the CsMAFAPbIBr, MAFAPbIBr and MAPbI
sample. This reduction may originate from a decrease in the density of non-radiative
second-order recombination pathways, which would again lead to an increase in the
PLQE. Evidence for such non-radiative second-order recombination processes have
been reported in the literature, but the origin of these processes is not yet clearly
understood152,266.
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In addition to investigating the effect of mixed cations on recombination, we also used
TA to investigate the effect of mixed cations on carrier cooling. According to the
literature137, in TA measurements on standard lead halide perovskites excited above the
optical bandgap, a negative feature is observed at energies just below the optical
bandgap within the first few picoseconds after photoexcitation. This feature arises from
bandgap renormalisation due to the presence of free charge carriers. Bandgap
renormalisation reduces the bandgap, enabling transitions to previously unavailable
lower energy states. While these states are unoccupied, a negative photo-induced
absorption is observed in TA. This feature decays as the photoexcited carriers cool from
their high energy photoexcited states to the band edge. Therefore, the kinetics of this
feature can be used to compare carrier cooling in the mixed cation perovskite samples.
The kinetics and corresponding TA maps for the mixed cation perovskite samples are
shown in Figure 5.12. No significant differences in the carrier cooling were observed in
the mixed cation perovskite samples, indicating that the fundamental photophysical
properties of these materials are unchanged when organic and inorganic cations are
incorporated into the lattice.
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Figure 5.12 Carrier cooling in mixed cation perovskite samples. (A) Kinetics of the
below bandgap negative feature observed in the TA maps, integrated between 770-780
nm for the MAPbI, MAFAPbIBr, CsMAFAPbIBr and RbCsMAFAPbIBr samples and
between 740-750 nm in the MAPbIBr sample. TA maps of the (B) MAPbI, (C)
MAPbIBr, (D) MAFAPbIBr, (E) CsMAFAPbIBr and (F) RbCsMAFAPbIBr mixed
cation perovskite samples. All samples were excited with a 400 nm laser (1 kHz
repetition rate, ~90 fs pulse duration, ~25 meV FWHM) with a high photoexcitation
density of ~1019 cm-3.
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5.7 X-ray diffraction (XRD) of mixed cation perovskites
In order to gain insight into whether the lower first and second-order recombination rate
constants observed in the RbCsMAFAPbIBr sample originate from structural changes
in the material, x-ray diffraction was carried out by Tudor Thomas, Edward Booker and
Tim van de Goor using the method described in detail in Section 3.2.3. The results are
plotted in Figure 5.13.
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Figure 5.13 X-ray diffraction (XRD) of mixed cation perovskites samples. (A) XRD
patterns and (B) extracted structural properties of MAPbI, MAPbIBr, MAFAPbIBr,
CsMAFAPbIBr and RbCsMAFAPbIBr samples. Measurements were carried out by
Tudor Thomas, Edward Booker and Tim van de Goor.
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According to previous literature267–269, MAPbI adopts a tetragonal crystal structure at
room temperature with space-group I4/mcm. The addition of Br to MAPbI decreases the
tetragonal distortion and acts to make the unit cell lattice parameters of MAPbIBr closer
to those of the cubic perovskite MAPbBr3269. The a-lattice parameter does not change
substantially, whereas the c-lattice parameter roughly obeys Vegard’s law for solid
solutions upon incorporation of Br269. The addition of the bulky organic (NH2)2CH+
cation to MAPbIBr increases both the a-parameter and the c-parameter of MAFAPbIBr,
whereas the addition of the smaller Cs and Rb cations to MAFAPbIBr increases the aparameter and decreases the c-parameter.
The lattice parameters and symmetry of the unit cells are strongly dependent on the
mean ionic radii of the mixed cations. The square base of the tetragonal cell increases
linearly with mean ionic radius, due to steric effects, which results in a decrease in the
c-lattice parameter. It also leads to an increase in tetragonal strain, with the intermediate
sample CsMAFAPbIBr being close to a cubic unit cell. No additional perovskite phases
are observed in any of the materials and there is no obvious trend in lattice strain, which
might be expected as the stoichiometry becomes more complicated.

5.8 Raman spectroscopy of mixed cation perovskites
In order to gain insight into whether the lower first and second-order recombination rate
constants observed in the RbCsMAFAPbIBr sample originate from changes in the
material dynamics, resonant-Raman spectroscopy was carried out by Tudor Thomas
using the method described in detail in Section 3.2.2. The resulting resonant-Raman
spectra are shown in Figure 5.14.
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Figure 5.14 Resonant-Raman spectra of mixed cation perovskites. The peaks at ~150
cm-1 and ~300 cm-1 are assigned to CH3NH3+ and (NH2)2CH+ libration respectively.
The large shoulder observed at low wavenumbers arises from Rayleigh scattering of the
incident laser. Previously reported peaks at <100 cm-1 arising from sample degradation
were not observed. All measurements were carried out by Tudor Thomas.
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According to previous literature, the peak observed at ~150 cm-1 arises from CH3NH3+
libration220,270. This peak becomes increasingly shifted to higher wavenumbers as the
sample composition changes from MAPbIBr, MAFAPbIBr, CsMAFAPbIBr to
RbCsMAFAPbIBr and the equivalent bond-constant for the vibration increases. This is
consistent with the reduction in size of the unit-cell upon incorporation of the heavy
metals, decreasing the relative ease of organic libration. A second peak at ~300 cm-1 is
assigned to (NH2)2CH+ libration, through comparison with the CH3NH3+ bond-constant
and the observation that this peak is only present in samples which contain (NH2)2CH+.
This peak also stiffens, and increases in sharpness as the unit-cell decreases in volume
with the addition of multiple cations, indicating an increased homogeneity of the unit
cell with the addition of multiple cations, consistent with the results from the TA and
TPL measurements.

