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Abstract

Metal halide perovskites have garnered a great deal of interest over the last few
years due to their impressive — and rapidly increasing — performance as materials for
solar cells. In particular, mixed-halide perovskites are essential for use in all-perovskite
or perovskite-silicon tandem solar cells due to their tunable bandgap. However, one
major obstacle to their use is the compositional instability some mixed-halide perovskites
experience under illumination or charge-carrier injection, during which the perovskite
material demixes into regions of differing halide content. Such segregation of halide
ions adversely affects the electronic properties of the material and severely limits the
prospects of mixed-halide perovskite technology. While, empirically, the crystallinity,
stoichiometry, and optoelectronic properties of the perovskite — alongside other factors
— are known to influence the halide segregation dynamics, the underlying mechanisms
are still poorly understood. The work of this thesis elucidates many issues regarding
the halide segregation phenomenon, and helps to explain the fundamental dynamics
at the heart of this instability problem.

The dependence of the halide segregation mechanism on the atmospheric environment
surrounding the perovskite is investigated, revealing that encapsulation of the films
with a thick layer of poly(methyl methacrylate) allows the segregation dynamics to be
fully reversible and repeatable. From measurements of photon efficacy on halide ion
separation, electronic trap states are revealed to play a pivotal role in the segregation
mechanism. A predictive, empirical model is created to quantify this relationship, and
is shown to match results in the literature.

An investigation is conducted on full mixed-halide perovskite photovoltaic devices to
study the impact of electric fields on both the dynamics of halide segregation and other
mobile ionic behaviours. Three distinct defect species are identified in the perovskite,
and their influence on the perovskite material is determined. Additionally, charge-carrier
extraction from low-bandgap regions of perovskite suggests the existence of charge-carrier
percolation pathways through grain boundaries.

Finally, simultaneous, in situ X-ray diffraction and photoluminescence measurements
are made utilising a home-built setup, and are used to study the role of stoichiometry on
halide segregation in two different perovskite compositions. Fast ionic pathways — proposed
to exist at grain boundaries — are found to strongly impact the ionic movement associated
with halide segregation, resulting in extremely different compositional evolutions in

high- and low-stability materials.
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Introduction

The acquisition and effective utilisation of energy sources have always been prime
concerns of any human civilisation. From the discovery of fire, through the industrial
revolution, and on to the advent of non-fossil fuel based power, the development of
energy sources is intimately and deeply tied to the development of human civilisation
itself. Unfortunately, the use of energy sources throughout human history has not been
without consequence [1, 2]. Fossil fuels — coal, gas and oil — have, due to their relative
abundance and ease of use, dominated as energy sources over the last 100 years [3], but
emit harmful pollutants such as CO, that are having a devastating and lasting impact
on the earth’s climate [1, 2]. As a result there has recently been increasing interest in
developing non-polluting, sustainable energy sources. While the laws of thermodynamics
ensure that no energy source can ever be considered perfectly sustainable for all time,
power sources that derive immediately or nearly immediately from the sun, such as solar,
wind and hydropower, are considered to have a lifetime long enough — around 5 billion
years — to be considered “sustainable”. Additionally, and perhaps more importantly,
generating power from the sun results in a lower emission of greenhouse gases than the

utilisation of fossil fuels. As a result, sustainable energy sources represent — almost by
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definition — a long-term solution to mankind’s energy needs, although certain hurdles
must first be overcome in order to make such energy sources viable on large scales.

In the remarkably short timescale of around a decade perovskite solar cells have
progressed from an interesting academic curiosity, to a genuine competitor to the more
established technologies of other solar cell materials [4, 5]. As discussed more in Chapter
2, perovskite materials combine a large number of excellent or ideal optoelectronic
properties with cheap and relatively low-energy manufacturing methods [4-6]. The
record certified efficiency for single-layer perovskite research solar cells is now 25.5% [7],
higher than that of polycrystalline silicon solar cells (23.3% [7]), and comparable to that
of single-crystal silicon solar cells (26.1% [7]). Importantly, the facile manufacture of
perovskite materials means that they could be utilised alongside silicon technology to
form a ‘tandem’ solar cell [8-10]. By incorporating perovskite layers into silicon solar
cells, the overall efficiency of the solar cell could be cheaply increased by a few percentage
points, and perovskite as a technology may be able to piggy-back off the success and
infrastructure of silicon photovoltaic technology [10].

Unfortunately there are still several major hurdles for the commercialisation of
perovskite photovoltaic materials, one of the most major being the general instability
of such perovskites when exposed to oxygen [11-13], humidity [14-16], or even light
[17]. The work in this thesis studies a particular light-induced instability problem known
as ‘halide segregation’ [17], which can affect perovskite materials that contain multiple
halide ion species in their structure, a group that notably includes perovskites used in
the highest efficiency perovskite-silicon solar cells [8, 9]. Halide segregation appears to
be a problem intrinsic to these afflicted perovskite materials, and only requires incident
illumination to proceed, making it both difficult to suppress in perovskite solar cells,

and an interesting phenomenon to study [17-19]. Halide segregation reduces the power
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conversion efficiency of perovskite solar cells [20-23], thereby making it a pertinent
problem to solve for perovskite solar cells to become commercially viable.

In this thesis, a comprehensive examination of the underlying dependencies, driving
factors, and mechanisms of the halide segregation phenomenon is conducted from various
experimental angles. By understanding the fundamental aspects of the segregation
mechanism, the work in this thesis highlights a pathway to the future manufacture
of light-stable mixed-halide perovskite materials. In Chapter 2, brief introductions to
semiconductor charge-carrier dynamics, photovoltaic devices, and perovskite materials
in general are followed by an in-depth review of the literature on halide segregation
in mixed-halide perovskite materials. In particular, three factors are determined to
have a strong influence on the halide segregation dynamics in mixed-halide perovskites,
which are: the stoichiometry of the perovskite and in particular the choice of the
singly charged cation in the perovskite structure, the crystallinity of the perovskite,
and the trap state density within the perovskite material. Several further factors are
evaluated and discussed in detail.

Chapter 3 describes the experimental theory and methods utilised in this thesis.
Photoluminescence techniques were heavily relied upon to perform the work presented
in this thesis, as they are extremely sensitive to the movement of the halide ions in
the perovskite material that occurs during the halide segregation process. In addi-
tion, X-ray diffraction measurements, absorption spectroscopy, and photovoltaic device
characterisation techniques were utilised to grant a broader experimental picture of
the halide segregation dynamics, and the respective theory and experimental setups
are detailed in Chapter 3.

The experimental work of this thesis begins in Chapter 4 with a fundamental
examination of the halide segregation mechanism in methylammonium-based, mixed-

halide perovskite thin films. In order to investigate how environmental factors may
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affect experimental results, and to establish conditions under which repeatable results
may be obtained, Chapter 4 begins by studying the influence of different atmospheric
conditions on the behaviour of halide segregation in methylammonium-based, mixed-
halide perovskite thin films. The behaviour of the photoluminescence emitted from the
mixed-halide perovskite is observed to change markedly according to the atmosphere
the material is held under, indicating both atmospherically-dependent halide segregation
dynamics and additional atmospheric effects as observed in other, single-halide perovskite
materials [24-32]. The influence of the atmosphere is found to be suppressed when the
perovskite thin film is coated with a thick layer of poly(methyl methacrylate) and held
under vacuum, which is an experimental setup utilised whenever possible throughout the
experimental work presented in this thesis to eliminate atmospheric influences on the
halide segregation dynamics. Chapter 4 continues with an investigation into the role of
the photogenerated charge-carrier density on the halide segregation dynamics, in order
to uncover the underlying link between excited charge carriers and halide ion movement.
Charge carriers that recombine through trap states are concluded to be responsible for
the halide segregation mechanism, and a corresponding empirical model is generated to
explain observations of halide segregation under other conditions.

Following on from the fundamental investigation of perovskite thin films conducted in
Chapter 4, Chapter 5 studies the interactions between electric fields, halide segregation,
and mobile ion defects in working perovskite solar cells, and the resulting influence on
charge-carrier extraction. To do so, full, methylammonium-based, mixed-halide perovskite
photovoltaic devices are studied using photoluminescence techniques, and external electric
fields are applied across the electrical contacts of the devices. Three defects and/or mobile
ion species are identified in the perovskite material due to their differing behaviours under
applied electric fields, and each is observed to affect the behaviour of the photovoltaic

device in different ways. First, charged methylammonium ions in the perovskite lattice
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are shown to move slowly through the perovskite material in response to an electric field,
and detrimentally affect the radiative efficiency of the perovskite material. Second, in
a continuation of the work of Chapter 4, charge-neutral crystal lattice distortions are
proposed to trap photoexcited charge carriers and contribute to the halide segregation
mechanism. Third, charged, highly mobile halide vacancies and/or interstitials are shown
to move rapidly in response to an electric field and electrically screen the bulk perovskite.
Furthermore, while halide segregation is found to detrimentally affect the current extracted
from a perovskite solar cell, current is still extracted from the low-bandgap regions of
perovskite that form during halide segregation, suggesting a network of percolation
pathways that are proposed to exist along the grain boundaries of the perovskite material.
Finally, a Sankey (flow) diagram is presented to summarise the work of Chapters 4 and 5 on
the charge-carrier dynamics within a perovskite material experiencing halide segregation.

Having completed an extensive exploration of the charge-carrier dynamics in mixed-
halide perovskites experiencing halide segregation in Chapters 4 and 5, Chapter 6
moves on to explore the role of perovskite composition in both the halide segregation
mechanism and general ionic behaviour in mixed-halide perovskites. Two different
compositions of perovskite are investigated (one methylammonium-based, one mixed
formamidinium /caesium-based) which are known to have vastly differing stabilities against
the halide segregation phenomenon [18]. Additionally, a home-built experimental setup
allows for time-resolved, in situ photoluminescence and X-ray diffraction measurements to
be conducted simultaneously. This setup allows for the measurement and comparison of
changes to both the optoelectronic and compositional properties of the perovskite materials
during the halide segregation process. It is found that halide segregation occurs through
different ionic pathways in different perovskite materials. In methylammonium-based
perovskites the presence of fast ionic pathways allows the halide segregation mechanism

to initially occur rapidly in small, localised regions of perovskite, before these segregated
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regions grow and engulf the remaining bulk material. In formamidinium/caesium-based
perovskites the lack of such ionic pathways results in a more stable perovskite material,
however over long time periods halide segregation occurs throughout the bulk material
simultaneously, possibly via a 2-step mechanism that first involves the segregation
of the formamidinium and caesium cations. The observations of these two different
halide segregation pathways for the two different perovskite materials help to explain
their difference in stability, and the role of crystallinity and ionic behaviour on the
halide segregation mechanism.

Finally, Chapter 7 concludes and reviews the work of this thesis, compiling the results

of previous chapters to present a fuller picture of the halide segregation mechanism.
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2. Background and Fundamentals 8

Metal-halide perovskite (MHPs) have experienced a great deal of research interest
over the last decade due to the unusual coupling of their high quality optoelectronic
properties and the facile fabrication techniques required to make them [4-6]. As a result
of both their ideal properties and an intense research drive, the efficiencies of photovoltaic
perovskite devices are now over 25% [7], and the commercial prospects of perovskite
technologies in solar cell [33] — and light emitting diode (LED) [34, 35] — applications are
increasingly significant. A key factor of optoelectronic perovskite materials is the amount
of ionic freedom and movement accommodated by the perovskite crystal [36], which is at
least partly responsible for many important properties of perovskite technologies. For
example, the ease by which perovskite photovoltaic devices are manufactured can be
attributed to the low energetic barriers for ion movement allowing for solution-processing,
low temperature (~100°C) fabrication methods to be used [37, 38]. Furthermore, the
high quality of such solution-processed devices is often ascribed to the ionic freedom
in the material allowing for a degree of ‘self-healing’ — an ability of the perovskite
to correct imperfections in the material or recover from degradation simply through
random ionic movement [39-42]. Additionally, the ionic disorder accommodated by
metal-halide perovskites allows for multiple species of ions to occupy similar lattice sites
in the perovskite structure, generating a huge compositional space for researchers to
explore and allowing for high-precision stoichiometric engineering [5, 43]. However, the
ionic freedom allowed within MHPs is a double-edged sword, as it leads to low-barrier
degradation routes in the perovskite material, resulting in the greatest weakness of MHPs
— their instability when exposed to oxygen [11-13], humidity [14-16], or light [17]. While
direct engineering of the perovskite material [18, 44, 45] and encapsulation techniques
[46, 47] can improve the lifetime of MHP photovoltaic devices, a major hurdle for this

technology is the stringent requirements demanded of a commercial solar cell that must
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last at least 20-25 years in a variety of outdoor conditions with minimal maintenance.
A particularly puzzling and intrinsic instability problem known as “halide segregation”
occurs in certain perovskite compositions under sufficient illumination intensities [17, 18],
and represents the main focus of this thesis. The commercial prospects of MHPs are
intimately connected with the halide segregation problem, making an understanding of the
underlying mechanisms and the finding of corresponding solutions of utmost importance.

This chapter begins in Section 2.1 with an overview of the fundamental charge-carrier
dynamics present in materials, such as MHPs, that are well described by semiconductor
physics. This overview is followed by a brief discussion of the working principles of
photovoltaic devices in Section 2.2. Section 2.3 focuses on the basic structural and
optoelectronic properties of MHPs in particular, with emphasis placed on topics of
importance to the halide segregation problem. A much more detailed discussion is
dedicated in Section 2.4 to explaining the literature results on halide segregation in MHPs,
as this is the main focus of this thesis. The work in Section 2.4 was originally published

as a perspective paper (Ref. [18]), and as a result examines the halide segregation

process in great detail.

2.1 Charge-Carrier Generation and Recombination

In general, the charge-carrier dynamics in a semiconductor are governed by five processes:
stimulated absorption, stimulated emission, spontaneous emission, Shockley-Read-Hall
recombination and Auger recombination [48]. The first process, stimulated absorption
[48, 49], occurs when the material absorbs a photon by promoting a valence band electron
to the conduction band. As a result of energy conservation, the incoming photon must
have an energy higher than that of the bandgap to ensure the promoted electron can
reach an unfilled energy state. Stimulated absorption is responsible for the generation of

free charge carriers in a perovskite material under illumination, whereas the remaining
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charge carrier processes are concerned with the demotion of free electrons back to the
valence band. Stimulated and spontaneous emission [48, 49|, two such demotion processes,
release the excess energy of the recombining charge carriers through the release of a
photon. Stimulated emission requires an above-gap photon to initiate the demotion and
light-emission process, whereas spontaneous emission occurs spontaneously. These two
processes encapsulate the possible ways in which an excited electron may recombine with
a hole while emitting an above-bandgap photon, i.e. they represent the possible radiative
recombination processes. Stimulated absorption, stimulated emission and spontaneous
emission are all intrinsic to a semiconducting material as they depend on the band
structure and the nature of the incident illumination, and as such they are permanent
mechanisms within any semiconductor under light. It can be shown that under strong
illumination, the rate of radiative recombination processes in an intrinsic semiconductor
scales with n?, the charge carrier density squared [48]. As a very basic argument, the
probability of an excited electron transitioning to a valence band energy state will be
proportional to the density of excited electrons available for the transition, multiplied
by the density of available energy states to transition into. The proportionally constant
in this case corresponds to the quantum mechanical transition probability, among other
factors. Due to the fact the perovskite samples investigated in this thesis are — as a
first approximation — intrinsic semiconductors, the density of available valence band
states is equal to the number of excited, conduction band electrons, hence the overall
n? dependence of the transition rate.

Shockley-Read-Hall (SRH) recombination, or trap mediated recombination, is a
recombination process involving a localised trap state [48, 50, 51]. Depending on the
nature of the trap state situated in the bandgap, either an electron is caught and localised
on the trap, before recombining with a free hole, or a hole is caught before recombining

with a free electron. The excess energy of the charge carriers is typically carried away in
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lattice vibrations (phonons) making this process non-radiative, although it is possible for
below-gap photons to carry away the additional energy. Because this process is intimately
linked with the nature, energy, and density of the trap states within the semiconducting
material, it is possible to alter the rate of SRH recombination through control of the
material quality [48, 50, 51]. Under the assumptions of an intrinsic semiconductor under
intense illumination, it can be shown that the rate of SRH recombination is proportional
to n [48, 50, 51]. As an extremely simple argument, the rate of capture of either charge
carrier type by a trap state should be proportional to the density of the relative charge
carrier — both equal to n — times the density of available trap states. The de-trapping
process, from similar logic, is then proportional to the density of filled traps times the
density of opposing charge carriers — also equal to n. Assuming a high enough trap
state density means that both these steps in the SRH process are controlled by n, and
thus overall the recombination process scales with n.

Finally, Auger recombination processes constitute interactions between three charge
carriers that result in the annihilation of an electron and a hole, with the excess energy
and momentum absorbed by the third free charge carrier and potentially used in the
emission of phonons [48]. The excitation of the third charge carrier results in either an
electron high in the conduction band, or a hole low in the valence band. As a result
of the high number of free charge carriers required, Auger processes generally become
dominant at high illumination intensities, or when other recombination processes are
limited such as in an extremely pure semiconductor with an indirect bandgap [48]. As
no photons are emitted, Auger processes contribute to non-radiative recombination in
semiconductors, and due to the band-to-band nature of the process, Auger recombination
is intrinsic to the semiconducting material and not directly dependent on the quality of

the material. As a similar argument to the one for radiative and SRH recombination
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above, Auger recombination concerns the interaction of three free charge carriers and
so scales with n? [48].
Combining all three dependencies for the processes above, the following rate equation is

arrived at:

((1;; = G(t) — kyn — kon® — kgn® (2.1)
Here n is the charge carrier density, ¢ is time, G(t) is the generation rate of photoexcited
charge carriers, and k;, ko and k3 are the first-, second- and third-order recombination
rate constants respectively. kin represents SRH recombination and so is highly dependent
on film properties such as the density of trap states, whereas kon? and ksn® represent
radiative and Auger recombination respectively and hence depend mostly on intrinsic
material properties such as the band structure. G(t) represents the rate of stimulated
absorption, which is dependent on the illumination source, and so it is modeled differently
depending on the exact nature of the experiment. Two common illumination methods
are discussed below: continuous wave illumination where the sample is irradiated with
a continuous stream of incident photons; and pulsed illumination where the sample is
irradiated with short, repeated, concentrated pulses of light. The focus of the following
sections is on calculating the fraction of charge carriers that recombine through trap states
under both these types of illuminations, as this is important for the work of Chapter 4.
2.1.1 Charge-Carrier Trapping Fractions Under Continuous
Wave Illumination
Under continuous wave illumination, charge carriers are constantly photoexcited and
constantly recombine, with the stimulated emission process incorporated into Equation 2.1
as a constant generation rate, G(t) = GG. The generation rate is calculated from: G = V—PE,

where P is the illumination power, V' is the volume of photoexcited perovskite, and F

is the photon energy of the illumination. This constant form of G assumes a uniform
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charge-carrier density throughout the film, which should be valid in the perovskite samples
studied in this thesis given the rapid spreading out of photoexcited charge carriers due
to diffusion and photon recycling processes [52]. The inclusion of G, alongside setting
dn

% = 0 to calculate for the steady-state dynamics, results in the following equation:

P
k3n3 + k’Q?’LQ + kln — ﬁ =0 (22)

In order to use this equation, the recombination constants, ky, ko, and k3, must be
known from measurement or literature values, the volume of the photoexcited perovskite
must be known and can be estimated by multiplying the illumination spot size with
the perovskite film thickness (given that the film thickness is much greater than the
absorption depth of the material), and the illumination parameters P and E must be
known. Utilising the known values of these parameters, Equation 2.2 can be solved

numerically to estimate the fraction of all generated charge carriers that recombine

kin

non-radiatively, “4*, in the perovskite film.

2.1.2 Charge-Carrier Trapping Fractions Under Pulsed Illumin-
ation

Under pulsed laser illumination, charge carriers are photoexcited in a short amount of

time by a light pulse and recombine in the period of darkness before the subsequent

light pulse arrives. Assuming all the generation from a pulse happens instantaneously

— valid for a small pulse width — the time period of stimulated absorption is negligible,

and G(t) is set to 0 in Equation 2.1 in order to describe the charge-carrier dynamics

in the respite period before the next pulse:

dn

E = —kln — k’QTLQ — k3n3 (23)

Here, as before, n is the charge carrier density, ¢ is time, and ki, ko and k3 are the

first-, second- and third-order recombination constants respectively. The initial density



2. Background and Fundamentals 14

of charge carriers, ng, is calculated from the number of photons in the incident light
pulses, which assumes perfect absorption, and that there are no excited charge carriers
remaining from the previous light pulse. This second assumption is generally very good,
unless an extremely high pulse fluence or repetition rate is used, in which case charge
carriers may survive across multiple measurements, a process that causes “wrap-around”.
n(t) can then be solved for numerically, and the rate of change of the charge-carrier
density from monomolecular decay processes is then kyn(t). This charge-carrier decay
rate is then integrated over the time between light pulses to produce the number of
charge carriers that decay through trap mediated channels per unit volume per pulse,
[ kin(t)dt. This quantity then divided by the photoexcited charge carriers per unit
volume per pulse, ng, produces the fraction of charge carriers that recombine through

trap states averaged over one pulse, M.
0

2.2 Photovoltaic Devices

As a future application of MHPs will be in commercial solar cells, it is important to
investigate the influence and dynamics of halide segregation in working photovoltaic
devices. Such an investigation is conducted in Chapter 5 on mixed-halide perovskite n-i-
p solar cells, and the relevant principles of photovoltaic device operation are briefly
outlined in this section.

In the operation of all photovoltaic devices, excited electrons and holes must be
separated and extracted into an external electrical circuit [48]. While the separation of
these charge carriers can in principle be achieved by several means, a common practical
method is to utilise materials of differing Fermi level. In an n-i-p solar cell, an intrinsic,

“i” material — with a Fermi level in the middle of its bandgap — is sandwiched between

[13h] W

an “n” material — with a high Fermi level — and a “p” material — with a low Fermi

level. The different Fermi levels in the three layers results in a changing landscape
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of charge-carrier densities within the device. Correspondingly, the n-layer has a high
population of electrons in the conduction band, the p-layer has a high population of holes
in the valence band, and the i-layer only has a small, thermally activated population
in both bands. When the three — initially electrically-neutral — layers are brought into
contact, electrons from the n-layer are able to traverse the i-layer and recombine with
holes from the p-layer, resulting in a build-up of positive charge in the n-layer, and
negative charge in the p-layer. This charge build-up generates an electric field across the
i-layer — known as the built-in electric field — and is integral to separating the different
charge carriers in the device and thereby generating a current under illumination.

The result of the charge carrier transfer between the n- and p-layers — and the
generation of the built-in electric field — is that the Fermi level across the entire
device becomes constant, and the system reaches equilibrium. This equilibrium can
be altered by either illuminating the solar cell and thereby influencing the charge-carrier
densities, or by applying an external voltage across the device and thereby influencing
the energy landscape experienced by the charge carriers. In both scenarios (or in the
combination of both scenarios), the key processes to consider in the operation of the
photovoltaic device are charge-carrier diffusion and charge-carrier drift, both of which
generate current in the device [48].

The diffusion current results from majority charge carriers diffusing along their
concentration profiles against the built-in electric field. The strength of the built-in
electric field, and any additional, applied electric fields across the device, therefore strongly
influences this diffusion current, and the diffusion current can therefore be controlled by
applying an external bias across the photovoltaic device. The diffusion current, following
the concentration of positive, free charge carriers in the device, runs from the p- to n-layers.

The drift current results from the thermally-excited population of minority charge

carriers being swept by the built-in potential field into the n- and p-layers. The drift
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current is mostly independent of the strength of the built-in and external electric fields, as
under ideal conditions most of the minority charge-carriers will be swept in the direction
of the overall field, regardless of its magnitude. Instead, the predominant contribution
to the drift current is the density of minority charge carriers in the material, which is
itself — under equilibrium — determined by the Fermi level and temperature of the device.
The drift current therefore is strongly influenced by any incident illumination upon the
device, which increases the populations of free charge carriers in the conduction and
valence bands of the i-layer. The drift current follows the built-in electric field and runs
from the n- to the p-layer — the opposite direction to the diffusion current.

Under darkness and with no external bias applied, the n-i-p photovoltaic device is at
equilibrium, and so no net current flows. Under these circumstances the drift and diffusion
currents cancel out. If an applied bias opposes the built-in potential formed by the n-
and p-layers (the applied bias is referred to as a forward bias under these circumstances),
then the barrier against the diffusion current is somewhat (or totally) cancelled out, and
a larger diffusion current flows from the p- to the n-layer. This behaviour of the current
density extracted from the photovoltaic device under darkness — Jp,,c — under an applied

bias — V' —is characterised (under very idealised assumptions) by the ideal diode equation:

qV

JDark(v) = Jo(e’ﬁTT — 1) (24)

where ¢ is the electronic charge, kp is Boltzmann’s constant, 7' is temperature, and
Jo is known as the dark saturation constant and is characteristic of the photovoltaic
device. The exponential form of Equation 2.4 indicates that a small forward voltage
— positive V' — results in a large current [48].

As mentioned above, the effect of illumination upon the photovoltaic device is, to a
first approximation, primarily upon the drift current. The additional free charge carriers

generated by the illumination are swept by the total electric field across the device and



2. Background and Fundamentals 17

generate a current. Under extremely idealised conditions, this additional current is only
dependent on the direction of the total electric field across the photovoltaic device, and
is therefore independent of V' (for small values of V'). This photoexcited current density
— known as the short-circuit current density, Jso — is by convention taken as positive
and runs in the opposite direction to Jp..x. As such, the total extracted current density

from the photovoltaic device under illumination and voltage is:

qV.

J(V) = Jsc — Jpark = Jsc — Jo(eFsT — 1) (2.5)

Using Equation 2.5, a simple understanding of the response of a solar cell under
illumination to an external voltage, V', can be obtained. Under short-circuit conditions
there is no external voltage across the device, resulting in that V' =0V, and J = Jg¢
(hence the reason the Jg¢ is referred to as the ‘short-circuit current density’). As the
load across the device is increased from short-circuit, the extracted current density
drops. At a given point, the load across the device is sufficient to prevent any current
from being extracted — the diffusion current has increased to the point of cancelling
out the drift current. This external voltage is known as the open circuit voltage, as it
is the voltage which is generated between the contacts of the photovoltaic device by
the photocurrent when an open circuit (i.e. no circuit) is connected externally. The
open circuit voltage is, under ideal conditions, only slightly less than the built-in voltage
generated in the solar cell by the n- and p-layers [48].

The power extracted from an illuminated solar cell is equal to the extracted current
multiplied by the load across the cell, and so is equal to zero under both short-circuit
(zero load) and open-circuit (zero current) conditions. Between these two load conditions,
both the extracted current from and the load across the solar cell are positive, and
so useful power can be extracted. The point of maximal power extraction is known
as the ‘maximum power point’, and is highly dependent on many of the material and

device properties of the solar cell [48].
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2.3 Metal-Halide Perovskites

2.3.1 Structure and Stoichiometry

While the term “perovskite” originally referred to a particular calcium titanium oxide
mineral — CaTiO3 — it is now often used in reference to any material with a similar,
ABXj structure. The cubic perovskite crystal system is shown in Figure 2.1, with other
common perovskite phases displaying orthorhombic and tetragonal crystal systems [53]
depending on the perovskite composition and temperature. Whether or not a perovskite
structure is formed is dependent on the radii of the constituent elements, a factor

described by the Goldschmidt tolerance factor:

Ris+ Rx

Goldschmidt tolerance factor, t =
\/i (RB + R X)

(2.6)

where R4, Rp, and Rx refer to the radii of the A-, B-, and X-site components, respectively,
of the perovskite material in a solid-sphere approximation. A Goldschmidt tolerance
factor of £ = 1 would indicate that the solid-sphere ions would stack perfectly into a cubic
perovskite structure, and in reality a cubic perovskite structure is generally observed for
materials with 0.9 <t < 1 [54, 55]. As t increases or decreases outside of this range,
lower-symmetry perovskite structures and eventually lower-dimensional perovskites [56,
57] or entirely non-perovskite structures are formed.

For photovoltaic and light-emitting applications, the choice of the A, B, and X
components of the perovskite structure is somewhat limited, but still gives rise to a wide
range of materials with differing properties. Importantly, MHPs are typically able to
accommodate large amounts of disorder in their structure, allowing for multiple ionic
species to occupy similar lattice sites in the perovskite crystal, and enabling a huge
amount of stoichiometric engineering and adjustment [5, 43]. For the A-site cation,

methylammonium molecular ions (MA™, CH3NHY ), formamidinium molecular ions (FAT,

CH(NH,)3 ), caesium ions (Cs™), or a mixture thereof are typically used in perovskite solar
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Figure 2.1: Unit cell of a cubic perovskite structure. The stoichiometric formula for a
perovskite is ABXj3, where A is a cation with a 14+ charge, B is a cation with a 2+ charge,
and X is an anion with a 1— charge. Adapted from Ref. [58] with permission from The Royal
Society of Chemistry.

cells and LEDs [5, 34], although additional ions like rubidium (Rb*) are also sometimes
added [9, 21]. For the B-site cation, lead ions (Pb*") are by far the most commonly
used, with tin ions (Sn?") or a lead-tin mix also sometimes incorporated into a perovskite
structure [59]. The X-site anion typically consists of bromide ions (Br~), iodide ions (I7),
or chloride ions (C17), with various mixtures of the halide ions also commonly utilised
[60]. Because the B-site cation is typically a metal ion, and the X-site anion is typically a
halide ion, perovskite materials for photovoltaic or light-emitting applications are usually
referred to as metal-halide perovskites (MHPs). The choice of ions incorporated into the
perovskite structure has a strong influence on the structural, optoelectronic and stability
properties of the resulting material [5, 43], and so investigating and exploring different

perovskite compositions has been an integral part of perovskite photovoltaic research.
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2.3.2 Optoelectronic Properties

Despite the common incorporation of an organic component into the perovskite crystal
(MAT and/or FA™ molecular ions), the charge-carrier dynamics in MHPs are well described
by semiconductor band theory [61]. MHPs are generally reported to possess a direct
bandgap [61], resulting in high measured absorption coefficients across the visible range. A
high absorption coefficient is ideal for photovoltaic applications, as it allows for perovskite
absorbing layers to be very thin — ~500 nm thick — reducing the distance photoexcited
charge carriers need to travel in order to exit the perovskite material into the associated
electrical circuit, and helping to keep manufacturing costs low. The conduction and
valence band energy states primarily form from the electronic orbitals of the B-site
and X-site components of the perovskite structure, respectively [62], with the orbitals
of the A-site component contributing to energy states away from the band edge [62].
As a result, the bandgap of the perovskite material can be controlled relatively easily
and continuously by varying the composition of the B-site [63, 64] and X-site [17, 65]
components. Furthermore, while the A-site cation does not directly influence energy states
at the band edge, it does influence the perovskite structure, which itself is a factor in the
formation of the energy levels within the perovskite [43, 62, 66]. Through stoichiometric
engineering and other methods, perovskites with bandgaps ranging from ~1.2eV [63, 64,
67] to ~3.0eV [68-70] have been reported in the literature. Given that the maximum
efficiency of a photovoltaic device is dependent on the bandgap of the absorbing layer(s),
and the emission wavelength of an LED is dictated by the bandgap of the emitting
layer, the existence of a method of continuous control over the bandgap of a perovskite
material makes MHPs extremely viable for a huge range of optoelectronic applications.
These applications include: single absorbing layer photovoltaic devices [7] (for which the
ideal bandgap is around 1.1-1.4¢eV [71]); double layer (tandem), perovskite-perovskite

photovoltaic devices [72-76] (for which the ideal bandgaps of the two composite layers
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are ~0.9-1.2eV and ~1.6-1.8¢eV [71]); an absorbing layer in perovskite-silicon tandem
solar cells [8, 9] (for which the ideal perovskite bandgap is ~1.7eV [77]); and LEDs
with emission almost anywhere in the visible range [34, 68-70, 78-82] (the visible range
corresponds to energies of around 1.7¢V to 3.3eV).

Alongside a direct, tunable bandgap, perovskites also possess remarkably good
charge-carrier transport properties [61, 83], especially considering the solution-processing
techniques used in their manufacture. While the ionic freedom and low energetic barriers
for ionic movement generate a large number of defects within the perovskite crystal,
the high quality of measured charge-carrier transport properties [83] — and the high
reported perovskite solar cell power conversion efficiencies [7] — suggest that the trap
states generated by these crystal defects are somewhat benign. The general nature of
these trap states, and how they relate to the charge-carrier dynamics in the perovskite
material, is somewhat debated, with some reports suggesting that the electronic charge
associated with any interstitial ion or ionic vacancy defects will likely cancel with the
charge of the trapped charge carrier, screening the filled trap state from any additional
charge carriers and thus leading to a low rate of non-radiative recombination [84]. Other
reports suggest that most trap states are generated close to the conduction and valence
bands, and not often deep within the bandgap where they would significantly contribute
to non-radiative losses [85]. Regardless of the exact reason, the benignity of the trap
states within perovskite materials results in exceptional charge-carrier diffusion lengths,
which are often reported to be greater than 1 pm [83, 86, 87]. These large charge-carrier
diffusion lengths, coupled with the thinness of perovskite absorbing layers (~500nm),
results in the facile charge-carrier transport to the electron and hole extraction layers in a
photovoltaic device architecture, and thus highly efficient perovskite-based solar cells [7].

Figures 2.2 and 2.3 present example data from the literature on MAPbI3, a perovskite

material that exemplifies the points made so far in this section on the general properties
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of perovskites. Figure 2.2 presents the band structure of MAPDbI3 calculated from density
functional theory [88], highlighting the direct bandgap of the material at the centre of the
Brillouin zone (the T" point). This direct bandgap results in a very strong absorption onset
in MAPDI;, with example absorption coefficient data for this material presented in Figure
2.3 over a range of temperatures [89]. At low temperatures, Figure 2.3 shows that MAPbI3
exhibits a strong absorption feature just below the band edge resulting from excitons
(bound electron-hole states), with the absorption feature centred around 1.6-1.65eV
depending on the temperature of the perovskite. At higher temperatures this exciton
absorption peak is suppressed, as the increased thermal energy of the perovskite allows
for photogenerated excitons to easily dissociated into free electrons and holes. Also visible
in Figure 2.3 is a sharp transition of the absorption data at around 160 K, due to a phase

transition of the MAPDI3 perovskite from an orthorhombic to tetragonal structure [53, 89).
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Figure 2.2: Theoretically-predicted band structure of MAPbI3 obtained from density functional
theory incorporating spin-orbit coupling effects (grey) and additionally including a self-consistent
correction as reported in [90] (blue), for various high-symmetry positions of the perovskite unit
cell. Reprinted with permission from Ref. [88]. Copyright 2015, American Chemical Society.
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Figure 2.3: Absorption coefficient of MAPDbI3 taken at a range of temperatures from 4-295 K.
A strong absorption onset is observed around 1.6eV, depending on the temperature of the
perovskite, and a sudden change in the absorption of the perovskite is caused by a phase
transition from orthorhombic to tetragonal structures at ~160K [53, 89]. Reproduced with
permission from Ref. [89] under a Creative Commons Attribution 4.0 International License.

2.4 Halide Segregation

Work presented in this section was initially published as Ref. [18] — repro-

duced by permission of The Royal Society of Chemistry.

2.4.1 Introduction

The biggest challenge currently facing the commercialisation of perovskite-based devices
is the instability of the perovskite itself [47, 91], especially when continuously exposed to
oxygen [11-13], humidity [14-16], or light [17]. Specifically for mixed-halide perovskites,
a peculiar process referred to as “halide segregation” [17] has been found to be a major
source of instability. Here, exposure to above-bandgap illumination or charge-carrier

injection results in a loss of phase-stability and the separation of halide ions of different
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type, causing the formation of inclusions of lower and higher bandgap perovskite with
a different halide composition to the remaining well-mixed perovskite phase [17]. The
formation of a spatially inhomogeneous bandgap under illumination or current injection
seriously limits the prospects of mixed-halide perovskites for tandem solar cell and tunable
LED applications. Fortunately, several reports in the literature have elucidated methods
by which halide segregation may be mitigated in mixed-halide perovskite materials, and
it is the focus of this chapter to review and summarise these approaches and what they
reveal about the halide segregation mechanism.

While X-ray diffraction (XRD) [17, 92] and absorption measurements [93-97] often
suggest that only a small fraction of the perovskite actually participates in halide
segregation under illumination (estimates go as low as ~1% [22]), photoluminescence
(PL) measurements [17] and the performance of photovoltaic devices [20-23] are dispro-
portionately affected. Such exacerbation of deleterious effects results from the funnelling
and concentration of charge carriers into the phase-segregated regions of perovskite which
exhibit a lower bandgap than the rest of the material. The PL emitted from the halide-
segregated material therefore typically displays a strong redshift and increased intensity,
making halide segregation easily detectable through PL even for a low concentration
of afflicted regions [17]. Most puzzling, however, is that the segregation of halide ions
does not persist once the perovskite is shielded from the illumination, with the material
eventually returning to its pre-illumination state under darkness [17]. It is now widely
thought that excited charge carriers drive the segregation process, given that halide
segregation has been observed in perovskite materials subjected to charge-carrier injection
even in the absence of light [20, 21, 78-80]. It is further believed that entropic mixing
drives the recovery to the pristine state upon the removal of the excitation source [96, 98].

However, despite the large amount of research into the halide segregation phenomenon,
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many facets of the process are still debated in the literature and many questions remain
as to the underlying fundamental mechanisms that drive the process.