5.9 Conclusions and future work
In this chapter, we have shown that the origin of the excellent RbCsMAFAPbIBr
perovskite device performance59,271 is likely to be due to the reduction in the density of
non-radiative first and second-order recombination pathways observed in these
materials. Using TA and TPL spectroscopies, we showed that the first-order
recombination rate constant is reduced by almost two orders of magnitude from 2.2x107
s-1 in MAPbIBr to 6.0x105 s-1 in RbCsMAFAPbIBr. This is consistent with previous
reports where the addition of triiodide ions to FAPbI3 films containing small amounts of
MAPbBr3 was found to surpass the formation of deep-level defects6. This reduction in
non-radiative recombination is likely to be the origin of the enhanced PLQEs observed
in the mixed cation perovskite samples, increasing from 2.7% in the MAPbIBr sample
to 26.4% in the RbCsMAFAPbIBr sample. XRD and Raman spectroscopy
measurements indicate that the lattice volume increases upon the addition of FA, Cs and
Rb. Reports on similar materials265 indicate that this increase in lattice volume may
reduce lattice strain, resulting in improved optoelectronic performance and increased
photo-stability.
Further work will be done on these materials to investigate in more detail the role the
mixed cations on the crystal lattice. TA and TPL microscopy will also be carried out in
order to determine whether there are local differences in the first, second and third-order
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recombination rates and whether they correlate with regions of higher and lower
PLQEs.
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6 Recombination in additivecontrolled lead halide perovskites

In this chapter, we use TA, TPL, PLQE and XRD to study the how the photophysical
properties of lead halide perovskites change when organic additives of different sizes
and polarities are incorporated into the crystal lattice. It has been shown by Muyang
Ban and others in the group of Baoquan Sun at Soochow University, that using selected
organic additives to control lead halide perovskite crystallisation can significantly
improve the efficiency of perovskite LEDs, resulting in devices with over 15% EQE. By
studying the radiative recombination channels in these materials using TA and TPL, we
show that this enhancement in efficiency is most likely due to an energy funnelling
effect, arising from the dimensional modulation of the three-dimensional perovskite
crystal structure into a layered quasi-two-dimensional perovskite crystal structure. This
energy funnelling effect appears to localise charge carriers in the material, resulting in
a change in the dominant radiative recombination process from second-order to firstorder and an enhancement in the PLQE. The sample fabrication, steady-state
absorption, XRD and device fabrication in this chapter were carried out by Muyang
Ban and others in the group of Baoquan Sun at Soochow University.
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6.1 Background and motivation
The outstanding developments in lead halide perovskite solar cells have prompted
research into other potential applications for these materials, including lead halide
perovskite light-emitting diodes (LEDs). The first lead halide perovskite LED, with an
EQE of less than 1%7, was reported in 2014. Since then, a number of key developments,
summarised in Table 6.1 on Page 147, have led to the fabrication of lead halide
perovskite LEDs with EQEs of up to 11.7%.
In this chapter, we discuss the photophysical properties of additive-controlled CsPbBr3
perovskites, which were synthesised and incorporated into record-breaking perovskite
LEDs – with EQEs of up to 15.5% – by Muyang Ban and others in the group of
Baoquan Sun at Soochow University. By incorporating the organic molecules
phenethylamine bromide (PEABr) and a chemical additive with an electron-rich -O-CO- chemical bond (-O-C-O-) into the CsPbBr3 perovskite lattice, high efficiency and
large area (1x1.5 cm2) green emitting (515 nm) devices were achieved, as shown in
Figure 6.1. A batch of 42 devices containing both PEABr and -O-C-O- additives, had an
average EQE of ~13%. Devices fabricated with both PEABr and -O-C-O- additives also
exhibited increased stability compared to devices fabricated with only PEABr additives.
Such high efficiencies are typically difficult to achieve, because the charge carriers in
lead halide perovskites have low exciton binding energies and high diffusivity, leading
to reduced radiative recombination rates. These radiative recombination pathways are in
constant

competition

with

non-radiative

recombination

pathways,

such

as

recombination with grain boundary defects or other trap states. Therefore, lead halide
perovskite PLQEs are highly dependent on both trap density and carrier density.
Under normal LED operating conditions, the carrier densities injected into lead halide
perovskite LEDs are usually lower than the trap densities in these materials, resulting in
low PLQEs and device efficiencies. In an attempt to increase the injected carrier
densities, devices have been fabricated with very thin (~20 nm) lead halide perovskite
layers. However, in such thin layers, pinholes are inevitable, resulting in poor device
performance7. Other approaches, such as spatially confining injected charge carriers
within engineered lead halide perovskite nanograins, have led to devices with EQEs of
8.5%272. This approach is reasonably effective in bromide perovskites, but is generally
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not as effective in iodide perovskites, in which the exciton binding energy is often
lower125.
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Table removed for copyright reasons.
EL
Perovskite Type

Device

Publication

EQE

CE

Lmax

Vt

[%]

[cd A-1]

[cd m-2]

[V]

517

0.1

-

364

3.3

08/20147

-

8.53

42.9

-

-

09/2015273

-

8.8

-

-

3.8

06/201674

2.84

8.23

64.2

-

09/201677

763

11.7

-

-

1.3

12/201676

9.3/

17.1/
-

-

02/2017274

Peak
[nm]

Date
[month/year]

ITO/PEDOT:PSS/
CH3NH3PbBr3

CH3NH3PbBr3/F8/
Ca/Ag
Glass/SOCP/

CH3NH3PbBr3

CH3NH3PbBr3/
TPBi/LiF/Al

(C6H5C2H4NH3)2

ITO/TiO2/2D-

(CH3NH3)n1

Perovskite/F8/MoO3/

PbnI3n+1

Au

(PEOA)2(MA)n1
PbnBr3n+1

ITO/PEDOT:PSS/

506/

Perovskite/TPBi/Ba/
Al

520

NMA2FAn1

ITO/ZnO/PEIE/MQW

PbnI3n+1

/TFB/MoOx/Au

BABr:MAPbBr3/B

ITO/PVK/Perovskite/

513/

AI:MAPbI3

TPBi/LiF/Al

748

10.4

0.09

NMA2(FA/Cs)n1

ITO/ZnO/PEIE/MQW

PbnI3n+1

/TFB/MoOx/Au

688

3.70

-

440

2.0

03/2017275

-

7.4

-

8400

-

05/201775

520

10.43

33.9

91000

2.9

06/2017276

514

15.5

49.1

19540

2.8

This work

(PEA)2(MA)n1
PbnBr3n+1

ITO/PEDOT:PSS/
Perovskite/TPBi/LiF/
Al
ITO/ZnO/PVP/

Cs0.87MA0.13PbBr3

Perovskite/CBP/
MoO3/Al

PEA2Csn1
PbnBr3n+1

ITO/polyTPD/Perovskite/
TPBi/LiF/Al

Table 6.1 Table of the highest efficiency perovskite LEDs reported in the literature
since 2014, adapted from reference 8. Our highest performing device had an EQE of
15.5%, which is almost 5% higher than any previously reported perovskite LED.
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Image removed for copyright reasons.

Figure 6.1 Additive-controlled lead halide perovskite LEDs, taken from reference 8.
(A) A 1x1.5 cm2 CsPbBr3 perovskite LED, containing both PEABr and -O-C-Oadditives, operating at 4V. (B) Normalised electroluminescence spectrum from CsPbBr3
devices containing only PEABr and both PEABr and -O-C-O- additives, centred around
515 nm. (C) Histogram of the EQEs of 42 40% PEABr--O-C-O--KBr LEDs, with an
average EQE of ~13%. (D) Normalised EQE of CsPbBr3 devices containing only
PEABr and both PEABr and -O-C-O- additives. Devices were operated at 3.5 V for 100
s. Significant degradation was observed in the CsPbBr3 device containing only the
PEABr additive, while the CsPbBr3 device containing both PEABr and -O-C-Oadditives was relatively stable.
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In order to improve device efficiencies further, a new strategy has been proposed, in
which the dimensionality of the lead halide perovskite lattice is modulated by
incorporating organic additives into the lattice74–77. By modulating the dimensionality of
the lead halide perovskite lattice, the energy landscape of the material can be
engineered, so that charge carriers efficiently funnel into lower energy sites and become
strongly concentrated in localised regions of the material. It has been shown that such
energy funnelling can effectively outcompete non-radiative recombination, resulting in
excellent PLQEs and device performance.
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Image removed for copyright reasons.

Figure 6.2 Diagrams demonstrating how dimensional modulation of the lead halide
perovskite lattice can alter the energy landscape and result in efficiency energy
funnelling, all taken from reference 75. (A) In bulk three-dimensional perovskites, the
low exciton binding energy and high diffusivity of charge carriers results in low
radiative recombination rates. (B) In quasi-two-dimensional perovskites, non-radiative
recombination processes compete with radiative recombination processes. (C) In an
engineered quasi-two-dimensional perovskite system, energy funnelling can occur faster
than non-radiative recombination, leading to an increase in PLQE and device
performance. (D) In a flat energy landscape, significant non-radiative recombination
may occur. (E) In an engineered energy landscape, strong funnelling may outcompete
non-radiative recombination. (F) Energy funnelling results in higher PLQEs at lower
carrier densities.

150

Chapter 6: Recombination in additive-controlled lead halide perovskites

The excellent device efficiencies achieved by the group of Baoquan Sun at Soochow
University, indicate that similar energy funnelling processes may be occurring in our
additive-controlled

lead

halide

perovskites.

By

combining

results

from

photoluminescence quantum efficiency (PLQE), transient photoluminescence (TPL),
transient absorption (TA), x-ray diffraction (XRD) spectroscopies we aim to investigate
the role of energy funnelling processes in these materials and develop an understanding
of how energy funnelling processes can be controlled to further improve device
performance. This will be the focus of this chapter.

6.2 Preparation of additive-controlled perovskites
All additive-controlled perovskites were prepared by the group of Baoquan Sun at
Soochow University, using the methods described in detail in Section 3.1.3. Throughout
this chapter we use the nomenclature 0% PEABr, 40% PEABr, 40% PEABr--O-C-Oand 40% PEABr--O-C-O--KBr to refer to the complete CsPbBr3 perovskite compounds
containing various combinations of the phenethylamine bromide (PEABr), a chemical
additive with an electron-rich -O-C-O- chemical bond (-O-C-O-) and potassium
bromide (KBr) additives. We chose to study only materials containing a 40% ratio of
PEABr, as these materials exhibited the highest PLQEs and device efficiencies8. The
full details of the chemical additive with an electron-rich -O-C-O- chemical bond (-OC-O-) will be published shortly8.

6.3 Steady-state absorption and steady-state
photoluminescence of additive-controlled perovskites
In order to investigate the effect of the PEABr and -O-C-O- additives on the optical
properties of the CsPbBr3 perovskite, steady-state absorption and photoluminescence
spectra were measured by the group of Baoquan Sun. The steady-state absorption and
photoluminescence spectra of 0% PEABr, 40% PEABr and 40% PEABr--O-C-O- are
shown in Figure 6.3. The 40% PEABr--O-C-O--KBr spectra are indistinguishable from
the 40% PEABr--O-C-O- spectra.
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Image removed for copyright reasons.