In this section, the discussion is principally based on the empirical evidence reported
in the literature on how both internal properties of the perovskite and external conditions
affect the extent to which segregation of the halide ions is induced. This empirical
evidence is primarily evaluated here in regards to its potential of preventing halide
segregation in commercial, mixed-halide perovskite solar cells, as this is the ultimate
goal of research into the halide segregation mechanism. The theoretical explanations
presented so far in the literature are numerous, varied, and largely inconsistent with
each other, indicating significant scope for future work in this area. As such, theoretical
explanations are presented appropriately in this section to supplement the empirical
evidence being discussed, but the focus of the discussion remains on experimental data
reported in the literature. In particular, three easily implemented methods with strong
impact on the stability of the material against halide segregation are highlighted, which
are: changing the stoichiometry of the A-site cation in the perovskite structure, improving
the perovskite crystallinity, and reducing the trap state density within the perovskite. To
a lesser extent, a reduction in the density of halide vacancies in the perovskite structure
has also been shown to mitigate halide segregation. Other methods that have proven
promising, but require further research, are identified as: changing the stoichiometry of the
B-site cation, altering the incident illumination, and changing the perovskite temperature.
Alterations in the perovskite crystallographic structure could also theoretically help
to mitigate halide segregation but are difficult to achieve practically without affecting
other properties of the perovskite material. Structuring of the perovskite into relatively
insulated, nanocrystalline domains does appear to mitigate halide segregation under
certain conditions, but also reduces the optoelectronic performance of devices made

from such perovskite materials. Unfortunately, achieving the necessary balance between
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suppressing ion migration and maintaining good electronic conductivity appears to be
extremely difficult in such nanocrystalline materials. Utilising a Br/Cl ionic mixture on
the X-sites of the perovskite structure and changing the atmospheric environment of
the perovskite are concluded to be insignificant and/or impractical methods to mitigate
halide segregation. Overall, the breadth of these investigations highlights the impressive
quantity and potential of factors available to mitigate halide segregation and indicates the
future scope of research to be done in this area. It is concluded that in order for halide
segregation to be completely prevented in working photovoltaic devices and LEDs, a
combination of stoichiometric engineering, crystallinity control, and trap state passivation
will have to be implemented, which conveniently comprise a set of factors already being

investigated in the pursuit of high device efficiencies.

2.4.2 Stoichiometric Engineering

This review into the literature on halide segregation commences by exploring how
stoichiometric tailoring within the ABX3 structure affects the propensity of a metal halide
perovskite towards halide segregation on the X-sites. In this context, it is important to
consider that any changes to the constituents of the A-, B- and X-sites may also affect the
optoelectronic properties of the resulting perovskite material, which limits the extent to
which ingredients may be independently tuned to limit halide segregation. In particular,
the composition of the ions on the B- and X-sites in the perovskite structure directly
influence the electronic energy states in the conduction and valence bands, respectively
[43, 62, 99], and so altering these components tunes the bandgap energy. Changing the
A-component does not directly affect the electronic energy states at the band edge, but
can have an indirect influence on the bandgap energy by altering the degree of octahedral

distortions or inducing other structural changes [62].
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In the following, changes in the A-cation, metal B-cation and halide X-anion are
discussed in turn in regards to affecting the phase-stability of the material against halide
segregation. In order to establish a reference point, findings for particular compositions
are generally compared against those for the archetypal perovskite MAPb(BryI1_4))3
(MA = CH3NHZ) which has been examined repeatedly in halide segregation studies and
is observed to segregate for halide ratios 0.2 < x < 1 [17, 95, 100-105]. Because most
early reports on perovskite solar cells were based on methylammonium-lead perovskites
[106-109], studies of bandgap tunability across the UV, visible, and near IR also initially
centred around MAPb(Br,Cl1_z))s [68, 110, 111] and MAPb(Br,l_4))s [17, 65, 112,
113]. Here, the latter Br/I perovskite is of particular interest, as it offers bandgaps
near 1.7eV, the target for efficient two-terminal tandem solar cells with silicon [77,
114]. Below, the stability of MAPb(Br,I1_,)3 is compared against that of other metal
halide perovskites with various ions or ionic mixtures incorporated onto the A-, B- and
X-sites, and stoichiometric engineering is highlighted as a method to mitigate halide

segregation in a perovskite material.

2.4.2.1 A-site Cation Variation

Other than methylammonium (MA, CH3NHZ ), the A-site cations typically implemented
in metal halide perovskites for photovoltaic devices and LEDs are formamidinium (FA,
CH(NH,)3), and caesium (Cs™). Halide segregation has been observed in metal halide
perovskite materials for a wide range of different ions and ionic mixtures incorporated
onto the A-sites of the perovskite structure [9, 17, 102, 115-118]. However, different
perovskite compositions require different timescales and excited charge-carrier densities for
the effects of halide segregation to emerge, and thus represent materials of different phase-
stability. In particular, FA/Cs and FA/MA /Cs metal halide perovskites are observed

to be significantly more resistant against halide segregation than other perovskites, e.g.
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those with only MA on the A-cation sites. Below the phase-stability of perovskites is
discussed as the composition of the A-site cation increases in complexity from neat MA,
FA or Cs through to triple- and quadruple-cation perovskites.

While MAPb(Br,I1_;))3 has been found to segregate for bromide contents 0.2 < z < 1
[17, 95, 100-105], its neat FA and Cs counterparts exhibit comparable halide segregation
only within the narrower approximate compositional ranges 0.55 < = < 0.9 [17, 115]
and 0.4 < = < 1 [79, 96, 116, 119], respectively, thus presenting slightly improved
stability ranges. Significant halide segregation has also been reported for perovskites
with a mixture of MA and Cs incorporated into the perovskite lattice, specifically for
compositions CsgsMAg4Pb(Bryl1_4))s (0.4 < z < 0.8) [102] and Csg1MAgoPb(Brg.alos)s
[20]. However Bischak et al. reported that the effects of halide segregation dimin-
ished in their MAPb(Brggslo.14)3 perovskite microcrystals when an MA-to-Cs cation
exchange reaction was utilised to change the stoichiometry of the microcrystals to
Cso.30MAg 61 Pb(Brogslp1s)s, suggesting that some MA /Cs perovskite materials could
potentially be more phase-stable than their equivalent MA-only compositions [120].

Considerable success for mitigating halide segregation was demonstrated early on by
McMeekin et al., who showed that for certain mixtures of FA/Cs, the material stability
against halide segregation was much enhanced compared to that of the equivalent FA-only
lead halide perovskites, across the entire bromide to iodide compositional range [66].
Rehman et al. followed on from this work by investigating the photo-stability of FA/Cs
perovskites as the ratio of FA to Cs is altered, and concluded that a 20% Cs fraction on the
A-cation site is close to ideal for minimal halide segregation; see Figure 2.4 [117]. Braly et
al. showed that while FA /Cs perovskites are much more stable against halide segregation
than their MA or MA /Cs counterparts, and could withstand 1 sun intensity illumination
with no detectable halide segregation, a PL redshift was still observed in the emission from

their Csg.17FA g3Pb(Brg.s4]0.66)s films when exposed to high illumination intensities (~32
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sun) [20]. Sutter-Fella et al. observed halide segregation in their Csg17FAg s3Pb(BrzI(1-4))3
films under 50mW cm ™2 (~0.5 sun) illumination for compositions 2=0.5 and x=0.6, but
not for  <0.5, a smaller compositional region of instability than that of MAPb(Br,I1_4))3
[121].  Similarly, Zhou et al. reported on Csg17FA(g3Pb(Br,l1_4)s films that were
observed to be photostable over the course of minutes under 150 mW cm™2 (~1.5 sun)
illumination for composition x=0.27, but underwent halide segregation for compositions

x=0.4, 0.5, and 0.6 under similar conditions [122].
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Figure 2.4: Work by Rehman et al. highlighting how changes of the FA/Cs ratio on
the A-cation sites of a lead halide perovskite affects the rate of halide segregation under
illumination [117]. The main figure plots the average PL photon energy <E., > over time for
CsyFA(1_y)Pb(Brq 4lp.6)3 perovskite films with y=0.05, y=0.2, and y=0.6 under 100 mW cm ™2
(~1 sun), 400 nm illumination. For 20% Cs little energetic shift is observed, suggesting negligible
halide segregation. The inset shows the spectral evolution of the PL emitted by the y=0.6
sample. Ref. [117] — Published by The Royal Society of Chemistry.

Triple-cation perovskites, with a mixture of Cs, MA, and FA incorporated onto the
A-sites of the perovskite structure, have proven to be the most promising to date in terms

of stability against halide segregation. While halide segregation is still observed in these

triple-cation materials, the timescales and photon doses required to cause significant halide
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ion redistribution are often much greater than those needed to cause equivalent segregation
in single- or double-cation perovskites [118, 123, 124]. In particular, Andaji-Garmaroudi
et al. noted that the segregation process in their (Csp.osMAg.15FAg79)Pb(Bryl—s)3
perovskite films took 30 min to approach equilibrium, and a photon dose three orders
of magnitude higher than that required to segregate typical MAPb(Br,I1_5)s films
[118]. Duong et al. investigated the nature of halide segregation in quadruple-cation,
Rbo.05(Cs0.1MAg.15FA ¢ 75)0.05 Pb(Bro 33lp.67)3 perovskite films, in which the characteristic
redshift of PL was observed over the course of 12h under 2 sun illumination [21], again
suggesting a significant improvement in photo-stability over typical MAPb(Br I1_4))s3
films which may segregate over the course of seconds to minutes under illumination
intensities of 1 sun or lower [17].

While engineering the composition of the A-site cation in the mixed-halide perovskite
crystal presents perhaps the most promising method in which to completely prevent,
or at least slow the progression of, halide segregation in working perovskite solar cells
and LEDs, the reason for the changes in photo-stability is still a matter of debate. One
explanation proposed is that the composition of the A-site cation is strongly linked
to the crystallinity and quality of the resulting perovskite film [20, 66, 117, 125], and
therefore the choice of A-site cation has a large influence on a number of factors that
could possibly be integral to halide segregation (perovskite crystallite size, trap state
density, grain boundaries, halide vacancies, etc., as discussed further below). For example,
by investigating MA,FA ;_,)Pb(Brg4lo6)s perovskite films as the ratio of MA to FA was
tuned, Xie et al. were able to correlate the composition of the A-site cation with both the
crystallinity of the resulting film and with the photostability of the perovskite against
halide segregation [125]. Alternatively, Bischak et al. have suggested that polaronic
interactions (interactions between excited charge carriers and the ionic perovskite lattice)

are both the driving factor behind halide segregation, and are affected by the composition
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of the A-site cation in the perovskite crystal [104, 120]. A detailed investigation of the
links between A-site cation composition and phase-stability is conducted in Chapter
6, where it is concluded that the halide ion pathways within and the crystallinity of
the perovskite are strongly affected by its stoichiometry, which then determine the
corresponding halide segregation dynamics. Regardless of the underlying cause, given
the observed strong influence of the A-site cation on the photostability of the perovskite,
engineering the perovskite stoichiometry is clearly an important tool for eliminating

halide segregation from metal halide perovskite materials.

2.4.2.2 B-site Cation Variation

While lead-based perovskites are the most commonly investigated metal halide perovskites
for optoelectronic applications, variants incorporating tin onto the B-sites have also been
explored. Tin-based perovskites are of interest since tin has a lower toxicity than lead,
and mixed tin-lead iodide perovskites offer bandgap tunability in the near-IR spectral
range [59, 63, 64, 73, 76, 126-133]. With regards to halide segregation, partially replacing
lead with tin in the perovskite structure has been reported to have a beneficial effect
on the stability of the material, however the amount of research on the subject is
unfortunately still limited. Yang et al. reported that a photovoltaic device incorporating
MAPDbg 7550025 (Bryl(1-2))3 exhibited, in comparison with an MAPb(Brg4lo6)s device,
much less change in measured photocurrents, transient absorption spectra, and XRD
patterns [133] over tens of minutes under 1 sun illumination. The stability of the 25%
tin composition was attributed to reduced levels of halide segregation resulting from the
different properties of the tin-halide as compared to the lead-halide bond. Unfortunately,
because the PL quantum efficiency of the tin-based device was too low a PL spectrum
could not be acquired over an illumination period of 90 min under 1 sun, and it was

therefore impossible to confirm the extent to which halide segregation had actually taken
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place in the tin-containing films from PL measurements. In another study, Li et al. were
able to acquire PL from their CsPbyg 75510 25(Bro¢710.33)3 perovskite (25% tin) films and
observed no redshift in the emitted PL when the sample was held under illumination (at
an unspecified intensity) for 15 min, suggesting phase stability against halide segregation
[134]. Under similar conditions, a small peak was observed to emerge below the bandgap
energy in the PL spectrum emitted from the CsPb(Brggrlos3)s lead-only perovskite
counterpart, suggesting that the replacement of lead with 25% tin had improved the
photostability of the perovskite, in agreement with the conclusions of Yang et al. [134].

While incipient studies suggest that tin incorporation has a beneficial effect on the
stability of a perovskite material against halide segregation [133, 134], it is noted that
other studies have reported difficulties in forming tin-based perovskite samples with good
crystallinity [135-138], at least for certain lead-tin compositions. Given that crystallinity
has a large impact on the stability of a perovskite material against halide segregation
(see Section 2.4.3.1 below), it is likely that the effects of tin incorporation on halide
segregation are more multi-faceted than existing reports suggest. Thus it is recommended
that further research should be performed on the topic of halide segregation in tin-based
perovskite materials before definite conclusions are drawn on the subject.

Overall, while additional studies on the effect of B-metal substitution on halide
segregation would be highly useful, incipient investigations suggest that partially replacing
lead with tin has a beneficial effect. The stability considerations of hybrid lead-
tin perovskites are especially important for perovskite-perovskite tandem solar cell
applications, where the wide tunability of lead-tin, iodide-bromide perovskite systems
allows for the stacking of multiple layers with carefully tuned bandgaps to yield matched

photocurrents in double- or triple-junction cells [72-74, 76].
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2.4.2.3 X-site Anion Variation

As already mentioned above, the halide composition on the X-sites of metal halide
perovskites has a strong impact on their propensity towards halide segregation, with
compositions in the central range (i.e. around 50% iodide : 50% bromide) being
particularly prone to segregation, and majority-iodide perovskites generally reported as
more stable than majority-bromide [17, 116]. Therefore, one obvious method by which
halide segregation may be prevented is to push the halide ratio into a stable region of
the compositional space, which unfortunately limits the range of bandgaps achievable.
However, Bush et al. demonstrated that by carefully tuning both the ratio of Cs to
FA on the A-site cation sites and the Br to I ratio on the X-site cation sites, many
compositions of perovskite could be fabricated with a given target bandgap, but with
differing stability properties [99]. In particular, devices with perovskite compositions
of Cs.25FAq.75Pb(Broalps)s and Csg4FAgePb(Brgsly7)s were fabricated with bandgaps
measured at 1.68eV and 1.75eV respectively, and were found to be stable against halide
segregation when illuminated for 10 min under 10 sun illumination intensity. In contrast,
perovskite films with similar bandgaps but higher bromide contents were found to be
unstable under 10 min of 0.1 sun illumination. Such careful tuning highlights the key role
that stoichiometric engineering will play in controlling the photostability of mixed-halide
perovskite photovoltaic devices and LEDs [99].

While mixed bromide-iodide perovskites offer particularly attractive bandgaps for
tandem solar cell applications, combining chloride and bromide has been shown to tune
the bandgap (alongside quantum confinement effects in nanocrystals) in the UV-visible
region of 400-570 nm, making these materials suitable for blue-green LEDs [68-70, 78,
80]. However, some conflicting reports still exist in the literature as to the extent of
halide segregation in bromide-chloride lead perovskites. Sadhanala et al. reported on

an MAPb(Brg4Clys)s perovskite material with stable PL emission under white light
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illumination of 1 sun intensity for 10 min, suggesting that minimal halide segregation
had occurred [68]. However, multiple alternative studies have instead reported apparent
halide segregation for similar bromide/chloride perovskites, such as MAPb(Brg5Cly 5)3
[104, 139], and CsPb(Br,Cl1_,))s for the range 0.3 < x < 0.83 [69, 78, 80, 140-143],
suggesting that the halide segregation mechanism is not limited to mixed bromide-iodide

systems, but can be found in bromide-chloride systems as well.

2.4.2.4 Conclusions on Stoichiometric Effects

In conclusion, engineering the A-site cations in the perovskite structure seems to be a
powerful method for mitigating halide segregation. Triple A-cation perovskites, with Cs,
MA, and FA incorporated into the perovskite structure, are observed to be particularly
stable [118, 123, 124], as are quadruple A-cation perovskites which additionally include
Rb ions [9]. Altering the composition of the B-site ions from Pb to a Pbg 75510 25 mixture
has also shown a promising increase in photostability [133, 134], however further research
is required to fully explore the possibility of photostable lead-tin perovskites, and the
compositional lead-tin range over which this may apply. Finally, replacing all iodide at
the X-anion sites with chloride does not appear to significantly improve the stability of
the perovskite against halide segregation [68, 69, 78, 80, 139-143]. Careful tuning of the
overall stoichiometric space therefore emerges as a powerful tool towards suppression

of halide segregation for a given target bandgap.