Figure 6.3 Steady-state absorption and photoluminescence of CsPbBr3 with PEABr and
-O-C-O- additives, taken from reference 8. (A) Steady-state absorption spectra and (B)
steady-state photoluminescence spectra for 0% PEABr (red lines) and 40% PEABr
(black lines) samples with (dotted lines) and without (solid lines) -O-C-O-.
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In the 0% PEABr sample, an exciton-like absorption peak is observed at ~520 nm. This
peak reduces in intensity as the percentage of PEABr is increased and is barely visible
in the 40% PEABr sample. This reduction in intensity is consistent with a reduction in
the interaction between charge carriers. As the percentage of PEABr is increased from
0% to 40%, new absorption peaks also appear at ~405 nm, ~436 nm and ~467 nm. Such
peaks have been assigned in the literature to n = 1, 2 and 3 perovskite nanoplatelets,
where n corresponds to the number of perovskite unit cells stacked in the
nanoplatelet277. The intensity of these peaks reduce when -O-C-O- is added. The
appearance of these peaks suggest the formation of an ensemble of differently sized
nanocrystalline regions, which is modified by the addition of -O-C-O-.
Despite the significant changes observed in the steady-state absorption spectra, the
steady-state photoluminescence spectra remain similar as the percentage of PEABr is
increased from 0% to 40%. There is a slight peak shift from ~525 nm in the 0% PEABr
sample to ~515 nm in the 40% PEABr sample, consistent with the slight blue shift
observed in the main absorption peak at ~520 nm, and most likely due a reduction in the
mean of the grain size distribution. Although photoexcitation was carried out with a 365
nm laser, no additional features associated with the higher energy absorption peaks are
observed, indicating that emission from the thinner nanoplatelets is negligible compared
to the dominating photoluminescence observed from the thicker nanoplatelets (n > 15)
and three-dimensional regions. This suggests that energy is efficiently funnelled from
smaller, higher energy regions of the sample to larger, lower energy regions of the
sample before radiative recombination occurs.

6.4 Photoluminescence quantum efficiency (PLQE) of
additive-controlled perovskites
As discussed in Section 5.4, materials with higher PLQEs usually perform better in
devices, because recombination is more likely to occur through desirable radiative
pathways rather than undesirable non-radiative pathways165. The PLQEs of the additivecontrolled perovskites were measured by the group of Baoquan Sun and are shown in
Table 6.2. The PLQEs vary by almost two orders of magnitude from <1% in the 0%
PEABr sample to 70% in the 40% PEABr--O-C-O- sample.
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Sample

PLQE (%)

0% PEABr

< 1%

40% PEABr

23%

40% PEABr--O-C-O-

70%

40% PEABr--O-C-O--KBr

71%

Table 6.2 Table of the PLQEs of the additive-controlled perovskites. All samples were
excited with a 365 nm laser with an intensity of ~2.3 mW cm-2. Measurements were
carried out by the group of Baoquan Sun.
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6.5 Transient photoluminescence (TPL) of additive-controlled
perovskites
In order to understand why the PLQE of the 40% PEABr--O-C-O- sample was
significantly higher than the PLQEs of the 40% PEABr and 0% PEABr samples we
carried out TPL measurements on these samples and the 40% PEABr--O-C-O--KBr
sample. The low excitation density (~1016 cm-3) TPL spectra and kinetics are plotted in
Figure 6.4. The 0% PEABr spectrum is slightly red shifted compared to the other
samples, consistent with the steady-state absorption and photoluminescence
measurements. But the 40% PEABr, 40% PEABr--O-C-O- and 40% PEABr--O-C-O-KBr spectra are all centred at ~518 nm, suggesting that radiative recombination in these
materials occurs dominantly in thicker nanoplatelets (n > 15) and three-dimensional
regions.
Despite the similarities observed in the TPL spectra, the TPL kinetics vary significantly,
with lifetimes ranging from <5 ns in the 0% PEABr sample to ~58 ns in the 40%
PEABr--O-C-O--KBr. The observed combination of a longer photoluminescence
lifetime and an increased PLQE, suggest that the density of non-radiative recombination
pathways and therefore the non-radiative recombination rate is reduced when PEABr,
PEABr--O-C-O- and PEABr--O-C-O--KBr are added to standard CsPbBr3 perovskites.
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Figure 6.4 Transient photoluminescence (TPL) spectra and kinetics of additivecontrolled perovskite samples. (A) The TPL spectra, temporally integrated over the first
10 ns after photoexcitation, are centred at ~518 nm for all samples except for the 0%
PEABr sample which is centred at ~526 nm. (B) The TPL kinetics, spectrally integrated
over the TPL spectra, exhibit lifetimes of <5 ns, ~8 ns, ~36 ns and ~58 ns for the 0%
PEABr, 40% PEABr, 40% PEABr--O-C-O- and 40% PEABr--O-C-O--KBr samples
respectively. All samples were photoexcited with a 400 nm laser (1 kHz repetition rate,
~90 fs pulse duration, ~25 meV FWHM) with a photoexcitation density of ~1016 cm-3.
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The excitation density dependent TPL kinetics, spectrally integrated over the TPL
spectrum, are plotted in Figure 6.5. The lifetime of the 0% PEABr sample is shorter
than the time resolution of the ICCD setup, so it is not possible to compare the lifetimes
at different excitation densities. In the 40% PEABr, 40% PEABr--O-C-O- and 40%
PEABr--O-C-O--KBr samples, the photoluminescence lifetimes seem independent of
excitation density below excitation densities of ~1018 cm-3. At higher excitation
densities, the photoluminescence lifetimes become shorter with increasing excitation
densities. This indicates a transition in the dominant recombination mechanism from a
first-order process at low and mid excitation densities to a higher-order process at high
excitation densities.

Figure 6.5 Transient photoluminescence (TPL) kinetics of additive-controlled
perovskite samples. The TPL kinetics, spectrally integrated over the TPL spectra, are
measured with a 400 nm laser (1 kHz repetition rate, ~90 fs pulse duration, ~25 meV
FWHM) for the (A) 0% PEABr, (B) 40% PEABr, (C) 40% PEABr--O-C-O- and (D)
40% PEABr--O-C-O--KBr samples. The photoluminescence lifetime of the 0% PEABr
sample is shorter than the time resolution of the ICCD setup, so cannot be resolved.
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As described in Section 2.2.2.3.4, recombination (−

𝑑𝑛(𝑡)
𝑑𝑡

) in lead halide perovskites

can be described by a sum of first, second and third-order processes, with first, second
and third-order recombination rate constants 𝑘1 , 𝑘2 and 𝑘3 respectively125,147,151,261,262.
Different radiative and non-radiative recombination processes dominate recombination
at different excitation densities 𝑛(𝑡), as shown in Equation Figure 6.1.
−

𝑑𝑛(𝑡)
= 𝑘1 ∙ 𝑛(𝑡) + 𝑘2 ∙ 𝑛(𝑡)2 + 𝑘3 ∙ 𝑛(𝑡)3 .
𝑑𝑡

6.1

At any given time 𝑡 , the observed TPL signal TPL(𝑡) scales with the radiative
recombination rate (−

d𝑛(𝑡)
d𝑡

)

𝑟𝑎𝑑

at that time,
TPL(𝑡)~ (−

d𝑛(𝑡)
) .
d𝑡 𝑟𝑎𝑑

6.2

Therefore, the TPL kinetics decrease as 𝑛(𝑡) decreases, independent of whether
𝑛(𝑡) decreases through a radiative or non-radiative process.
In order to determine whether radiative recombination is a first, second or third-order
process, the TPL signal is plotted against the carrier density, 𝑛(𝑡). This is achieved by
measuring the TPL signal immediately after photoexcitation PL0, when the carrier
density can be calculated from the experimental parameters such as the laser
wavelength, power and spot size, as described in Section 2.5.2. Plots of PL0 against
carrier density for the additive-controlled perovskite samples are shown in Figure 6.6.
Interestingly, the dominant radiative recombination process seems to be second-order
only in the 0% PEABr sample. In the 40% PEABr, 40% PEABr--O-C-O- and 40%
PEABr--O-C-O--KBr samples, the dominant radiative recombination process seems to
be first-order.
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Figure 6.6 Initial TPL signal (PL0) plotted against excitation density (n) for the
additive-controlled perovskite samples. PL0 (black circles) scales quadratically with
carrier density only in the (A) 0% PEABr sample. In the (B) 40% PEABr, (C) 40%
PEABr--O-C-O- and (D) 40% PEABr--O-C-O--KBr samples, PL0 scales linearly with
carrier density, except when the excitation density is higher than ~1018 cm-3. Red and
blue lines are guides to the eye indicating quadratic and linear dependencies
respectively. All samples were photoexcited with a 400 nm laser (1 kHz repetition rate,
~90 fs pulse duration, ~25 meV FWHM).
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In typical three-dimensional lead halide perovskites, radiative recombination is always a
second-order process arising from band-to-band recombination of free carriers152,263–265.
This is a second-order process, since doubling the number of charge carriers quadruples
the number of ways the carriers can recombine. First-order radiative recombination is
only observed in lead halide perovskite nanocrystals, at excitation densities lower than
the density of nanocrystals, such that each nanocrystal contains no more than a single
photoexcited charge carrier pair155–157. This is a first-order process, since doubling the
number of charge carriers only doubles the recombination rate, because the charge
carrier pairs are localised and can only recombine geminately. We confirmed this
behaviour by plotting the initial TPL signal against carrier density for a film of CsPbI3
nanocrystals prepared by Nathaniel Davis using the method described in detail in
Section 3.1.1.2. As shown in Figure 6.7, the radiative recombination rate scales linearly
with laser power, indicating that radiative recombination is dominated by a first-order
process.

Figure 6.7 Initial TPL signal (PL0) plotted against excitation density (n) for a film of
CsPbI3 nanocrystals. PL0 (black circles) scales linearly with laser power. Blue line is a
guide to the eye indicating the linear dependence. PL0 is spectrally integrated over the
TPL spectrum, between 640-740 nm. The sample was photoexcited with a 400 nm laser
(1 kHz repetition rate, ~90 fs pulse duration, ~25 meV FWHM) with a beam diameter
(FWHM) of 600×580 µm.
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The observation that radiative recombination is dominated by a first-order process
indicates that the 40% PEABr, 40% PEABr--O-C-O- and 40% PEABr--O-C-O--KBr
samples are not typical three-dimensional lead halide perovskite materials. Instead, it
suggests that these materials consist of nanocrystalline regions in which charge carriers
are localised. This is in agreement with the steady-state absorption spectra, which
indicate that these materials consist of nanoplatelets of different thicknesses. Since
emission from thinner nanoplatelets is not observed in the steady-state or TPL spectra, it
is likely that efficient energy funnelling is occurring from the higher energy thinner
nanoplatelets into the lower energy thicker nanoplatelets (n > 15) and three-dimensional
regions. Once the charge carriers are localised on these thicker nanoplatelets (n > 15)
and three-dimensional regions, it appears that efficient first-order radiative
recombination occurs.

6.6 Transient absorption (TA) of additive-controlled
perovskites
Next we carried out TA measurements on the additive-controlled perovskite samples in
order to extract the first, second and third-order recombination constants and to confirm
which recombination processes dominate at which carrier densities. All measurements
were done according to the method described in detail in Section 3.3.3. Typical spectra
and kinetics for each additive-controlled perovskite sample are shown in Figure 6.8.
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Figure 6.8 Transient absorption (TA) spectra and kinetics of additive-controlled
perovskite samples. (A) The ground state bleaches (GSB) of the TA spectra, temporally
integrated over the first 10 ns after photoexcitation, are centred at 518 nm, 511 nm, 509
nm and 512 nm for the 0% PEABr, 40% PEABr, 40% PEABr--O-C-O- and 40%
PEABr--O-C-O--KBr samples respectively. (B) The TA kinetics, spectrally integrated
over the GSB, exhibit lifetimes (1/e) of around 7 ns, 43 ns, 34 ns and 44 ns for the 0%
PEABr, 40% PEABr, 40% PEABr--O-C-O- and 40% PEABr--O-C-O--KBr samples
respectively. All samples were excited with a 532 nm laser (500 Hz repetition rate, ~2
ns pulse duration, ~25 meV FWHM) with excitation density ~1016 cm-3.
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The dominant feature in every TA spectrum is the positive ground state bleach (GSB)
signal, arising from phase-space filling by photoexcited carriers137,162,138, which is
observed at around 520 nm in the 0% PEABr sample and at around 510 nm in all the
other samples. The lifetime of the GSB signal varies significantly for different sample
compositions, with the 0% PEABr sample having a lifetime of around only 7 ns and the
40% PEABr--O-C-O--KBr sample having a lifetime of around 44 ns, at an excitation
density of ~1016 cm-3. This spectral shift and increase in lifetime is consistent with the
TPL measurements.
The first, second and third-order recombination constants were extracted from the TA
data by plotting the recombination rate −