2.4.3 Crystallinity Control

2.4.3.1 Increased Crystallinity

There is a compelling body of literature evidence that metal halide perovskite films with
better crystallinity (i.e. films with a larger average crystal grain size) are more stable
against halide segregation [20, 103, 117, 122, 125]. Analysis of comparable perovskite films

made via slightly different processing methods has revealed a clear impact of crystalline
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quality on the propensity of the material to commence halide segregation under illumina-
tion. In one such study, Hu et al. showed that deposition of MAPb(Brg o710.73)3 perovskite
films on a non-wetting, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) surface
yielded larger grain size and improved photostability than those of films deposited
on a poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) surface
[103]. Depositing a thicker perovskite layer on PTAA, on the other hand, reduced the
beneficial effect of the non-wetting surface, resulting in the growth of smaller perovskite
crystal grains, which again led to faster halide segregation [103]. In another study,
Braly et al. examined photovoltaic devices incorporating FAgg3Csg.17Pb(Brgs410.66)3
and found that a perovskite annealing step of 165°C for 50 min resulted in much
improved crystallinity and photostability as compared to an annealing step of 75°C
for 10min [20]. Zhou et al. demonstrated that the addition of small amounts of
(CsI)o.17(FAI)os3[Pb(SCN)o+3FAI] (1 _1.54)[Pb(SCN),+3FAB1]; 5, to their
CSO,17FA0,83Pb(BrII(1,x))3 perovskite precursor solution prior to spincoating resulted
in larger crystal grains and improved photostability of the resulting perovskite films
[122]. However, Zhou et al. also proposed that the additive passivated trap states and
altered the nature of the grain boundaries in the perovskite films, leaving unclear whether
the larger perovskite crystal grains themselves resulted in the improved photostability
[122]. Rehman et al. investigated correlations between crystallinity and photostability
in Cs,FA(1_,)Pb(Bro4lo6)s perovskite films as a function of caesium content, y, for the
range between 0 and 0.6. This study clearly demonstrated that good material crystallinity
(indicated by the width of X-ray diffraction peaks and the charge-carrier mobilities and
lifetimes) led to improved photostability against halide segregation [117]. The evidence in
the literature therefore either directly or indirectly points to perovskite film crystallinity

being a critical factor in controlling and preventing halide segregation.
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The exact reason why a larger grain size is correlated with greater photostability
of mixed-halide perovskites is still a matter of debate. However, films with larger
crystal grains necessarily have a lower grain boundary density, and several groups
have reported low-bandgap domains forming during halide segregation to be clustered
around grain boundaries, e.g. in MAPb(Br,I_z))s [104, 144] and CsPb(Br,I_z))s [119]
perovskite films. In particular, Tang et al. [144] and Li et al. [119] only observed halide
segregation to occur at the grain boundaries of MAPb(Brg 3ly.7)3 and CsPb(Brgg710.33)3
films, respectively, while PL spectra taken from the grain centres were stable, suggesting
that grain surfaces are integral for the halide segregation mechanism — see Figure 2.5.
These findings show that an improvement in the crystallinity of a perovskite film reduces
the density of grain boundaries, which may in turn offer fewer nucleation points for the
formation of halide-segregated regions, or reduce the efficacy of the segregation mechanism.
There are several reasons why grain boundaries may induce halide segregation in mixed-
halide perovskites. First, ionic motion has been reported to be particularly fast along
grain boundaries in single-halide [145-148] and multi-halide [149] perovskites, which may
suggest that halide segregation is particularly effective at grain boundaries because of
the increased mobility of the halide ions in these regions. Second, trap state density has
also been correlated with halide segregation [119, 144, 150-152], as discussed in more
detail in Section 2.4.4 below. Therefore, while the exact nature of trap states located
at grain boundaries is still being debated [84, 85], grain boundaries in the perovskite
film may associate with halide segregation by simply being locations that contain a high
density of traps. Finally, grain boundaries may be areas that relieve lattice strain caused
by the ion redistribution inherent in the halide segregation process, thereby reducing the
energetic barrier to the segregation of the halide ions [117, 121]. Through this mechanism,
perovskite films with better crystallinity and lower grain boundary density would be less

accommodating to halide segregation and would therefore be more stable.
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Figure 2.5: Work by Tang et al. highlighting how stability against halide segregation differs
between the grain centres and boundaries of an MAPb(Brg 31p.7)3 perovskite thin film [144].
(a) and (b): Topography of the film, with regions of interest circled as grain centres (regions
i-iii) or grain boundaries (iv-vi). Plotted is the emitted PL from each region while individually
illuminated under 500 000 mW c¢cm ™2 (~5000 sun), 636 nm illumination for 10 min. Only the PL
emitted from the grain boundaries shows signs that halide segregation is occurring, through the
emergence of redshifted features. Reprinted with permission from Ref. [144]. Copyright 2018,
American Chemical Society.

From the above considerations, it would at first appear that single crystals of mixed-
halide perovskite represent ideal environments in which to study how grain boundaries
(or the lack thereof) affects halide segregation. However, it is important to note that
single crystals have surfaces that have been reported to be highly defective [153] and
that techniques used to study halide segregation are often extremely surface-sensitive.
It is therefore perhaps not surprising that literature reports on halide segregation in
perovskite microplatelets and macro-sized single crystals are largely inconsistent. While
it is generally agreed upon that halide segregation can occur in both MAPb(BryI1_4))s3
[17, 120, 154, 155] and CsPb(Br,l(1_4))s [152] mixed-halide perovskite microplatelets
(single crystals with dimensions of the order of micrometres to tens of micrometres), there
is disagreement on the locations where segregation occurs. While some reports have

suggested that under illumination, iodide-rich perovskite domains form almost exclusively
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at the microplatelet surfaces [155], others conclude conversely that the iodide-rich domains
can form anywhere within the microplatelet crystals [120, 154]. For truly macro-sized
single crystals, there are still only a few reports on the occurrence of halide segregation,
and these are, unfortunately, also somewhat contradictory. Tang et al. presented PL
spectra taken from millimetre-sized MAPb(Brg 31y.7)3 single crystals that showed no signs
of an emission shift over the course of minutes under 100 mW cm™2 (~1 sun) illumination
[144], suggesting the absence of halide segregation. Conversely, Byun et al. observed
significant halide segregation in their millimetre-sized, bromide-rich, MAPb(BryI1_4))3
perovskite single crystals over tens of minutes, albeit under a significant illumination
intensity of 50 000 mW cm ™2 (~500 sun) [156]. In general, it is therefore difficult for solid
conclusions to be drawn from the literature on the extent to which halide segregation is
suppressed in perovskite single crystals, and it is noted that there remains significant
scope for further research to be carried out on this subject.

In summary, literature reports highlight the crystallinity of the perovskite as a key
parameter for the mitigation of halide segregation, with an increasing body of evidence
suggesting that grain boundaries are important, or even integral, to triggering segregation
[119, 123, 144, 155]. However, major questions remain as to the mechanism linking grain
boundaries to halide segregation. Possible explanations are that grain boundaries represent
regions of high ionic mobility [145-149], that the lattice strain induced by the segregation
of halide ions can be relieved at grain boundaries [117, 121], and that grain boundaries
represent regions of high trap density, which is itself linked to halide segregation [119,
144, 150-152, 157] (see Section 2.4.4 below). Regardless of the underlying mechanism,
the management of grain boundaries through the crystallinity of perovskite thin films

represents a critical control factor over halide segregation for device manufacturers.
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2.4.3.2 Nanocrystalline Films

Interestingly, a number of research studies have suggested that the photostability of mixed-
halide perovskite films composed of nanocrystals is much improved compared to that of
standard bulk polycrystalline materials [96, 102, 158, 159]. Such apparent suppression
of halide segregation in nanocrystalline materials is surprising at first, given that the
previous sections detailed how a propensity for halide segregation normally correlates with
low levels of crystallinity. However, the Kuno group proposed that the reduction of halide
segregation in nanocrystal films derives from the suppression of charge-carrier diffusion
[96]. Restricting the spatial freedom of excited charge carriers makes it less likely for
them to channel into the forming low bandgap regions of the perovskite, where they may
stabilise such regions or increase their size [96] — see Figure 2.6. Such a mechanism is thus
specific to the nature of films made directly from solution pre-cursors which contain small
perovskite nanocrystals. For this preparation method, nanocrystals are usually decorated
with surface ligands that confer solubility and passivate surface states. Upon casting of a
nanocrystalline film, surface ligands initially remain, unless a ligand exchange reaction is
successfully carried out and/or the film is sintered leading to the fusion of nanocrystals
into a nanoporous but relatively continuous perovskite solid [160-164]. Nanocrystalline
perovskite films may therefore differ substantially by the extent to which insulating
material between individual crystals limits both the movement of ions and excited charge
carriers [165]. The restriction of ionic and charge-carrier movement in nanocrystalline
films is in contrast to normal polycrystalline perovskite films in which grain boundaries
typically do not obstruct carrier motion significantly. Therefore, the degree to which
halide segregation in such nanocrystalline films can be suppressed may also vary widely
depending on film treatments following the casting from nanocrystal solutions [96, 158].

In particular, it is noted that nanocrystalline films fabricated with suppressed halide

segregation in mind, and therefore hindered charge-carrier migration between perovskite
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domains, may not be ideal for optoelectronic device applications whose efficiency relies on
excellent long-range charge-carrier transport across the film. Perovskite nanocrystalline
films are commonly utilised for LED applications [34, 6870, 78-82], whose emission colour
can be easily tuned either through the nanocrystal size, or the chemical composition
of the perovskite [34, 68-70, 78-82], and some nanocrystalline films have also been
utilised in photovoltaic devices [161, 162]. While some level of insulation between
adjacent nanocrystals in thin films leads to stability improvements and better quantum
confinement control over the emitted PL wavelength, sufficiently long range charge-carrier
transport is still essential. Therefore, the below examination of the literature concludes
that while limiting the spatial freedom of excited charge carriers in mixed-halide perovskite
materials does indeed inhibit halide segregation in thin nanocrystal films, this strategy
cannot by design be applied to high performance perovskite optoelectronic devices.
To elucidate the reasons for the reported [96, 102, 158, 159] suppression of halide segreg-
ation in nanocrystal films, the Kuno group suggested the concomitant reduction in charge-
carrier diffusion lengths as the cause [96, 166], given that the accumulation of photoexcited
charge carriers in low-gap regions has been blamed for perpetuating halide segregation [20,
21, 104, 120]. In this study, Draguta et al. fabricated separate CsPb(Brgslg5)s thin bulk
polycrystalline films and nanocrystal films (nanocrystal dimensions ~10 nm), with the bulk
polycrystalline films displaying signs of halide segregation when held under 60 mW cm 2
(~0.6 sun) and the nanocrystal films remaining stable unless held under extremely high
excitation intensities (~500 W em™2, 5,000 sun), see Figure 2.6 [96]. Similarly, Wang et
al. observed stable PL from their nanocrystal guest-host composite films — comprised of
~7.5nm sized CsPb(Br,I(1_))s perovskite nanocrystals dispersed in a Cs,Pb(Br,I1—4))6
non-perovskite matrix — across the entire Br-I range when held under 300 mW cm ™2

(~3 sun) for several hours [159]. Xiao et al. compared CsgsMAg4Pb(Br,l_g))s films

created with and without the incorporation of n-butylammonium, an organic ligand that
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Figure 2.6: Data presented by Draguta et al. showing the stability of films made from
perovskite nanocrystal solutions versus that for standard polycrystalline thin perovskite films
[96]. (a) and (b): Evolution of the PL emitted from both a CsPb(Brg5ly5)3 perovskite thin
film (a) and a nanocrystal film (b) under 60 mW cm~2 (~0.6 sun), 405 nm illumination. (c):
The tracked PL peak position from (a) and (b), highlighting that only the bulk thin film
experienced a PL redshift and halide segregation. (d): Theoretically predicted phase diagram
of the photostability of MAPb(Br,I(;_,))s perovskites as a function of illumination intensity
(Iexc) and excited charge-carrier diffusion length (l/,). Reprinted from Ref. [96]. Copyright
2017, Nature Publishing Group.

occupied the grain surfaces of the perovskite and limited the diffusion of halide ions and
charge carriers between the small (dimensions ~10nm) crystal grains inside the film
[102]. Xiao et al. found that while bulk polycrystalline CsgsMA4Pb(Br,l1_4))s films
showed signs of halide segregation under 1 sun illumination over 20 min for 0.4 < x < 0.8,
films whose grain size was limited by BA incorporation remained stable for 8 h under
1 sun illumination across the entire compositional range [102].

The above work demonstrates that separating a perovskite film into nano-scale, highly
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insulated domains increases the stability of the material against halide segregation under
illumination. However, a further survey of the literature suggests that such films are
impractical to use in optoelectronic devices because they offer insufficient long-range
charge-carrier transport between the domains. Efficient LEDs based on nanocrystalline
mixed-halide perovskite films indeed appear not to share the phase-stability of films
formed of small, completely insulated perovskite domains. Reports on CsPb(Br,Cl1_4))3
78, 80, 140-142] and CsPb(Br,I(1_4))s [78, 79] nanocrystalline perovskite films optimised
for LED applications have demonstrated the clear presence of halide segregation under
various illumination and/or current injection conditions. In such LED nanocrystalline
films a redshift of the electroluminescence or PL emission spectrum is observed to occur
over the course of seconds [79] to tens of minutes [78-80] depending on the excitation
conditions and perovskite chemical composition. Similarly, a number of reports show that
sintering phase-stable mixed-halide nanocrystal perovskite films — thereby increasing the
size of and interconnecting crystalline domains — reduces the phase stability and allows
halide segregation to proceed [96, 158]. Thus only severe electronic isolation appears
sufficient to suppress halide segregation in mixed-halide nanocrystal films.

In conclusion, while insulated, nanocrystalline perovskite domains are stabilised
against halide segregation by the inhibition of charge-carrier and ionic motion, such
lack of long-range transport would render optoelectronic devices inefficient. Careful
balancing may potentially create nanocrystalline films that somewhat mitigate halide
segregation while just about retaining the long-range charge-carrier transport properties
required for optoelectronic devices. However this may be too challenging a method
by which to produce mixed-halide perovskite materials with long-term phase stability

for efficient optoelectronic devices.
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2.4.4 Charge-Carrier Extraction and Injection and Trap State
Passivation

There is now widespread consensus in the literature that excited charge carriers — generated
either from photoabsorption or current injection — are the driving factor behind the halide
segregation mechanism [20, 21, 78-80]. Halide segregation may therefore be controlled by
manipulating the charge-carrier density within the perovskite, e.g. by altering charge-
carrier extraction or injection, or the recombination dynamics. For example, Duong
et al. showed that increasing the rate of charge-carrier extraction from photovoltaic
devices based on quadruple-cation Rbg o5(Csg.1 MAg 15FA¢ 75)0.05Pb(Bro.sslo67)s perovskite
significantly reduced the amount of halide segregation observed [9]. Perovskite solar cells
may therefore be more stable under working conditions, when significant current extraction
takes place, than would be expected from simple photoluminescence measurements on
corresponding perovskite films in the absence of charge-extraction layers.

Several studies have linked trap-mediated recombination of excited charge carriers
with halide segregation, highlighting trap passivation as a viable method to mitigate halide
segregation [123; 151, 152, 167-169]. A myriad of different passivating agents have been
linked to the reduction or prevention of halide segregation, including: trioctylphosphine
oxide [151], potassium iodide [123], potassium bromide [169], polymethyl methacrylate
(PMMA) [152], triiodide (I3) molecules (minor effects) [167], and benzylamine molecules
(minor effects) [168]. However, it is noted that the incorporation of a trap passivation agent
into a perovskite film often also alters other material properties, such as the nature of grain
boundaries and the ion migration channels, which are themselves linked to halide segreg-
ation. Abdi-Jalebi et al. showed that the changes in (Csp.0sMAg.15FA¢.79)Pb(Br,l1-2))3
perovskite films resulting from halide segregation over 30 min under 60 mW cm ™2 (~0.6
sun) illumination were almost entirely prevented for all halide ratios by the addition

of potassium iodide to the perovskite precursor solution prior to the deposition of the
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films; see Figure 2.7 [123]. The added potassium iodide was assumed to provide an
excess of iodide that passivated trap states resulting from halide vacancies and reduced
the halide ion mobility. The potassium ions were shown to accumulate at the grain
surfaces of the perovskite, passivating more trap states and limiting halide ion movement
in these regions [123]. In general, passivating agents represent a powerful method to
control halide segregation in perovskite materials, capable of reducing halide segregation
on more than one front, e.g. by passivating trap states and also potentially altering
ion migration pathways and mobilities. The disadvantages of using such passivating
agents mostly stem from the challenges in finding suitable agents, and incorporating
the agent into the perovskite film via an appropriate processing method. Additionally,
many additives produce side effects that can harm the perovskite material properties —
such as charge-carrier transport across grain boundaries — resulting in a sweet spot in
the concentration of the additive that must be found in order to optimise the overall
optoelectronic performance of the perovskite [123]. The discovery and fine-tuning of
effective additives for the mitigation of halide segregation is therefore a direct, but
complex, target for the production of stable mixed-halide perovskite solar cells and LEDs.

Several reports have suggested that the link between trap passivation and halide
segregation stems from charge carriers caught in localised trap states or at grain
boundaries driving the halide segregation mechanism [119, 144, 150-152, 157]. The
role of charge-carrier recombination in the halide segregation mechanism is investigated
in detail in Chapter 4.

In conclusion, phase segregation in mixed-halide perovskites can clearly be manipulated
through a tuning of charge-carrier recombination, extraction and injection rates. Control
over the charge-carrier dynamics in a perovskite material is therefore a useful tool
for mitigating halide segregation that must likely be implemented in the creation of

phase-stable mixed-halide perovskite solar cells.
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Figure 2.7: Data presented by Abdi-Jalebi et al. highlighting the effects of a potassium iodide
passivating agent on the photostability of (Cso.06MAg.15FA¢.79)Pb(Br,I(;_,))3 perovskite films
[123]. (a): External PL quantum efficiency over time under illumination (60 mW cm ™2, ~0.6
sun, 532 nm) for 4 perovskite films with different ratios of potassium iodide to A-site cations (x)
added to the perovskite precursor solutions. The external PL quantum efficiency increases in
perovskite films undergoing halide segregation due to the funnelling and concentration of excited
charge carriers in the forming regions of low-bandgap perovskite. (b): PL spectra observed over
30min for a (Csp.06MAg.15FAg.79)Pb(Broglp.4)s film with no passivating agent (x=0) under the
same illumination conditions as in (a). (c) and (d): PL spectra over 30 min for perovskite films
with varying halide content (y=0.6 (c), y=1, 0.6, 0.4 (d)) and varying amounts of passivating
agent added (x=0.4 (c), z=0.4, 0.1, 0.4 (d)) under the same illumination conditions as in (a).
Reprinted by permission from Springer Nature: Nature Ref. [123], 2018.

2.4.5 Atmospheric Effects

Environmental conditions such as changes in humidity or immersion of the perovskite into
different gases are expected to affect the halide segregation mechanisms in mixed-halide
perovskites, for a range of reasons. First, environmental conditions have previously been
shown to alter the nature and distribution of trap states in metal halide perovskites
[11, 24-29, 31, 32, 150]. Second, Brenes et al. suggested that halide vacancy sites may
be filled by superoxide molecules (O3 ) formed from the reaction between oxygen and
excited electrons [24], which may interfere with the halide ion migration pathways in
the perovskite structure [166]. Given the discussion in the previous section, which links

trap state passivation to halide segregation, one would therefore expect the atmospheric
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environment to have an indirect impact on the extent of phase segregation.

There is indeed ample evidence in the literature for atmospheric effects on halide
segregation, however most of it is inconsistent, which could derive from differences in
material morphology, composition or experimental conditions between studies. Citing the
trap-passivating and vacancy-filling nature of oxygen as the cause, Fan et al. reported
greater stability against halide segregation — and even recovery from halide segregation
while still under illumination — for MAPb(Br,I;_;))s films immersed in a pure oxygen
atmosphere, in contrast to a nitrogen-based atmosphere [170]. Conversely, Ruf et al.
observed significantly more halide segregation in (CsgosMAg16FAq.79)Pb(Brg1710.83)3
perovskite photovoltaic devices under ~1 sun illumination and an applied AC bias
(sinusoidal, amplitude 0.5V, frequency 990 Hz) when the samples were held under an
80% relative humidity, oxygen environment as compared to air or nitrogen environments
with a similar relative humidity level [124]. Other studies have not necessarily agreed
on the effect of oxygen on halide segregation, reporting only minor changes in the speed
of halide segregation in perovskite samples held under ambient air as compared to
inert nitrogen [150] or helium [118] atmospheres. Therefore, the effect of an oxygen
atmosphere on halide segregation is still debatable.

With regards to water vapour, Ruf et al. observed faster segregation rates in their
(Cso.0sMAg.16FAg.79) Pb(Brg 1710 83)3 perovskite photovoltaic devices under illumination (~1
sun) and an AC bias (sinusoidal, amplitude 0.5V, frequency 990 Hz) when the devices were
exposed to air with 80% relative humidity as opposed to air with 23% relative humidity
[124]. Howard et al. observed a redshift of the PL emission from CsyFA (1, Pb(Bro sslo62)s
films when the perovskite was held under a humid air environment [171]. The redshift
was observed to increase with the relative humidity level, and recovered when the
relative humidity was reduced. The PL measurements were made with minimal light-

soaking (0.015s at 6000 mW cm~2, ~60 sun) on timescales significantly shorter than
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the several seconds to minutes typically required for halide segregation to take place,
and so Howard et al. suggest that the PL emission redshifts were caused by humidity-
induced halide segregation [171]. However further work must be done to determine if
the observed PL peak shifts were indeed the result of halide ion movement, or some
reversible, humidity-caused chemical or structural changes to the perovskite, as have
been observed elsewhere [172, 173].

In summary, the effects of the atmospheric content on halide segregation in mixed-
halide perovskites are generally reported to be minor [118, 144, 150], although the
conclusions of some reports suggest more significant effects that warrant further research
[124, 170, 171]. It is noted that the somewhat incongruous nature of the literature
regarding atmospheric effects on halide segregation may stem from several different effects.
One problem is that the property of the perovskite being monitored as a measure of
halide segregation (usually the emitted PL from the perovskite) is often not only affected
by halide segregation itself, but also independently influenced by the environmental
atmosphere [150]. In addition, subtle differences in material morphology and crystallinity
may result in an inconsistency of results between groups, particularly if the atmospheric
effects are subtle, or dependent on the defect density originally present. In Chapter
4, a study on the effects of the surrounding atmospheric environment on the halide
segregation dynamics in mixed-halide perovskite films is performed, which helps to clarify
the reasons for the inconsistency of the literature. In conclusion, some further work
will be required before the direct influence of atmosphere on halide segregation can be
fully understood. However, given that commercial perovskite photovoltaic devices and
LEDs will likely be encapsulated and held in air, whether or not halide segregation
can be mitigated by holding the perovskite material under an exotic atmosphere may

not be of the utmost relevance for this technology.
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2.4.6 Management of Halide Ion Vacancies

Preparation of mixed-halide perovskites with a stoichiometric excess of halide ions is
another well-explored method for the prevention of halide segregation. [95, 123, 166,
167, 169]. Here, the aim is a reduction in the density of halide vacancies in the material
in order to suppress the mobility of halide ions that the segregation process relies
on. Halide ion movement in perovskite materials is thought to occur predominantly
through a nearest-neighbour hopping mechanism via vacant corresponding lattice sites
in the perovskite crystal [36, 93, 95, 166]. Therefore, vacant halide lattice sites are
integral for both halide mobility and the halide segregation mechanism, and altering
the nature and density of halide ion vacancies in the perovskite is a potential method
of improving perovskite photostability.

Experimentally, this approach has found good success, albeit sometimes at the expense
of degrading other material properties. Both Barker et al. [95] and Ruth et al. [166]
explored the link between halide ion vacancies and halide segregation and observed that
a reduction in halide vacancies suppressed the extent of halide segregation. However, if
the halide ion density was taken too far away from the stoichiometric ideal, the material
properties of the perovskite were frequently found to suffer. Barker et al. prepared
nominally MAPb(Brg¢lp4)3 films with a 1:5 ratio of lead to halide ions (thus providing a
halide ion excess), which they compared with films made from a more stoichiometric 1:3
ratio of lead to halide ions [95]. The films created with a halide excess showed improved
stability under ~20mW cm ™2 (~0.2 sun) illumination compared to the stoichiometric
films, according to measurements of PL. and photothermal deflection spectra. However,
the incorporation of excess halide was also found to turn the material more bromide-rich
because of the preferential binding of lead to bromide (as compared to iodide) [125,
174], leading to blueshifts in the PL emission peak and absorption edge [95]. Ruth et

al. found that the speed at which halide segregation occurred in MAPb(Brg.4lo¢)3—y)
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films increased as the halide content was reduced from excess (y < 0) to deficiency
(y > 0). However, it is noted that the bandgap and crystallinity of their samples
were also both significantly affected by the halide content, meaning that changes in
crystallinity may also have influenced halide segregation rates (see Section 2.4.3.1 above)
[166]. Ruth et al. also performed Monte-Carlo simulations of the halide segregation process
in modelled MAPDb(Brg 51y.5)3-y) systems with varying levels of halide ion deficiencies,
y. The results of the Monte-Carlo simulations were found to match qualitatively with
the experimental work, with faster modelled segregation rates correlated with higher
halide ion vacancy densities [166].

Based on these first studies set by Barker et al. and Ruth et al., others have explored
excess halide incorporation directly for perovskite photovoltaic and LED applications, with
a good deal of success [123, 167, 169]. As mentioned above in Section 2.4.4, Abdi-Jalebi
et al. [123] and Yang et al. [169] incorporated similar potassium iodide and potassium
bromide passivating agents into (CsgosMAg.15FA¢.79)Pb(Bryl1_s))s polycrystalline films
and CsPb(Br,I(;_,))s nanocrystalline films, respectively. Both reported that significant
improvements in the stability of the perovskite material against halide segregation
occurred as the excess halide ions reduced the number of halide vacancies. However,
trap and surface passivation by the potassium ions accompanied these changes, which
unfortunately makes it difficult to evaluate the true effect of the halide ion excess.
Importantly, there appeared to be no significant detrimental effect on the perovskite
material from the inclusion of excess halides in the precursor solutions. Interestingly,
Balakrishna et al. observed only minor stability improvements against halide segregation
in MAPDb(Brg51g5)s perovskite when an I3 additive was added to the precursor solutions
[167], indicating that while a halide excess alone will improve the stability of a perovskite

material to halide segregation, it is unlikely to eliminate halide segregation completely.
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In summary, a reduction in halide vacancies has been suggested theoretically [166]
and shown experimentally [93, 95, 123, 166, 167, 169] to reduce the rate of halide
segregation in mixed-halide perovskites. The main caveat to note is that other properties
of the perovskite material are often also inadvertently altered by incorporation of excess
halide in the precursor solutions, which can be either beneficial [123] or detrimental [95]
for optoelectronic applications. Finally, it is noted that the given formation energy of
defect states in perovskite materials will always result in a finite population of halide
vacancies at room temperature. Therefore, basic thermodynamic considerations dictate
that vacancy-mediated halide ion transport can never be completely eliminated through
the incorporation of excess halide ions. In addition, halide ion motion can, to a certain
extent, progress even in the absence of halide vacancies. Overall, it is concluded that
while a reduction in halide vacancy density will lower halide segregation in mixed-halide
perovskites, it is unlikely to yield completely phase-stable materials unless used in tandem

with some of the other approaches discussed in this chapter.

2.4.7 Regulating Illumination

The illumination falling upon a solar cell may vary dramatically depending on the
location of the solar cell on the globe, the solar cell architecture, and external factors
such as implementation in a solar concentrator design [175] or tracking arrangements.
Therefore, it is important to consider how properties of the illumination may affect
and mitigate halide segregation in mixed-halide perovskites. It should be noted that
because LEDs are operated under charge-carrier injection, rather than under illumination,
information presented in this section is not applicable for perovskite materials designed
for light-emitting applications.

As one would expect, several groups have observed that an increase in illumination

intensity results in faster halide segregation in mixed-halide perovskites [17, 94, 96, 97, 101,
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150, 151, 166]. Given that excited charge carriers are thought to be responsible for halide
segregation [20, 21], a higher illumination intensity photogenerates more excited charge
carriers within the perovskite material per second, leading to faster halide segregation.
However, it is noted that the observed changes may not necessarily be linear in light
intensity, given that the efficiency with which absorbed photons induce halide segregation
may also change with illumination intensity — a concept explored in Chapter 4. For
example, it has been observed that a certain threshold charge-carrier density exists
which must be crossed before halide segregation may commence [96, 97, 115, 166, 176].
Therefore, while generally a higher illumination intensity leads to a greater degree of
halide segregation in a given time frame [17, 94, 96, 97, 101, 150, 151, 166], the exact
relationship between the two parameters is complex.

As mentioned above, several studies have reported halide segregation to be suppressed
for illumination below an extremely low, material-dependent threshold intensity [96,
97, 115, 166, 176]. Slotcavage et al. showed that an original mixed-halide perovskite
PL emission peak remained dominant for MAPb(Brg4ly¢)s films under 0.5 mW cm ™2
(~0.005 sun) illumination for 3h, indicating suppression of halide segregation [176].
Additionally, Draguta et al. observed no segregation for MAPb(Brg51y5)3 films when
the illumination was kept below a 0.04mW cm~2 (~0.0004 sun) intensity threshold [96].
Interestingly, Elmelund et al. found that the highest threshold illumination intensity for
which halide segregation in MAPb(Brg 51y 5)3 films remained suppressed increased linearly
with increasing sample temperature (this result is discussed further in Section 2.4.8) [97].
These observations may be explained by considering the counteracting effects of halide
segregation under illumination and the entropic diffusion of ions against the formed
concentration gradients [96, 97, 144]. The point of maximum halide segregation will occur
when these two dynamics are balanced. As the strength of the halide segregation dynamic

is reduced with decreasing illumination intensity, below a certain low threshold intensity
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the stabilisation point between ion segregation and mixing is reached before significant
segregation has occurred. For photostable perovskite solar cells, it is therefore essential
that the threshold illumination intensity for which halide segregation becomes insignificant

over ~ 12h is identical to or greater than AMI1.5 solar illumination conditions.
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Figure 2.8: Data presented by Barker et al. suggesting a link between the illumination profile
within a perovskite thin film and the amount of halide segregation induced in the material [95].
(a): The emergence of sub-bandgap PL from an MAPb(Brgglp.4)3 film under illumination at
different photon energies (Epump) and intensities, but similar photon flux. (b): Changes in the
sub-bandgap PL (associated with iodide enriched domains) and average PL energy emitted from
an MAPD(Brgglp.4)s film under either one- or two- (one incident on each side of the film) beam
illumination of 100mW cm ™2 (~1 sun) intensity, 405 nm wavelength each. (c): Changes in the
PL intensities emitted from thick (280 nm) and thin (70nm) MAPb(Brogs1o.15)3 perovskite
films under the same, one-sided illumination as in (b). Reprinted with permission from Ref.
[95], https://pubs.acs.org/doi/10.1021/acsenergylett.7b00282. Further permissions related to
the material excerpted should be directed to the ACS.

In addition, halide segregation may potentially be affected by the light absorption
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profile and the resulting profile of the photoexcited charge-carrier density through a
thin film. Barker et al. investigated MAPb(Brgglo4)s and MAPb(Brggs1o.15)3 films [95],
reporting three key observations that together suggest that the nature of a non-uniform
charge-carrier generation profile — resulting from more charge carriers being generated
at the illumination side of the film than at the back side — is a primary driver of halide
segregation. First, the wavelength of the illumination was found to influence the speed at
which halide segregation took place, with a wavelength of 635 nm inducing much slower
segregation than 532 nm wavelength photons whose energy was further above the band
edge, see Figure 2.8a [95]. Since the optical density of a semiconducting material is
lower for photon energies close to the bandgap, these observations suggest that a more
uniform internal light profile and photoexcited charge-carrier density profile through the
films will lead to less halide segregation. Second, Barker et al. reported that the changes
observed in the PL dynamics as halide segregation progressed were somewhat reversed if
the perovskite film was illuminated from both sides (despite the fact that this doubled
the overall illumination intensity), again leading to more uniform illumination throughout
the film, see Figure 2.8b [95]. Finally, halide segregation was found to progress more
slowly in thin perovskite films (thickness 70nm as compared to 280 nm) [95], see Figure
2.8¢c, which again sustain flatter initial charge-carrier density profiles, although it was also
noted that the crystallinity was likely to be different between the films. As a caveat, it is
noted that charge-carrier redistribution across film profiles of typically several hundred
nanometres is relatively fast, leading to flattening of the distribution on the time scale
of ~nanoseconds [52, 177]. Therefore, in order for the charge-carrier generation profile
through a perovskite film to have an influence on the resulting charge-carrier dynamics,
the trapping rate in the material must be equally fast and/or the trap states in the
perovskite must be unevenly distributed throughout the film. Both of these explanatory

scenarios are possible, but they are unlikely to apply to all perovskite compositions that
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have been observed to undergo halide segregation, meaning that further experiments are
needed to probe the universality of this scenario. However, if the internal light profile
within the perovskite is more generally confirmed to have an important influence on
the phase-stability of the material, then it may be possible to manufacture photostable
perovskite solar cells by utilising a back-reflecting cell design and carefully controlling the

device layer thicknesses and absorption properties [178] to mitigate halide segregation.

2.4.8 Temperature Control

Temperature is another potential parameter offering mitigation of halide segregation in
mixed-halide perovskites, whose influence is important to explore because of the elevated
operating temperatures of solar cells and LEDs. Fortunately, temperature can also to a
certain extent be controlled e.g. by passive cooling, and through substrate and overall
module design. Temperature is thought to have two major influences on the halide
segregation mechanism. Firstly, it has been shown that the halide segregation mechanism
is governed by an Arrhenius relation in the temperature range ~151 to 375K [17, 95,
97, 104}, see Figure 2.9 for data on a portion of this range [97]. Given that halide
segregation relies on ion migration, it is understandable that the temperature of the
perovskite system is positively correlated with the speed of the segregation dynamics.
Secondly, in the case of mixed-halide perovskites, entropy is thought to be the driving
mechanism for the mixing of the halide ions. Since the entropic contribution to the free
energy of a thermodynamic system is partially determined by its temperature, theoretical
calculations suggest that raising the temperature of the perovskite increases the affinity
of the halide ions for mixing, and therefore increases the photostability of the material
[98, 104]. The disparity between these two effects of temperature on halide segregation —

the first suggesting that halide segregation happens faster at higher temperature, the
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second proposing that the perovskite material is more phase-stable at higher temperature

— is an interesting dichotomy that has yet to be fully explored by the research community.
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Figure 2.9: Work of Elmelund et al. tracking the speed of halide segregation in
MAPbD(Bro51p5)s perovskite films at different temperatures [97]. The films were illuminated
with a white light source at 20mW cm~2 (~0.2 sun) intensity. (a): Changes in the absorption
spectra of an illuminated sample over time as compared to the pre-illumination measurement
of absorption. The temperature of the sample was 100 °C. (b): Growth of the sub-bandgap
absorption (measured at 650 nm, solid symbols) and shrinkage of the above-bandgap absorption
(measured at 620 nm, open symbols) over time for perovskite samples at 23, 60, and 100 °C
(black squares, red circles and blue triangles respectively). (c): Plot of the natural log of the
rate constant associated with halide segregation versus the inverse temperature of the perovskite
material, with the linear trend highlighting an Arrhenius relation. The rate constant associated
with halide segregation was obtained from mono-exponential fits to the data in (b). Reprinted
with permission from Ref. [97]. Copyright 2019, American Chemical Society.

While there is plenty of experimental evidence for ion migration and segregation
occurring faster at higher temperatures [17, 95, 97, 104], the second aspect mentioned
above — i.e. an increased entropy at higher temperatures resulting in more stable
perovskite materials — has been observed relatively rarely. Experimental work by
Elmelund et al. showed that the threshold highest illumination intensity that could
be applied to MAPb(Brg51g5)s without inducing significant halide segregation increased
with temperature [97]. These observations suggest that the photostability of the perovskite
may indeed increase with temperature, in qualitative agreement with theoretical studies
[98, 104]. Additionally, Wang et al. characterised the effects of temperature on the
photoinduced changes in slightly unconventional samples consisting of CsPb(BryI1_4))3

-

perovskite nanocrystals embedded in a Cs,Pb(Br,I1_;))s endotaxial matrix [159]. In

PL spectra taken after several hours of high intensity, 440000 mW cm~=2 (~4400 sun)
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illumination, Wang et al. observed that, depending on the exact sample composition,
a low-energy emission peak emerged and/or separated from the main emission peak at
low temperatures, but the films remained photostable at higher temperatures. The
authors attributed these observations to lower photostability at lower temperature
[159], however, it is noted that other studies have reported similar changes in the
PL emitted from single-halide perovskites at low temperatures that are unrelated to
halide segregation [179, 180]. Finally, by probing the halide segregation dynamics in near-
photostable MAPb(Br,I(1_))s (bromide fraction, z, around 0.2) at a low illumination
intensity (1.5mW cm™2, ~0.015 sun), Nandi et al. observed halide segregation within
a composition-dependent temperature window, and observed photostability over 4h at
higher and lower temperatures under otherwise identical conditions [101]. The work
of Nandi et al. highlights the interesting interaction between entropic forces and ionic
motion at different temperatures, and invites further investigations into how these effects
may be utilised to stabilise perovskite optoelectronic devices.

In summary, while there are some experimental studies reporting increased pho-
tostability of mixed-halide perovskites at elevated temperatures [97, 101, 159], most
appear to find the opposite effect [17, 95, 97, 104]. Exploring the conditions under which
either of these scenarios dominate would be greatly beneficial for understanding how
temperature may be used to mitigate halide segregation in mixed-halide perovskites.
[lumination intensity may well play a crucial role in delineating different regimes here.
While the culmination of faster ionic movement and increased entropic factors at higher
temperatures result in perovskite materials that are harder to segregate in the low
illumination intensity regime (~0.01 mW cm~2, 0.0001 sun according to Elmelund et al.
[97]), it may well lead to faster halide segregation under intense illumination regimes.
Direct verification of how ion motion and entropic forces interact in hybrid metal halide

perovskites at different temperatures would be a fruitful avenue for further research.
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Given that the temperature of LEDs and photovoltaic devices can be controlled via a
number of different methods, such research could directly lead to practical means of

reducing halide segregation in perovskite optoelectronic devices.