𝑑𝑛(𝑡)
𝑑𝑡

against carrier density 𝑛(𝑡) for each

additive-controlled perovskite sample, as shown in Figure 6.9. As reported in the
literature152, a good estimate of the carrier density as a function of time can be achieved
by integrating over the GSB as a function of time and then scaling this to the initial
excitation density calculated from the experimental parameters such as the laser
wavelength, power and spot size, as described in Section 2.2.2.3.4. Once the carrier
density as a function of time is known, the recombination rate is calculated simply by
taking the derivative of the carrier density with respect to time. This recombination rate
is then plotted against carrier density to generate the plots in Figure 6.9.
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Figure 6.9 Recombination rate plotted against carrier density for all additive-controlled
perovskite samples.

Black squares indicate experimental data extracted from TA

measurements on the (A) 0% PEABr, (B) 40% PEABr, (C) 40% PEABr--O-C-O- and
(D) 40% PEABr--O-C-O--KBr additive-controlled perovskite samples. Blue, red and
green solid lines are guides to the eye with gradients of one, two and three, indicating
the first, second and third-order recombination regimes respectively. Recombination in
the 0% PEABr sample is clearly dominated by a second-order process between
excitation densities of ~1015-1018 cm-3. However, it is not clear that a second-order
process dominates recombination at any excitation density in the 40% PEABr, 40%
PEABr--O-C-O- and 40% PEABr--O-C-O--KBr samples.
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In order to extract the recombination constants for each sample, the plots of
recombination rate against carrier density should simply be fitted with Equation 6.1.
However, since the data spans over multiple orders of magnitude, it is extremely
difficult to fit. Therefore, we took the log of both the recombination rate and carrier
density and fitted the data with Equation 6.3, as shown in Figure 6.10.
𝑑𝑛(𝑡)
log (
) = log(𝑘1 ∙ 10log(𝑛(𝑡)) + 𝑘2 ∙ 102∙log(𝑛(𝑡)) + 𝑘3 ∙ 103∙log(𝑛(𝑡)) ).
𝑑𝑡

6.3

Figure 6.10 Fits of log(recombination rate) plotted against log(carrier density) for all
additive-controlled perovskite samples. The values of a, b and c correspond to the first,
second and third-order recombination constants 𝒌𝟏 , 𝒌𝟐 and 𝒌𝟑 respectively for the (A)
0% PEABr, (B) 40% PEABr, (C) 40% PEABr--O-C-O- and (D) 40% PEABr--O-C-O-KBr additive-controlled perovskite samples.
The recombination rate constants extracted from TA and TPL are shown in Table 6.3.
The second-order recombination rate constants are an order of magnitude smaller in the
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40% PEABr, 40% PEABr--O-C-O- and 40% PEABr--O-C-O--KBr samples than in the
0% PEABr sample. In fact, the 40% PEABr, 40% PEABr--O-C-O- and 40% PEABr-O-C-O--KBr samples may be approximated reasonably well with only first-order and
third-order recombination rate constants, as shown in Figure 6.11. In agreement with the
TPL measurements, this suggests that second-order recombination processes are less
likely to occur in additive-controlled perovskites than in standard lead halide
perovskites and is evidence that the charge carriers are localised in these materials158.
The third-order recombination rate constants are also an order of magnitude larger in the
40% PEABr--O-C-O- and 40% PEABr--O-C-O--KBr samples than in the 0% PEABr
and 40% PEABr samples. This is consistent with our prediction that charge carriers are
more localised in smaller nanocrystalline regions in these materials, resulting in an
enhanced interaction probability at high excitation densities and a faster Auger
recombination rate125.

Sample

𝒌𝟏 (s-1)

𝒌𝟐 (cm3 s-1)

𝒌𝟑 (cm6 s-1)