2.4.9 Crystal Structure Engineering

Incipient studies have indicated that the underlying crystal structure of the mixed-halide
perovskite may play a role in the halide segregation dynamics. Such links would be
fortunate, given that the perovskite structure is relatively easily tuned, for example
through changes in A-cation that may influence octahedral tilting. As noted by others [92,
96, 166], the highest bromide fraction x that produces photostable MAPb(BrI(1_))s films,
x=0.2, also denotes the highest fraction for which the perovskite remains tetragonal, with
a transition to a cubic structure and ample halide segregation observed as x passes above
the threshold of 0.2 [17, 65]. Ruth et al. performed computational Monte-Carlo simulations
of halide segregation in both cubic and tetragonal perovskite materials to explore how
crystal structure may affect the photostability of MAPb(Br 51y 5)3 perovskites [166]. In a
cubic structure, the nearest-neighbour hops available for a halide ion are all symmetrically
identical, whereas in a tetragonal structure there are two distinct hop pathways, with
distinct energetic barriers. Ruth et al. found that the halide segregation rate was sensitive
to the difference in the energetic barriers of the two distinct migration pathways in the
tetragonal perovskite structure, and so halide segregation could occur at a different rate in
tetragonal perovskite structures (where there is some difference in the energetic barriers)
compared to cubic perovskite structures (where there is symmetrically no difference in
the energetic barriers) [166]. However, the exact difference in segregation rate between
tetragonal and cubic structures — or even in which structure halide segregation would
occur faster — was not determined, and Ruth et al. concluded that halide segregation

would likely proceed in both tetragonal and cubic perovskites [166]. However, this
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work could possibly explain the observation that halide segregation does not occur in
MAPD(Br,I_4))s perovskites when x <0.2, when the perovskite is in a tetragonal phase.
While MAPb(Br,1(;_,))s perovskites have a clear transition from tetragonal to cubic
crystal structures around 2=0.2 [17, 65], the structure of FAPb(Br,I(1_,))s perovskites
across the x compositional range is a matter of some discussions [115, 181-183]. Further-
more, some reports suggest an amorphous structural region for FAPb(Br,I(1_,))3 within
the approximate composition range 0.3 < z < 0.5 [115, 181]. The lack of a clear structural
transition in FA-based, mixed-halide perovskites complicates any efforts to correlate
crystal structure with stability against halide segregation stability in these materials.
A significant study researching the link between crystal structure and halide segregation
was recently conducted by Beal et al. [184]. An examination of the XRD patterns of
CsyFA(1_,)Pb(BryI(1_4))s perovskite materials as the bromide and caesium content (x
and y, respectively) was tuned allowed the mapping of a phase diagram for the perovskite
material, from a cubic structure at x ~50% and low y, to a cubic-tetragonal mixed
phase at low x and y ~50%. These compositions were then determined to be either
stable or unstable towards halide segregation through measurements of PL spectra
under ~110 mW cm ™2 (~1.1 sun) illumination for 10 min, and examinations of potential
redshifts over time. While perovskites of cubic structure were consistently observed to
exhibit halide segregation, cubic-tetragonal perovskites showed both stable and unstable
behaviour, leading to the conclusion that the crystal structure is a somewhat unreliable
indicator of phase-stability in mixed-halide perovskites [184]. It is also noted that, as
mentioned in Section 2.4.2.1 above, tuning the A-site cation may also influence the
photostability of perovskite films by changing the crystallinity of the perovskite, making
it difficult to determine whether trends observed by Beal et al. resulted solely from
changes in the crystal structure. Overall, the crystal structure is concluded to be at best a

secondary consideration for phase-stability of perovskites, and in any case may prove too
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difficult to alter without changing other critical properties of the perovskite material, such

as its bandgap, in particular if compositional changes beyond the A-cation are involved.

2.4.10 Summary

In this chapter a wide range of means by which halide segregation can be mitigated
in mixed-halide perovskites has been critically evaluated. Applied in combination,
such approaches may ultimately yield materials with sufficient photostability for a
given application, enabling colour-tunable perovskite semiconductors for applications
such as tandem solar cells and light-emitting diodes and displays. The findings of
this chapter are summarised below with key strategies grouped by their effectiveness
for suppressing halide segregation.

Amongst the most promising tools by which to suppress halide segregation significantly
are the judicious choice of ions populating the A-cation site, improvements in material
crystallinity, and a reduction in trap density. The modification of the A-site cation in
the ABXj structure from solely MA, FA or Cs species to a mixture of either FA/Cs
or MA/FA /Cs currently presents the most substantial and easily implemented method
of increasing the photostability of a lead mixed-halide perovskite with minimal effect
on its bandgap [20, 66, 117, 118, 122, 123]. An alternative, highly promising method
for limiting halide segregation is an improvement in the crystallinity of the perovskite,
i.e. creating films with a larger average grain size [20, 103, 117, 122, 125], which may
affect properties at the grain boundaries such as trap density, strain, or ion migration
channels [104, 119, 144]. In addition, passivation of electronic trap states through the use
of various additives has also been shown to be successful at mitigating halide segregation
[123, 151, 152, 167, 168], with potassium iodide being particularly effective [123].

Moderate success has also been reported for the incorporation of excess halide ions

into the mixed-halide perovskite, which has been shown to reduce the density of halide
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vacancies and suppress halide segregation to a certain extent [95, 123, 166, 167]. However,
moving the perovskite stoichiometry too far from its ideal will negatively impact on
the perovskite material quality [95, 166]; therefore, the incorporation of excess halide
ions must be carefully tuned. In addition, basic thermodynamic arguments dictate
that halide vacancies can never be completely eliminated from a perovskite structure,
meaning that inclusion of excess halide ions is a technique best used in tandem with
other methods aimed at preventing halide segregation.

Other factors explored to enhance the photostability of mixed-halide perovskites have
been found to be less promising or impractical to implement. Utilising a bromide/chloride
ionic mixture in the perovskite structure realises bandgaps suitable for blue-green LEDs,
but these mixed-halide perovskite compositions appear to be similarly unstable towards
halide segregation as bromide/iodide perovskite compositions [69, 78, 80, 139]. While
the adoption of nanocrystalline materials has been shown to limit the effects of halide
segregation through the suppression of charge-carrier diffusion lengths [96, 158, 159,
166], this technique is impractical to implement in optoelectronic devices where efficient
charge-carrier transport is key to high performance [160-162]. Whether or not the
composition of the surrounding atmosphere alters the speed at which halide segregation
takes place is still a matter of debate [118, 124, 144, 150, 170, 171], but it is noted that
tuning such exposure is again an impractical idea, given that oxygen- or humidity-rich
atmospheres will also eventually degrade the perovskite material [11-13, 15, 16, 91], and
devices may ultimately operate under encapsulation. Despite a significant recent study
[184], the influence of crystal structure still needs further experimental exploration to
assess its significance for the photostability of mixed-halide perovskites. Theoretical
predictions have suggested that structure could impact on the ion migration pathways in
the perovskite [92, 166], however tuning crystal structure without impacting on important

parameters such as electronic bandgaps and material crystallinity may prove difficult.



2. Background and Fundamentals 01

Finally, as a perspective on the future research avenues in the field of mixed-halide
perovskites, it is noted that some methods for mitigating halide segregation require
substantial further research, but could prove potentially promising. Partially replacing
lead with tin on the B-site cation has shown some promising initial results [133, 134],
however, further work is required to elucidate more fully the role of tin on the mixed-
halide perovskite photostability. The type of illumination upon the perovskite has been
shown to affect the halide segregation dynamics [17, 94-97, 101, 115, 150, 151, 166, 176,
185], and while the nature of solar illumination is an external parameter, the overall
photovoltaic device architecture determines the light profile within the perovskite film
and could therefore influence halide segregation [95]. The temperature of the mixed-
halide perovskite film is another factor affecting halide segregation in mixed-halide
films, although the precise trade-off between entropic mixing and ionic diffusion still
requires further research. That said, temperature control could to some extent be utilised
to mitigate halide segregation in a mixed-halide perovskite solar cell or LED though
passive cooling systems [17, 95, 97, 98, 101, 104, 159]. Additional topics for further
investigation centre on the role of grain boundaries and interfaces on the halide segregation
mechanism. Material crystallinity can clearly affect halide segregation, however there
is still no real consensus on the exact mechanism by which grain boundaries influence
the halide segregation mechanism. Some studies have also started to investigate the
role of surfaces in halide segregation [151, 152], however interface engineering has yet
to be fully explored, and could have a large impact on halide segregation due to the
strong links between interfaces and crystallinity, trap states, ion migration and charge-
carrier extraction [186, 187]. Such investigations are particularly important because
the interfaces between the perovskite and charge-extraction layers can vary significantly
depending on the device architecture used. Finally, it is noted that 2D perovskites have

proven to be generally more stable (especially against moisture) than 3D perovskites,
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and ion motion has also been shown to be somewhat limited in a 2D perovskite structure
[188, 189]. Therefore, it would be interesting to contrast the stability of 2D layered
perovskites against halide segregation with that of their 3D (bulk) counterparts, but
little research has so far been done on this topic.

Overall, through a combination of the above factors, halide segregation will likely be
mitigated in working perovskite solar cells and LEDs to the extent required for stable
operation. Fortuitously, the most promising approaches for reducing halide segregation
significantly (i.e. high crystallinity, low trap state density, efficient charge-carrier extrac-
tion) are also factors that yield high performance devices, making rapid progress highly
likely. Mixed-halide perovskites therefore remain extremely promising candidates for the

demanding applications of tandem solar cells and tunable light-emitting diodes.
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in this thesis, both from theoretical and practical perspectives. Particular emphasis
is placed on the optoelectronic theory and measurement techniques that are heavily

relied on in Chapters 4, 5, and 6

3.1 Sample Fabrication

3.1.1 MAPb(Br,I_,)); Thin Films

The fabrication of MAPb(Br,I1_,))s thin films as detailed in this section was performed
by J. B. Patel, Department of Physics, University of Oxford.

Due to the progress made in the fabrication of high-quality MAPb(Ber(l_x))g thin
films, different fabrication recipes were used for the samples discussed in Chapter 4

and Chapter 6. Both recipes are detailed below.

3.1.1.1 Thin Film Samples Used in Chapter 4

Substrate cleaning:

z-cut quartz was first cleaned using Hellmanex, acetone and isopropanol, then with
oxygen plasma for 10 min.

MAPbDb(Bry51y5); perovskite layer preparation:

The MAPb(Brg5ly5)3 perovskite was prepared using an adaptation of the procedure
proposed by F. Huang et al. [190]. The perovskite films were prepared by dissolving
the precursor salts in anhydrous N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) mixture (4:1 volume ratio) to obtain a stoichiometric solution with the desired
MAPD(Brgslp5)3 composition. The precursor solution was prepared using the following
precursor salts: methylammonium iodide (MAI) (dyesol), methylammonium bromide
(MABEr) (dyesol), lead iodide (Pbly) (99%, Sigma-Aldrich), lead bromide (PbBry) (98%,
Alfa Aesar). The perovskite precursor solution was spin coated from a 1.0 M solution

at 4000 rpm for 30s. N, gas was used to quench the growth of the perovskite. The gas
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flow was applied 15s after the start of the spin coating, and sustained for 10s. The
perovskite films were immediately placed on a preheated hot plate set to 100°C and
annealed in a Ny atmosphere for 20 min.

Poly(methyl methacrylate) (PMMA) layer preparation:

PMMA (Sigma Aldrich, average My 97000 gmol™') was dissolved in chlorobenzene
with a concentration of 150mgmL~!. The solution was spin coated at 2000 rpm for
45s on top of the perovskite films.

Final sample preparation:

The back of the quartz substrate was cleaned with isopropanol to ensure no residue at

the back of the sample would interfere with measurements.

3.1.1.2 Thin Film Samples Used in Chapter 6

Substrate Cleaning:

Substrates were made of z-cut quartz (area 1.3 cm?) were cleaned by subsequent sonication

in Decon90 (1 vol% in deionised water), deionised water, acetone (Sigma Aldrich) and

isopropanol (Sigma Aldrich) for 10 min each. The substrates were then dried using

an No-gas gun before being transferred into an Ny filled glovebox prior to deposition

of the perovskite layer.

MAPD(Bry51y5); perovskite layer preparation:

MAPDB(Brglp5)s thin film samples were prepared using the acetonitrile route as reported

previously [191]. In summary, the precursor salts (methylammonium iodide, MAI, Great-

Cell Solar; methylammonium bromide, MABr, GreatCell Solar; lead iodide, Pbly, TCI,

lead bromide, PbBry, >98%, Alfa-Aesar) were weighed stoichiometrically and dissolved

in acetonitrile (Sigma Aldrich) to give a 0.5 M solution as described by Noel et al. [191].
The perovskite films were fabricated using the following spincoating recipe: 70 pul

of precursor solution was deposited dynamically onto the quartz substrate spinning at
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2000rpm. The films were then annealed for 30 min at 100 °C.

PMMA layer:

PMMA (poly(methyl methacrylate), Sigma Aldrich, mean molar weight 97 000 g mol~!)
was dissolved in chlorobenzene (Sigma Aldrich) at 150 mgml~!. To form the PMMA film,
40l of solution was deposited dynamically onto the perovskite film at 2000 rpm, for 25s.

The films were then annealed at 100°C for 1min to drive off any residual solvent.

3.1.2 MAPDb(Br5ly5); and MAPbI; Photovoltaic Devices

The fabrication of MAPb(Brg51y5); and MAPbI; photovoltaic devices as detailed in this
section was performed by J. B. Patel, Department of Physics, University of Oxford.
Substrate cleaning:

Fluorine-doped tin oxide (FTO) glass substrates (Tec 15, Pilkington) were washed using
Hellamanex, acetone, isopropanol and ethanol. Thereafter, the FTO substrates were
placed in the oxygen plasma asher for 10min.

SnO, layer:

SnO, was prepared as reported previously [192]. In brief, SnCly-5H50 in isopropyl alcohol
(0.05M) was spincoated onto clean FTO substrates at 3000rpm and then annealed
at 180°C for 1h. The substrates were then placed in a chemical bath consisting of
SnCly-2H,0 (108 mg), 3-Mercaptopropionic acid (10 pl), deionised water (40ml), Urea
(500mg) and 37% HCI (500ul). The chemical bath containing the substrates were
placed in an oven for 3h at 70°C. Afterwards, the films were washed with deionised
water and annealed for 1h at 180°C.

Perovskite thin-films:

MAPbDH(Broslp5)s thin films were prepared using the acetonitrile route as reported
previously [191]. In brief, MAI, MABr, Pbl; and PbBry were weighed out and dissolved

in acetonitrile to give a 0.5 M solution as described by Noel et al. [191]. The solution
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was then spincoated onto the substrate in a nitrogen filled glovebox at 2000 rpm. The
films were then annealed for 1h at 100 °C.

MAPDI; thin films were prepared similarly to the MAPb(Brg 51p5)s thin films, except
that a 1M solution of MAI and Pbl, in acetonitrile was made to ensure that the films
were of the same thickness as the MAPDb(Brgs1g5)s films.

Spiro-OMeTAD layer:

73mg of 2,2’ 7, 7-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(spiro-OMeTAD) was dissolved in 1ml of chlorobenzene. Thereafter 38l of lithium
bis(trifluoromethanesulfonyl)imide solution (170 mgml~' in 1-butanol) and 21 pl of 4-
tert-butylpyridine was added to the 1ml solution of spiro-OMeTAD. The final solution
was then spincoated in a nitrogen filled glovebox at 2000 rpm for 45s. The resulting
films were left to oxidise in a desiccator for 24 h.

Gold electrode:

Gold electrodes were deposited at 1 x 1075 mbar in a thermal evaporator. The thickness
of the electrodes was ~100nm.

PMMA layer for thin-film samples:

PMMA (Sigma Aldrich, average My 97000 gmol™') was dissolved in chlorobenzene
with a concentration of 150mgmL~!. The solution was spin coated at 2000 rpm for

45s on top of the perovskite films.

3.1.3 FA0830S017Pb(BI'$I(1_x))3 Thin Films

The fabrication of FAqg3Csg.17Pb(BryI(1_4))s thin films as detailed in this section was
performed by R. D. J. Oliver, Department of Physics, University of Oxford.
Substrate cleaning:

Substrates made of z-cut quartz (area 1.3 cm?) were cleaned by subsequent sonication

in Decon90 (1 vol% in deionised water), deionised water, acetone (Sigma Aldrich) and
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isopropanol (Sigma Aldrich) for 5min each. The substrates were then dried using
an Ny gun before being transferred into an Ny filled glovebox prior to deposition of
the perovskite layer.

FA(s3Cso17Pb(Br,1;_,))3; perovskite layer preparation:
FA(83Cs0.17Pb(Br,l(1_4))s thin film samples were fabricated in line with a previous
report [193], with slight modification to account for the different substrate area and
different bromide fractions. In summary, the precursors salts (formamidinium iodide, FAI,
GreatCell Solar; caesium iodide, Csl, 99.99%, Alfa-Aesar; lead iodide, Pbly, 99.999%,
Alfa-Aesar; lead bromide, PbBry, >98%, Alfa-Aesar) were weighed stoichiometrically in
an Ny filled glove box. The precursor salts were dissolved in a 4:1 ratio by volume of
N,N-dimethylformamide (DMF, Sigma Aldrich) to dimethyl sulfoxide (DMSO, Sigma
Aldrich), to a concentration of 1.3 M. The solution was stirred overnight before deposition.
To allow a conversion between perovskite emission energy and perovskite bromide content
— see Section 3.4.2 — two solutions of FA( g3Csg 17Pbls and FA( g3Csg 17PbBrs were prepared
and mixed in appropriate ratios to span the compositional range from z =0 to x = 1.
For all other photoluminescence (PL) and X-ray diffraction (XRD) measurements — those
presented in Chapter 6 — the FAqg3Cso.17Pb(Brg4loe)s perovskite precursor solution
was prepared directly.

The perovskite films were fabricated using the following spincoating recipe: 50 pul
of precursor solution was deposited dynamically onto the quartz substrate spinning at
1000rpm. After 5s, the substrate accelerated at 800rpms~!, until it reached a final
spin speed of 5000 rpm where it remained for 30s. An antisolvent quench using 50 pl
of Anisole (Sigma Aldrich) was performed 5s before the end of this step. The films
were then annealed at 100°C for 30 min.

PMMA layer:
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PMMA (poly(methyl methacrylate), Sigma Aldrich, mean molar weight 97 000 g mol~!)
was dissolved in chlorobenzene (Sigma Aldrich) at 150 mgml~!. To form the PMMA film,
40 1l of solution was deposited dynamically onto the perovskite film at 2000 rpm, for 25s.
The films were then annealed at 100 °C for 1min to drive off any residual solvent.
Final sample preparation:

After deposition of the PMMA layer, the FAqg3Cso.17Pb(Brg4loe)s thin film samples

were annealed at 100°C for 30 min.

3.2 Photoluminescence

Photoluminescence (PL) contains a wealth of information about the electronic energy
states experienced by the excited charge-carriers within the emitting material. As such, PL
measurements are ideal tools for examining the changing energy landscape within mixed-
halide perovskites experiencing the halide segregation phenomenon, and PL techniques
are heavily utilised throughout the work presented in this thesis. PL emission from
a material can be described as a three-stage process. First, a photon incident on the
material is absorbed and generates an electron-hole pair through stimulated absorption.
Second, these photoexcited charge carriers then experience the electronic energy states
available in the material, and may go through several process such as thermalisation or
capture by trap states. Third, an electron-hole pair recombines through the spontaneous
emission process, and thereby emits a photon with a wavelength dictated by the difference
in energy levels of the recombining charge carriers. The distribution of PL photon
wavelengths emitted from the material, and the temporal distribution of PL photon
emission times, can then reveal information about the behaviour of the charge carriers
within the material between the photoexcitation and recombination events. Therefore,
the emitted PL photons are often differentiated either by their wavelength (or energy),

or by the time at which they were detected. The first case (differentiating by wavelength
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or energy) has the benefits of being a relatively simple measurement technique, and can
reveal basic information about the electronic energy states surrounding the band edges
in a semiconducting material. This PL measurement technique was used to collect a
large amount of the data presented throughout this thesis, and is discussed in Section
3.2.1. The second case (differentiating the PL photons by detection time) is slightly more
complicated, and can be achieved through a technique known as time-correlated single

photon counting (TCSPC), which is detailed below in Section 3.2.2.