0% PEABr

3.9×106

1.2×10-9

4.8×10-28

40% PEABr

5.7×106

5.2×10-11

1.3×10-28

40% PEABr--O-C-O-

9.0×106

1.9×10-10

1.8×10-27

40% PEABr--O-C-O--KBr

3.6×106

7.3×10-10

5.6×10-27

Table 6.3 Table of the first, second and third-order recombination rates extracted from
TA and TPL measurements. The second-order recombination rate constant is an order
of magnitude smaller in the 40% PEABr, 40% PEABr--O-C-O- and 40% PEABr--O-CO--KBr samples than in the 0% PEABr sample, indicating that second-order
recombination is less dominating in these materials. The third-order recombination rate
is also an order of magnitude larger in the 40% PEABr--O-C-O- and 40% PEABr--OC-O--KBr samples than in the 0% PEABr and 40% PEABr samples, indicating that
carriers are more localised and therefore more likely to interact with each other in
these materials.
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Figure 6.11 Fits of log(recombination rate) plotted against log(carrier density) for all
additive-controlled perovskite samples. The red lines are fits including the first, second
and third-order recombination rate constants for the (A) 0% PEABr, (B) 40% PEABr,
(C) 40% PEABr--O-C-O- and (D) 40% PEABr--O-C-O--KBr additive-controlled
perovskite samples. The blue lines are the same fits with the second-order
recombination rate constant set to zero.
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6.7 Scanning electron microscopy (SEM), atomic force
microscopy (AFM) and grazing incidence x-ray diffraction
(GIXRD) of additive-controlled perovskites
In order to confirm that the organic PEABr and -O-C-O- additives cause structural
changes to the CsPbBr3 perovskite, SEM, AFM and GIXRD was carried out by the
group of Baoquan Sun, as shown in Figure 6.12. The SEM and AFM images show that
the film morphology is significantly improved in the 40% PEABr and 40% PEABr--OC-O- samples than in the 0% PEABr sample. These films have fewer holes and a lower
surface roughness, due to the smaller grain sizes observed in these materials. This
suggests that the large PEABr molecules impede perovskite crystal growth, consistent
with previous reports in which long-chain ammonium halides were used to impede
perovskite growth, reduce surface roughness and reduce the perovskite dimensionality
from three-dimensional to two-dimensional274.
The GIXRD measurements suggest that adding PEABr to the CsPbBr3 perovskite
causes the crystallites to preferentially align with the substrate. In the 0% PEABr
GIXRD pattern, powder-like rings are observed, indicating that the crystallites have a
preferred orientation in the 110 direction but are randomly aligned. Whereas in the 40%
PEABr and 40% PEABr--O-C-O- GIXRD patterns, distinct peaks are observed. This is
consistent with the formation of self-stacked two-dimensional nanoplatelets74,278. The
XRD peaks are also broader in the 40% PEABr and 40% PEABr--O-C-O- samples.
This suggests that the average size of the crystallites is smaller in these materials, as
shown in Table 6.4, and is consistent with the reductions in crystallite size observed in
the SEM and AFM images. An additional peak is observed in the 40% PEABr GIXRD
pattern, arising from PEABr crystallisation. This peak is not observed in the 40%
PEABr--O-C-O- GIXRD pattern, indicating that the addition of -O-C-O- suppresses
PEABr crystallisation, further reducing the average perovskite crystallite size and
further improving film morphology. The role of KBr is still being investigated.
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Image removed for copyright reasons.

Figure 6.12 Structural characterisation of additive-controlled perovskites. Grazingincidence x-ray diffraction (GIXRD, left), scanning electron microscopy (SEM, middle)
and atomic force microscopy (AFM, right) of (A) 0% PEABr, (B) 40% PEABr and (C)
40% PEABr--O-C-O-. An additional peak is observed in the 40% PEABr GIXRD
pattern (red arrow), indicating PEABr crystallisation. The SEM images indicate that
the 40% PEABr and 40% PEABr--O-C-O- film morphologies are of high quality and
consist of small crystallites. The AFM images indicate that the root mean squared
(r.m.s) roughness is significantly lower in the 40% PEABr and 40% PEABr--O-C-Osamples than in the 0% PEABr sample. The scale bars on the SEM images are all 200
nm. The scan areas of the AFM images are all 2 × 2 µm.
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Sample

Average grain size (nm)

0% PEABr

42.8

40% PEABr

18.5

40% PEABr--O-C-O-

13.3

Table 6.4 Table of the average grain size of the additive-controlled perovskite samples.
Average grain sizes were extracted from θ-2θ XRD using the Scherer equation.
Measurements were carried out by the group of Baoquan Sun.
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6.8 Conclusions and future work
In this chapter, we have demonstrated highly efficient additive-controlled CsPbBr3
perovskite LEDs, with EQEs of over 15%. We have shown that the origin of this
excellent device performance is likely to be due to the increased carrier localisation
observed in these materials. Using steady-state absorption and photoluminescence
measurements, we have shown that the incorporation of phenethylamine bromide
(PEABr) and a chemical additive with an electron-rich -O-C-O- chemical bond (-O-CO-) into CsPbBr3 perovskite lattice seems to modulate the dimensionality of the
CsPbBr3 perovskite lattice. This modulation appears to enable an efficient energy
funnelling process to lower energy emissive states in the material, which outcompetes
the non-radiative recombination processes that dominate recombination in typical threedimensional perovskites. This is in agreement with TPL measurements, which indicate
that radiative recombination is dominated by a second-order process in standard
CsPbBr3, but by a first-order process in CsPbBr3 with PEABr and -O-C-O- additives.
We demonstrated that the same behaviour is observed in standard CsPbI3 nanocrystal
films, suggesting that charge carrier localisation is occurring in the additive-controlled
perovskite films. This is confirmed by TA measurements, which show that second-order
recombination is suppressed and third-order recombination is enhanced in the materials
containing PEABr and -O-C-O- molecules. This energy funnelling effect leads to an
increase in the PLQE from <1% to 70% and is most likely the origin of the excellent
device performance.
Further work will be done on these materials to investigate in more detail how different
organic additives modify the crystal lattice and also to understand how the KBr further
enhances the PLQE. Different organic additives might lead to even more efficient
energy funnelling processes, resulting in even higher device efficiencies.
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7 Conclusions and future work

In this thesis, we used transient photoluminescence and absorption spectroscopies to
investigate the fundamental nature of charge carrier generation, relaxation and
recombination in a range of lead halide perovskites. We studied the standard lead halide
perovskites, as well as the lead halide perovskites used in the current record perovskite
solar cells – with power conversion efficiencies of over 22% – and the current record
perovskite light-emitting diodes – with external quantum efficiencies of over 15%. We
found that the optical and electronic properties of lead halide perovskites can be readily
tuned by modifying the lead halide lattice. The choice of A-site cation appears not to
have any direct effect on the fundamental photophysical properties of these materials,
but it can have a significant indirect influence if it modifies the lead halide lattice.
We have shown that lead halide perovskites have different photophysical properties to
those observed in classical purely organic and inorganic semiconductors. The hybrid
nature of the lead halide perovskite crystal lattice results in a dynamic and highly
flexible material with easily modifiable optical and electronic properties. In particular,
we have demonstrated that in the future it may be possible to enhance the general
optoelectronic performance a range of standard lead halide perovskites by applying
external strain, how incorporating mixed A-site cations into CH3NH3PbI3 perovskites
can improve solar cell performance and how using organic molecular additives in
CsPbI3 perovskites can improve light-emitting diode performance.
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In Chapter 4, we investigated how the optoelectronic properties of lead halide
perovskites differ from those observed in classical organic and inorganic
semiconductors and considered the impact of the hybrid nature of these materials on
device performance.

Using linear polarisation

selective transient

absorption

spectroscopy, we showed that lead halide perovskites exhibit a photo-induced
anisotropy. This anisotropy lives for ~10 ps in iodide perovskites and ~1 ps in bromide
perovskites, which is significantly longer than the typical carrier scattering times in
these materials. Using first-principles calculations, we demonstrated that this anisotropy
likely originates from dynamic deformations of the lead halide lattice. These
deformations occur over length scales of ~10 nm and lead to local variations in the
optical and electronic properties of lead halide perovskites. By stabilising and
enhancing this effect, for example by applying external strain to the material, it may be
possible to control the optoelectronic properties of these materials in devices and
enhance device performance.
In Chapter 5, we investigated how the incorporation of mixed A-site cations into the
lead halide perovskite lattice can also lead to significant improvements in solar cell
performance. By combining transient photoluminescence and absorption spectroscopies
we found that the first-order and second-order recombination rates were reduced by
almost two orders of magnitude when a mixture of rubidium, caesium and
formamidinium were used in the preparation of methylammonium lead halide
perovskites. This suggests that the density of non-radiative first and second-order
recombination pathways is reduced in these materials, most likely because of a
reduction in the formation of deep-level defects. We also found that radiative
recombination is always dominated by a second-order process and that the PLQEs
increase as the first and second-order recombination rates decrease. Changes to the
lattice volume measured with x-ray diffraction and Raman spectroscopy indicate that
the observed increases in PLQE and reduction in defect density most likely arise from a
reduction in lattice strain, which leads to enhanced solar cell performance and photostability in these materials.
In Chapter 6, we investigated how the incorporation of organic molecular additives into
the lead halide perovskite lattice can also lead to significant improvements in lightemitting diode performance. By combining transient photoluminescence and absorption
spectroscopies with scanning electron microscopy, atomic force microscopy and grazing
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incidence x-ray diffraction, we showed that the addition of phenethylamine bromide and
a chemical additive with an electron-rich -O-C-O- chemical bond can modulate the
dimensionality of a caesium lead bromide perovskite lattice. As the dimensionality is
modulated, the second-order recombination rate is reduced, the third-order
recombination rate is increased, and radiative recombination changes from a dominantly
second-order process to a dominantly first-order process without corresponding changes
in the emission spectra. This suggests that the dimensionality modulation enables an
efficient energy funnelling process to localised lower energy regions of the material
where the carriers interact more frequently and radiatively recombine more effectively.
These energy funnelling and carrier localisation effects seem to enhance the PLQE at
low excitation densities and lead to enhanced light-emitting diode performance in these
materials.
The work carried out in Chapters 4-6 has highlighted that the optoelectronic properties
of lead halide perovskites are extremely sensitive to modifications in the lead halide
lattice. These high levels of control suggest a future where different lead halide
perovskite materials will be precisely manufactured for specific optoelectronic
applications. There are a number of new potential molecular additives and treatments,
which could be applied to lead halide perovskites to further improve performance. Such
treatments could also be applied locally in order to locally modulate the perovskite
crystal structure. The effect of these modulations on the optoelectronic properties of the
material could then be locally probed with transient photoluminescence and absorption
microscopy techniques. By combining the knowledge from such investigations, it is
likely that we will be able to significantly improve the performance of lead halide
perovskite solar cells and light-emitting diodes over the next few years.

174

Chapter 7: Conclusions and future work

LIST OF PUBLICATIONS
Jasmine P. H. Rivett, Tudor H. Thomas, Johannes M. Richter, Edward Booker, Tim
Van De Goor, Siân E. Dutton, Dan Credgington, Michael Saliba, Felix Deschler
“Recombination in mixed-cation lead-halide perovskites” In preparation

Jasmine P. H. Rivett, Liang Z. Tan, Michael B. Price, Nathaniel J. L. K. Davis,
Roxanne Middleton, Andrew M. Rappe, Dan Credgington, Felix Deschler “Dynamic
structural motions generate long-lived photo-excited polarization anisotropy in hybrid
perovskites” Submitted
Muyang Ban‡, Yatao Zou‡, Jasmine P. H. Rivett‡, Yingguo Yang, Tudor H. Thomas,
Yeshu Tan, Tao Song, Xinyu Gao, Dan Credgington, Felix Deschler, Henning
Sirringhaus, Baoquan Sun “Solution-Processed Perovskite Light Emitting Diodes with
Efficiency Exceeding 15% through Additive-Controlled Nanostructure Tailoring”
Submitted (‡ These authors contributed equally to this work)

Jasmine P. H. Rivett, Johannes M. Richter, Michael B. Price, Dan Credgington, Felix
Deschler “Carrier-phonon interactions in hybrid halide perovskites probed with ultrafast
anisotropy studies” SPIE Nanoscience + Engineering 99231E-99231E-4 (2016)

Dawei Di, Alexander S. Romanov, Le Yang, Johannes M. Richter, Jasmine P. H.
Rivett, Saul Jones, Tudor H. Thomas, Mojtaba Abdi Jalebi, Richard H. Friend, Mikko
Linnolahti, Manfred Bochmann, Dan Credgington “High-performance light-emitting
diodes based on carbene-metal-amides” Science 356, 6334 (2017)

Johannes M. Richter, Mojtaba Abdi-Jalebi, Aditya Sadhanala, Maxim Tabachnyk,
Jasmine P. H. Rivett, Luis M. Pazos-Outón, Karl C. Gödel, Michael Price, Felix
Deschler, Richard H. Friend “Enhancing photoluminescence yields in lead halide
perovskites by photon recycling and light out-coupling” Nat. Commun. 7, 13941 (2016)

175

Charge Carrier Dynamics of Lead Halide Perovskites Probed with Ultrafast Spectroscopy

Marcus L. Böhm, Tom C. Jellicoe, Jasmine P. H. Rivett, Aditya Sadhanala, Nathaniel
J. L. K. Davis, Frederik S. F. Morgenstern, Karl C. Gödel, Jayamurugan Govindasamy,
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