3.2.1 Steady-State PL Measurements

Steady-state PLL measurements are a fundamental spectroscopy tool, and are often
used to investigate the basic optoelectronic properties of a semiconducting material.
In particular for the work presented in this thesis, steady-state PL. measurements are
very sensitive to the bandgap of a material, and so are commonly used to track the
low-bandgap regions of perovskite that form during the halide segregation process [17].
Steady-state PL refers to the measurement of the photons emitted from a photoexcited
sample that is in equilibrium with an illumination source, such as a continuous-wave
laser. A steady-state PL measurement setup therefore consists of an illumination source
to photoexcite the sample, and collection optics to collect the PL emitted from the
measurement sample. In the setup used to collect the steady-state PL data presented
in this thesis, a 400 nm wavelength diode laser (Picoharp, LDH-D-C-405M), operated
under continuous wave conditions was used as an illumination source. The intensity
of the incoming laser illumination was coarsely controlled with suitable neutral-density
filters along the incoming beam path, and finely controlled by adjusting the settings
of the laser driver. Apertures and lenses along the beam path were used to control
the beam spot size and shape. An achromatic doublet was used to collimate the PL

from the sample, which is emitted over a wide range of angles. A linear polariser was
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then used to avoid the effects of Wood’s anomaly from the diffraction grating later in
the beam path, and a filter was used to remove any laser scatter from the PL signal.
The collimated PL was then focused onto the entrance slit of a grating spectrometer
(Princeton Instruments, SP-2558), which then internally re-collimated the light onto
a diffraction grating. The diffraction grating split the light spatially according to its
wavelength, and the separated light was then focused onto an intensified charge-coupled
device (iCCD) camera for detection. The iCCD camera has a 2-dimensional detection
face, one dimension of which was aligned with the spectral separation of the measured
PL. The position of the PL signal upon the iCCD camera detection face could then be
used to determine the wavelength of the PL, and the associated photon energy.

iCCD cameras are ideal for PL measurements due to their high sensitivity to incoming
photons, which is due to the image intensifier tube component of the iCCD [194]. In short,
the image intensifier tube is comprised of three components, which together multiple the
number of incoming photons into a larger number of output photons, allowing for easier
detection of low PL signals. The first component is a photocathode, which releases a
photoelectron when struck by an incident photon. The released electron is then accelerated
by an electric field into and through the microchannel plate — the second component of
the intensifier tube. The microchannel plate consists of narrow hexagonal tubes (~10pm
across), one of which the accelerated electron travels through. After being accelerated to
high enough speeds, the original photoelectron has enough kinetic energy to excite more
electrons from the tube walls of the microchannel plate, which themselves are accelerated
by the electric field and can repeat the same process. Eventually the generated cloud of
electrons strike a phosphor screen, causing a large number of photons — more than those
associated with the original PL signal — to be emitted. The emitted photons are then
coupled into a charge-coupled device (CCD) array, which accumulates charge according

to the number of incident photons. Finally, the charge attributed to each bin in the CCD
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array is read off as a voltage and converted into an image, which contains both spatial

and intensity data regarding the original incident PL signal [194, 195].

3.2.2 Time-Correlated Single Photon Counting

As mentioned above, TCSPC is a technique used to gain temporal information about the
PL emitted from a given material, and is used in Chapters 4 and 5 to uncover information
about the charge-carrier dynamics in mixed-halide perovskite materials. In TCSPC
measurements, a short pulse of illumination is used to photoexcite charge carriers in the
measurement sample, before those charge carriers recombine and emit photons with a
time-dependent distribution, typically over the course of nanoseconds to microseconds
[196]. For the TCSPC measurements presented in this thesis, illumination was provided
by a 400 nm wavelength diode laser (Picoharp, LDH-D-C-405M) operated under pulsed
conditions, and the collection of the emitted PL photons was done as described in Section
3.2.1. An adjustable mirror within the grating spectrometer (Princeton Instruments,
SP-2558) was used to direct the measured PL onto a single-photon avalanche diode
(SPAD) (PDM series from MPD) for TCSPC measurements, as opposed to the iCCD
camera used for stead-state PL. measurements. Signal timing in the TCSPC setup was
controlled by a PicoHarp 300 TCSPC Event Timer.

Measuring the temporal distribution of PL emitted from a sample after a short burst
of incident illumination is difficult because photon detectors are often unable to register
photon events for a short time immediately following a previously registered photon
event. This “dead” time commonly associated with the detector and electronics of the
system can last up to several tens of nanoseconds, and so if multiple photons spread
over a few nanoseconds are incident on the detection apparatus, only the ones with the
earliest arrival times are likely to be registered. The over-emphasis of photons with

early arrival times is an effect known as “pile-up”, and makes it impossible to accurately
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measure the temporal distribution of photons emitted from a sample on a nanosecond
timescale when using a single illuminating laser pulse. Instead, the accumulation of data
occurs over multiple laser pulses, and the incoming PL signal is attenuated such that
only one photon is likely to be detected from each pulse, preventing a second incoming
photon from going unrecorded during the detection process of the previous photon. For
example, a typical TCSPC setup will run with about a 1% chance of detecting an emitted
PL photon from any given pulse, making the probability of missing a second emitting
photon from any given pulse around 0.01%. Photons from many illumination pulses
can then be binned according to their arrival time at the detector, allowing for the
creation of a histogram of arrival times that reflects the emission time of the photons
from the photoexcited material, and which is therefore a measure of the underlying
charge-carrier dynamics within the material [196].

Purposely receiving small amounts of signal in order to minimise error means that
highly sensitive detection equipment — often alongside long accumulation times — is
required to perform TCSPC measurements. In the setup used to measure the TCSPC
data presented in this thesis, a single-photon avalanche diode (SPAD) was used to
detect the PL signal. A SPAD consists of a p-n diode capable of absorbing incident
photons and generating free charge carriers, with a large voltage held across the diode
to accelerate any photoexcited free charge carriers. The accelerated charge carriers
are given enough kinetic energy to excite further free charge carriers within the diode,
which are themselves also accelerated, causing an avalanche of current to be generated
from a single photon-absorption event. In this manner, a SPAD is highly sensitive
to even single incident photons, allowing for the low-signal conditions required for

TCSPC measurements to be met [196].
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3.2.2.1 Fitting to TCSPC Data

This section outlines the specific data analysis techniques used on the TCSPC data
discussed in Chapter 4. As discussed in Section 2.1, the rate of radiative recombination
in semiconductors under certain film and illumination conditions is approximately equal
to kon(t)?, where ky is the bimolecular recombination constant, n is the photoexcited
charge-carrier density, and ¢ is time. TCSPC measurements record photons emitted from
the photoexcited sample, making TCSPC sensitive only to radiative recombination and
so to kon(t)?. Accordingly, in order to extract values for k; and ks, a functional form
for ken(t)? is required to fit to the TCSPC data. Given that TCSPC measurements
occur under pulsed laser conditions, the discussion in Section 2.1.2 explains that the
charge-carrier dynamics are governed by Equation 2.3. Rather than extract values for
ky and ko simultaneously, it is desirable to first use a fitting method that is sensitive to
k1 only. At low charge-carrier densities, such as at low excitation fluence or at times
long after the pulse arrival, the dominant term in Equation 2.3 is kin, and so the

charge-carrier dynamics are well approximated by:

Solving Equation 3.1 for n(t) results in the following equation for kon(t)?:

PL Intensity oc kyn(t)? = konde 2F1 (3.2)

Here ng is the charge carrier density initially generated by the laser pulse, and the other
symbols have been otherwise stated. Taking the natural logarithm of Equation 3.2 results

in:

In (%) — okt (3.3)

Thus, at low charge-carrier densities, the gradient of TCSPC data plotted on a log-lin

scale is related only to the monomolecular decay rate constant, k. Measuring the gradient
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of the logarithm of TCSPC data taken with a low excitation fluence, or only extracting
the value of the gradient at long times in the data plot, therefore allows for the extraction
of the value of —2k;, and therefore the value of k.

In order to extract the value for ky from TCSPC data, it is necessary to consider
the regime in which the charge-carrier density is high enough to induce a significant
amount of radiative recombination. It is assumed, however, that the charge-carrier
densities reached under the typical illumination intensities used in TCSPC measurements
(< 1800 W m ™2 in the work presented in this thesis) do not significantly excite the higher-
order Auger recombination processes. As a result of this assumption, the dynamics of

the recombination processes are described by the following rate equation:

dn

E = —kln — k2n2 (34)

This equation can be solved analytically to find:

klnge*klt
t) = .
n( ) kl + k?gno(l . e‘k’lt) (3 5)
And so:
k? k2 2 —2kqit
kyn(t)? = 2%17o¢ (3.6)

(k1 + kang(1 — e=Fit))2
In theory, ng can be calculated from knowledge of the illumination pulse fluence and
volume, and the absorption parameters of the measured sample. Equation 3.6, multiplied
by a constant to take into account the imperfect outcoupling of photons emitted from
radiative recombination to the measurement apparatus, and utilising the previously fitted
value for k1, can then be fitted to acquired TCSPC data to extract values for k. In the
work presented in Chapter 4, it is unclear how the flux of photons incident on the measured
sample relates to the charge-carrier density within the sample, due to the funnelling of
charge carriers within the perovskite material experiencing halide segregation. Therefore

in Chapter 4 values for both ks and ng were extracted from fits of the data to Equation 3.6.
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3.3 X-Ray Diffraction

3.3.1 Theory

X-ray diffraction (XRD) measurements are extremely versatile and can uncover a
wealth of structural information about crystalline and polycrystalline materials, making
them ubiquitous throughout many branches of condensed matter physics. Accordingly,
XRD measurements have been used to varying degrees in the study of mixed-halide
perovskites and the halide segregation process [17, 92, 121]. In Chapter 6, XRD and PL
techniques are used in tandem to correlate structural and optoelectronic properties of
mixed-halide perovskites during illumination, and during the movement of halide ions
associated with halide segregation. This section briefly introduces the main principles
of XRD measurements.

As with any experiment that involves the scattering of a beam of incoming particles,
energy and momentum conservation laws are key to XRD experiments [197]. Typically
XRD experiments involve the measurement of elastically scattered X-rays off a crystalline
structure, resulting in the conservation of energy across the incoming and outgoing
X-ray waves. The conservation of energy in this case means that the wavevector of
the incoming X-ray beam (k) remains equal in magnitude to the wavevector of the

scattered, measured beam (l;’), ie.

(3.7)

The fundamental periodicity of a crystalline lattice means that scattering events occurring
within such an environment must conserve crystal momentum, rather than actual
momentum (the actual momentum of the system is conserved by changes to the momentum
of the crystal lattice itself). The conservation of crystal momentum means that the

difference in the wavevectors of the incoming and outgoing X-ray waves must be equal
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—

to a reciprocal lattice vector, G:
F—k=G (3.8)

Within the two constraints of energy and crystal momentum conservation, only certain
X-ray scattering events are allowed. In fact, it can be seen geometrically that for every
reciprocal lattice vector, @, there exists only one incoming angle at which X-ray photons
can enter the crystal structure and be scattered, and only one corresponding outgoing
angle they can be scattered to. Figure 3.1 highlights that these incoming and outgoing
angles of a scattered X-ray beam are, in fact, equal, and depend on the reciprocal lattice
vector, G. Each reciprocal lattice vector corresponds to a single family of planes in the
corresponding real-space crystalline structure. Therefore, measurements of the allowed
scattering angles for X-rays incident on a crystalline material reveal information about
the type and nature of the lattice planes within said material [197].

A common parameter investigated in XRD measurements — and in particular in
Chapter 6 — is the distance between lattice planes in a crystalline material. The
reciprocal lattice vector, é, associated with a set of similar lattice planes satisfies

the following relation:
= — (3.9)

where d is the distance between adjacent lattice planes in the set of planes associated

with G. Using the above relation between G and d, the relation between the wavevector
of a photon and its wavelength (‘lg ‘ = 27”), the equations for the conservation of energy

(Equation 3.7) and crystal momentum (Equation 3.8), and the geometric relations between

Ci k and K highlighted in Figure 3.1 allows for the following derivation:

G- (K -k =G -G

21 2
—W—W(sine — —sin#) :<
=\

27\ 2

d N EJ

2d sin 0
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(a) (b)

Figure 3.1: Diagrams showing incident and outgoing X-ray beams when scattered off a
crystalline structure, and highlighting the geometric nature of the situation. For an elastic
scattering event to occur in a crystalline structure, the difference in wavevectors of the incoming
and outgoing X-ray beams (E’ - E) must equal a reciprocal lattice vector, ((_j), and the lengths

k'|). Given these
conditions, the diagrams in (a) and (b) highlight the only available scattering geometry for a

smaller and larger value of é, respectively. The direction and magnitude of G is shown in (a)
and (b) to depend on the nature and spacing of the associated lattice planes in the crystal,

although the diagrams are not to scale.

of the incoming and outgoing X-ray beam wavevectors must be equal (‘lg ‘ =

With the final line above corresponding to the Bragg condition. Using the relation
2dsin @ = A, experiments can be conducted where A is known, and 6 is varied. When a
sharp peak in the amplitude of the scattered X-rays is measured, the Bragg condition
is assumed to be fulfilled, and so the lattice spacing d can be deduced by the value of
0 the peak corresponds to. More generally, by measuring the 6§ — or, more commonly,
the total angle of beam deflection, 20 — position of multiple scattered X-ray peaks,
information regarding the existence and spacings of multiple sets of lattice planes in a
crystalline structure can be obtained. Using such information, detailed knowledge about

the structure of the crystalline material can be deduced [197].
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3.3.2 Crystallite Size Estimation

The fracturing of a crystalline material into smaller crystalline domains results in the
broadening of the recorded XRD peaks from the material [198]. As a result, the size of
the crystalline domains within the measured material can be estimated from the width

of the recorded XRD peaks according to the Scherrer equation [198]:

KA
~ Bcosh

(3.10)

where D is the size estimate of the crystalline domains, K is a dimensionless shape
factor that is assumed to be equal to 1 for the purposes of the basic crystalline size
estimates presented in this thesis, A is the wavelength of the incident X-rays used for the
XRD measurement, [ is the full width at half maximum (FWHM) of the investigated
XRD peak when measured in radians, and # is the Bragg angle of the investigated peak.
Equation 3.10 allows an estimate of the crystalline domain size within a sample to be
made from measurements of a corresponding XRD peak. It is noted that this XRD peak
analysis is only perfectly valid if the material is compositionally homogeneous, which
is not expected to be true for materials experiencing halide segregation, and for such
materials this analysis is expected to only give an estimate of the lower bound to the
crystalline domain size of the material. In addition, other factors not accounted for
by a basic use of Equation 3.10 — such as the true from of K — may introduce further
errors into this analysis. It is emphasised that the crystallite size analysis performed in
Chapter 6 according to Equation 3.10 is only meant to highlight the relationship between
XRD peak broadening and crystallite size breakdown, rather than to provide accurate

estimates of the crystalline domain sizes within the perovskite films.
3.3.3 Basic XRD Measurements

The basic XRD measurements presented in Chapter 6 were made using either a Rigaku

Smartlab X-ray diffractometer, or a PANalytical X’Pert powder X-ray diffractometer, and
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in both cases were taken from diffraction angle 10° to 50° 26, with differing scan speeds of
0.02°s7! and 0.01 °s™ 1, respectively, for the two diffractometers. For both diffractometers
the Cu-K,; line was used as incident radiation, and in order to correct against sample tilt,

a relevant z-cut quartz peak in the data was used as a reference and fixed to 20 =16.43°.

3.4 Simultaneous PL and XRD Measurements

3.4.1 Measurement Overview

Much of the data presented in Chapter 6 were taken utilising a home-built insert to an
X-ray diffractometer, allowing concurrent, in situ, PL. and XRD measurements to be made
while illuminating the investigated sample. The experimental setup consisted of a small
setup of optical equipment — displayed in Figure 3.2 — integrated within a Rigaku SmartLab
X-ray diffractometer. The illumination source used for the PL measurements was an
LDH-D-C-470 fibre-coupled laser, with an emission wavelength of ~470nm. Optical
fibres were used to feed the incident illumination from the laser source into the Rigaku
SmartLab diffractometer, whereupon the laser light was launched into free space and onto
the sample. A lens was used to control the laser beam illumination area and intensity. The
PL emitted from the sample was collected and coupled into another optical fibre, before
being led out of the Rigaku SmartLab and into an Ocean Optics USB2000 spectrometer.

The XRD measurements were taken via the Rigaku SmartLab diffractometer that
contained the optical insert, with a HyPix-3000 2D X-ray detector, utilising a Bragg-
Brentano reflection geometry. The Cu-K,; line was used as incident radiation. The
2-dimensional detection face of the X-ray detector allowed measurements to be made over a
range of 26 values without moving the X-ray source, the sample, or the detector. Utilising
this static experimental setup, XRD measurements could be taken at a sufficiently fast
rate to gain time-resolved information about the halide segregation process. It is noted

that, because of the flat measurement face of the X-ray detector, only a small area of the
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Figure 3.2: Photograph of the optical equipment used to both provide illumination on and
collect the PL from a sample for the concurrent PL and XRD measurements discussed in
Chapter 6. The optical setup is designed to fit inside a Rigaku SmartLab X-ray diffractometer.

detector face would have been in a true Bragg-Brentano geometry over the course of the
conducted experiments. However, given the large distance between the detector and the
sample (~0.3m) as compared to the dimensions of the detector face (~0.05m) it is not

expected that the geometry of the setup had a significant effect on the measurement results.
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3.4.2 Estimation of Perovskite Bromide Content

The PL emission energy of a mixed-halide perovskite material is influenced by its halide
content [17, 43, 65]. Similarly, the lattice spacings within a mixed-halide perovskite
material — which influence the 26 position of measured XRD peaks — are also dependent
on the halide content of the perovskite [17, 65, 66, 197]. Thus, assuming that the
chemical composition of a given perovskite is determined by the ratio of the halide ions
in the material, an estimate of the halide ratio in the perovskite can be made from
measurements of either the emission energy or the 26 position of a known XRD peak
and the comparison of such data with those for perovskites with known compositions. In
essence, there exists a formula that allows conversion of a PL. emission energy into an
estimate of the halide content of the emitting perovskite — shown below to be Equation
3.12 — and there exists another formula for converting XRD peak position into an estimate
of the halide content of the reflecting perovskite — shown below to be Equation 3.16.
Such formulae allow the conversion of horizontal axes (axes of abscissa) for both PL and
XRD data such that they are provided in terms of an estimate of the halide content
of the investigated mixed-halide perovskite, allowing the optoelectronic and structural
properties of the perovskite to be compared. This section details how these conversion
formulae were created for use in Chapter 6.

From here on, ABXj3 perovskites are referred to for which B is lead, X is a mixture of
iodide and bromide ions, and A is arbitrary but fixed: APb(Br,I(;_,))s. This particular
perovskite composition is most relevant for this thesis, although it is noted that the analysis

presented in this section could be applied to other perovskites with different compositions.

3.4.2.1 Estimation Process Based on PL Measurements

In order to create a conversion formula between the PL emission energy of a mixed-

halide perovskite and its bromide content, PL. measurements must first be made of
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similar perovskites with known compositions. PL measurements of APb(BryI_4))s3
perovskite films with known, differing bromide contents, z, allow for an estimate of the
PL emission energy, F, to be made across the bromide compositional range. Typically
the PL peak emission energy is found to follow a quadratic behavior (referred to as

band bowing) as a function of = [17, 43, 65]:
E=ax’+br+c (3.11)

where a, b and ¢ are parameters determined from the fit of x to the experimentally
derived values of E.

Equation 3.11 can be inverted by finding the correct polynomial root, resulting in:

—b+/b% +4a(E —c
z = V 5 E-9 (3.12)
a

Thus, the bromide content, x, of a perovskite can be directly related to PL photon emission
energy, F, by inserting E into Equation 3.12, once a, b and ¢ have been determined

from measurements of known perovskite compositions.

3.4.2.2 Estimation Process Based on XRD Measurements

In order to create a conversion formula between the 26 position of a given XRD peak
recorded from a perovskite and its bromide content, XRD measurements must first be made
of similar perovskites with known compositions. XRD measurements of APb(Ber(l_J;))g
perovskite films with known, differing bromide contents, z, allow for an estimate of the
26 position of a given XRD peak to be made across the bromide compositional range. As
shown in Section 3.3.1, the 26 position of an XRD peak is related to the distance between

the lattice planes that coherently reflected the XRD signal through Bragg’s Law [197]:
2dsinf = \ (3.13)

where d is the distance between the lattice planes that generate the XRD peak, and

A is the wavelength of the incident X-rays.
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For a cubic crystal system, the distance between a given set of lattice planes, d, is

related to the lattice spacing of the material, a, by the following relationship [197]:

d= (3.14)

where h, k and [ are the Miller indices of the given set of lattice planes. Via Equations 3.13
and 3.14, it is possible to calculate the lattice spacing, a, of a perovskite from the measured
20 position of an XRD peak with known h, k& and [. Accordingly, this calculation can be
performed for a set of perovskites spanning a range of bromide ratios, x, to investigate the
relation between bromide content and the resulting perovskite lattice spacing, a. Vegard’s
law — an empirical law — states that a linear relationship should be found between z and
a, i.e. a = ax + [ [199]. This relationship is usually observed in mixed-halide perovskites,
and experimental measurements can determine the value of the fitting constants o and .

Combining Equations 3.13 and 3.14 leads to the following equation for a:

WRETETE
T 2sing (3:15)

Utilising the linear fit between x and a allows for the derivation of the following equation:

MWhP+ R+ 8
(07

2csin 0

(3.16)

Tr =

Thus, the bromide content, x, of a perovskite can be estimated by measuring the 26
position of an XRD peak with known h, k and [ indices via an X-ray beam of known
wavelength, A\, and inserting the appropriate values into Equation 3.16, given that o and

B have been determined from measurements of known perovskite compositions.

3.4.2.3 Estimates for MA- and FACs-Based Perovskites

PL data presented in Figure 3.3 was measured by R. D. J. Oliver, Department of

Physics, University of Oxford.
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In Chapter 6, estimates of the bromide content of perovskite regions within
MAPDB(Brgslp5)3 and FAgg3Csg.17Pb(Brg 4lp6)s thin films are made from recorded PL and
XRD data, with calculations performed as according to Sections 3.4.2.1 and 3.4.2.2 above.

For MAPDb(Brg515)3, PL spectra reported in the literature — specifically from Refs.
[43], [17], and [65] — were used to determine the relationship between bromide content
and PL emission energy. XRD patterns reported in the literature — specifically from
Refs. [17] and [65] — were used to determine the relationship between bromide content
and the 260 value of the (200) peak.

For FA(s3Csg.17Pb(Bro4lp6)s, PL results recorded in-house — see below and Figure
3.3 — were used to determine the relationship between bromide content and PL emission
energy. XRD patterns reported in the literature — specifically from Ref. [66] — were used to
determined the relationship between bromide content and the 26 value of the (220) peak.

PL results for FA( g3Cso17Pb(Br,l(1_4))s perovskites across the entire = 0 to x = 1
compositional range (steps of z = 0.1) were recorded in-house, as shown in Figure 3.3.
PL spectra were recorded by illuminating the thin film samples with light from a 405 nm
laser at an intensity of ~100 mW cm™2 when placed in an integrating sphere. The PL

spectra were recorded using a QEPRO-FL spectrometer.

3.5 Absorption Spectroscopy

The use of absorption spectroscopy was extremely limited in the work presented in
this thesis, and so only the basics of the technique will be discussed here. Photons of
different wavelengths upon a given material have different probabilities of undergoing a
stimulated absorption process, with the probability of absorption dictated by the photon
wavelength and the landscape of electronic energy states within the given material. By

analysing how the probability of photon absorption depends on the photon wavelength,
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Figure 3.3: PL data measured by R. D. J. Oliver, Department of Physics, University
of Oxford. (a) PL spectra showing the high energy, mixed perovskite PL peak from
FAo,gngo.NPb(Ber(l,w))3 thin films ranging in composition from z = 1.0 to z = 0.0. The
illumination source was at 100mW cm~2 intensity and 405nm wavelength. (b) The centre
emission energy of the PL peaks shown in (a) plotted against the bromide content of the
perovskite, . Fitted to this data is a quadratic curve. The PL emission energy exhibits a mild
bowing across the compositional range, similar to that previously observed for this perovskite
composition [66].

absorption spectroscopy can uncover information about the electronic energy states
within the measured material.

Directly measuring the absorption coefficient of a material is difficult, as the excitations
in a material generated by the absorption of a photon are often myriad and short lived, and

so measuring and accounting for all these excitations is practically impossible. Instead,
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the absorption coefficient of a material is deduced from the fact that any light incident
on the material that does not transmit through the sample or reflect off it has — to a
first approximation — been absorbed. Therefore, the key measurement parameters to
determine are the transmittance, T, and the reflectance, R, of the material, which are
the fractions of the incident light on the material that are transmitted and reflected,

respectively. The absorption coefficient of a material, «, is defined as follows:

a(N) = _cll logy, <1_T(};\2)\)> (3.17)

where d is the thickness of the measured material, and the absorption coefficient,
transmittance, and reflectance of the material are all functions of the wavelength of
the incident light, A\. As mentioned above, Equation 3.17 represents a first approximation
of the absorption coefficient of a material, and photon scatter and multiple reflection
effects must be accounted for in more sophisticated measurements.

In order to calculate the transmittance and reflectance of a sample from the measured
transmission and reflection data, reference to the spectrum of incident photons must
be made. A simple way of measuring the incident photon flux and accounting for
imperfections in the photon coupling of the measurement equipment is to measure the
transmitted and reflected signals from samples of known extremely high transmittance and
reflectance. Furthermore, background corrections can be applied by measuring samples
of known extremely low transmittance and reflectance. Finally, the contribution of the
sample substrate can be removed from the transmittance and reflectance spectra by per-
forming similar measurements on a clean substrate. For the work presented in this thesis,
these reference measurements were performed on a clean quartz substrate (similar to the
substrates used for the perovskite samples) and on a silver mirror. The following equations

were then used to estimate the measurement material transmittance and reflectance:

tsam e tmirror
y— (3.18)

tsubstrate - tmirror
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R— Tsample — Tsubstrate (319)

Tmirror — Tsubstrate

where tsample, tmirror; aNd foubstrate are the transmission spectra measured from the
sample, mirror, and quartz substrate, respectively, and 7sample, mirror; @0d Tsubstrate are
the corresponding reflection spectra measured from the sample, mirror, and quartz

substrate, respectively.
3.5.1 AMI1.5-Equivalent Intensity

“AM1.5 equivalent intensity” is defined here as the laser intensity at which the same
density of charge carriers is photoexcited in a perovskite film as would be under the AM1.5
solar spectrum [200]. This laser intensity is used in Chapter 4 in order to investigate
the halide segregation mechanism in MAPb(Brg5lp5)s thin films under illumination
intensities relevant for commercial solar cells. Due to the sharp absorption onset in the
MAPbD(Brg5l5)3 perovskite films (characterised in Section 4.3) it is expected that only a
small number of above-gap photons will pass through the entire film, and thus in this
calculation of the AM1.5 equivalent intensity the total absorption of all incident photons
with energies higher than the bandgap is assumed. The AM1.5 equivalent intensity is
therefore taken to be the same laser intensity at which the flux of incident laser photons
matches the flux of above-bandgap photons from the AM1.5 spectrum. The bandgap of
the mixed-phase perovskite was determined to be around 665 nm from measurements of
the PL and absorption spectra (see Section 4.3), while the iodide-rich phase produced an
emissive peak centred on different values depending on the measurement taken, likely
due to spot-to-spot variations in the perovskite films. The formed iodide-rich phase
PL peak was also observed to red-shift as the perovskite film segregated further, thus
making the determination of a bandgap for the iodide-rich perovskite difficult. 745 nm
was determined as a suitable representative value. Calculating the effective bandgap of a

segregating material is complicated, however it has been reported that the majority of the
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perovskite remains near the initial stoichiometric composition throughout the segregation
process, with only around 20% of the perovskite converting to the iodide-rich phase
[17]. Hence for the calculation of an AM1.5 equivalent intensity an effective bandgap of
680 nm was selected as an 80:20 weighted average of the mixed and iodide-rich perovskite
bandgaps. While no single effective bandgap can be completely accurate at all times as
the film segregates, the AM1.5 equivalent intensity defined here should generate the same
order of magnitude of charge carriers in the perovskite films under laser illumination as
the AM1.5 spectrum would. The AM1.5 spectrum represents the power per unit area
emitted from the sun at different photon wavelengths, denoted here as AM1.5(A) [200]
and measured in Wm™2nm~!. The number of photons emitted per unit time per unit
area in the wavelength range A to A + d\ is then AML.5(X) x (%)7' x dX, where % is
the energy of a photon with a wavelength of A. Integrating over this expression from
A =0nm to A = 680 nm reveals that, under an AM1.5 spectrum for the given scenario,
there are 1.19 x 10%' photons per second per meter squared incident on a perovskite
material which are above bandgap. The value of 1.19 x 10%' photons per second per
meter squared at 400 nm wavelength — the laser wavelength used in Chapter 4 — then

corresponds to a laser power of 591 W m™2, which is taken as the AM1.5 equivalent power.
3.5.2 Absorption Measurements

The absorption coefficient data presented in Chapter 4 were measured with a Bruker
Vertex 80v Fourier-transform infrared spectrometer fitted with the reflection/transmission
accessory, a tungsten halogen lamp source, a CaFy beamsplitter, and a silicon diode
detector. The reference spectra were performed on a Thorlabs UV-protected silver mirror,
and on a clean quartz substrate. The thickness of the sample was determined from
SEM measurements performed by J. B. Patel at the Department of Physics, University

of Oxford — see Section 4.3.
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3.6 External Quantum Efficiency Measurements

The external quantum efficiency (EQE) of a solar cell is the ratio of the charge carriers
extracted from the cell to the number of photons incident upon the solar cell, and is a
function of incident photon wavelength. It is determined by measuring the extracted
current from the solar cell as it is illuminated under a known excitation source. In
the measurements presented in Chapter 5, Fourier transform photocurrent spectroscopy
was utilised to measure the EQE of MAPb(Brg51g5)3 solar cells. In Fourier transform
photocurrent spectroscopy measurements a Michelson interferometer is used to create
an interferogram from an incident light spectrum. To do so, a beamsplitter is used to
split the source spectrum along two paths, with one path leading to a fixed mirror and
the other leading to a movable mirror. The movable mirror then adds an adjustable
amount of path difference between the two beam paths before they are recombined at the
beamsplitter. The constructive and deconstructive interference of the different photon
wavelengths results in, for a given mirror position, the strengthening and weakening
of particular amplitudes of the different photon wavelengths from the initial source
spectrum. The dependence of the overall output light intensity as a function of the
position of the adjustable mirror generates the interferogram data. By recording the
current extracted from the measured solar cell when illuminated with the output light
from the interferometer for a large number of mirror positions, it is possible to perform
Fourier analysis on the resulting interferogram data to reveal the extracted current
from the solar cell when illuminated with a small wavelength interval of the incident
source spectrum. Fourier transform photocurrent spectroscopy therefore allows for the
rapid measurement of wavelength-dependent data without the complications required

of a monochromator-based setup.
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The EQEs of the MAPb(Brg51y5)3 perovskite solar cells studied in Chapter 5 were
measured via a custom built Fourier transform photocurrent spectrometer based on a
Bruker Vertex 80v Fourier Transform Interferometer. The devices were illuminated with
simulated sunlight with a class AAA Oriel solar simulator. The devices were calibrated to
a Newport-calibrated reference silicon solar cell with a known external quantum efficiency.

The solar cells were masked with a metal aperture with a defined active area of 0.0625 cm?.
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4.1 Introduction and Background

The experimental work presented in this thesis begins with a fundamental examination
of the halide segregation dynamic, and on the basic atmospheric influences on the
halide segregation mechanism. As detailed in Section 2.4.5, there is a vast and varied
literature discussing the changes observed in the optoelectronic properties of mixed-halide
perovskites under different atmospheres [118, 124, 144, 170, 171]. Given the potential
of mixed-halide perovskites as a tandem solar cell material, a detailed understanding of
both the underlying mechanisms behind these atmosphere-caused changes to perovskite
materials and the halide segregation process is desired, with the ultimate aim of
suppression or exploitation of these mechanisms under working conditions. Unfortunately,
the segregation dynamics reported from PL experiments in the literature are often
inconsistent; even among similar perovskite compositions and illumination intensities,
the time taken for halide ions to segregate varies between tens of seconds [17, 94, 96] and
tens of minutes [66, 93, 176], and the intensity ratio of the initial and final PL peaks
varies between roughly 2 to more than 6 [17, 66, 93, 94, 96, 176]. Given the changes
in PL intensities that are known to be induced by light and different atmospheres in
single-halide perovskites over time [24-32, 201], such discrepancies in the literature on
mixed-halide perovskites may therefore potentially be partly caused by the differences
in the atmosphere under which perovskites were held, likely alongside other differences
such as processing techniques and resulting film crystallinity.

The contribution of atmospheric effects to the contradictions in the literature is
determined in Section 4.4.1 by a careful examination of the role of the environmental
atmosphere on halide segregation dynamics in MAPb(Brg 51y 5)s observed through PL
experiments. It is found that changes in the PL spectra of mixed-halide perovskites

under illumination vary markedly under different atmospheres, with overall trends in
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PL amplitudes resembling changes observed in single-halide perovskites, which are
however combined with environmentally dependent halide segregation dynamics. It
is demonstrated that the influence of atmospheric changes can be mostly suppressed
by encapsulation of the perovskite films with a thick (>1pm) layer of poly(methyl
methacrylate) (PMMA), which is a practice adopted whenever possible throughout the
experimental work presented in this thesis. Section 4.4.2 details an examination of the
role of photogenerated charge-carrier density on the dynamics of halide segregation, where
charge carriers recombining through trap-mediated routes are shown to be responsible for
halide segregation. The work in Section 4.4.2 allows the creation of an empirical model
for the growth of the iodide-rich perovskite PL over time, as a function of various film and
illumination parameters. Section 4.4.3 compares the predictions of said empirical model
to results in the literature on halide segregation in perovskite films exposed to pulsed
illumination, to great success. The empirical model is further utilised to predict that a
reduction of the trap-related charge-carrier recombination rate to < 10°s™! (7; 25 ps)
would be sufficient in order for halide segregation to be largely suppressed in working
perovskite solar cells based on MAPb(Brg sl 5)s. In Section 4.5 it is proposed that light-
induced halide segregation can be understood as a positive feedback system, initiated
by electric fields arising from trapped charge carriers and further driven by funnelling
of charge carriers into the generated lower-energy iodide rich domains. Finally, Section

4.6 summarises and concludes the results of this chapter.

4.2 Experimental Detalils

The majority of the data presented in this chapter are steady-state PL data that were
collected as described in Section 3.2.1. The TCSPC measurements were collected as
described in Section 3.2.2, and the basic absorption measurements presented in Section

4.3 were collected as described in Section 3.5.2.
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4.3 Basic Sample Characterisation

4.3.1 Basic PL Measurements
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Figure 4.1: PL taken from a PMMA coated MAPb(Br¢ 51y5)3 perovskite thin film held under
vacuum before (blue) and after (red) 21 seconds of light-soaking under 4.1 kW m~2 intensity
illumination at 400 nm wavelength.

Figure 4.1 shows the PL emitted from a PMMA coated MAPb(Brg51o5)s perovskite
thin film under vacuum before (blue) and after (red) 21 seconds of light-soaking under
4.1 kW m~? intensity illumination at 400 nm wavelength. The emission wavelength of
the initial PL peak was determined to be 665nm and the wavelength of the formed,
low-bandgap PL peak varied across spots on the perovskite films, but was generally

measured around 745nm.
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Figure 4.2: Cross-sectional SEM images of the MAPb(Brg 51y .5)3 films with the poly(methyl
methacrylate) (PMMA) coating. The same section of film is shown in (a) with a scalebar of
2um and in (b) with a scalebar of 5pm.

4.3.2 Determining Sample Layer Thicknesses

SEM measurements performed by J. B. Patel, Department of Physics, University of Ox-
ford.

The thickness of the MAPb(Brg 51 5)3 perovskite and poly(methyl methacrylate) (PMMA)
layers of the samples was measured from SEM cross-sectional images (see Figure 4.2).
The average perovskite layer thickness was found to be 390 nm + 12% and the average

PMMA layer thickness to be 1300nm + 6%.
4.3.3 Absorption Spectrum Measurement

An absorption spectrum was obtained from an MAPb(Brgs1g5)s film coated with a thick
layer of PMMA — see Figure 4.3. The band edge was found to be close to 665nm, in

agreement with the initial PL peak shown in Figure 4.1.

4.4 Main Experimental Results

4.4.1 Atmospheric Effects on Halide Segregation

The main experimental work presented in this chapter begins by establishing how
atmospheric conditions influence the changes observed in the PL spectrum of mixed-

halide perovskite films during halide segregation and remixing experiments. Assessment
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Figure 4.3: Absorption spectrum of an MAPb(Brg51y5)s film coated with a thick layer of
PMMA.

of such environmental factors is not only useful for research laboratory studies, but
will also give insight into the operation of these wide-bandgap materials under real-
world conditions. Figure 4.4 shows that under illumination, the PL spectra of an
MAPbD(Brg5lp5)3 perovskite film exhibit a complex fingerprint of both halide segregation
and atmospheric effects. Here, the 390 nm thick films were periodically exposed to light
under different atmospheric conditions for 8 cycles of induced halide segregation and
remixing, where each cycle consisted of 15 seconds of illumination, followed by 30 minutes
of darkness. Illumination was conducted by a laser of 400 nm wavelength at an AM1.5
equivalent intensity (591 W m™2, see Section 3.5.1 for details). Four different atmospheric
conditions were explored: vacuum (around 0.2 mbar), air, pressurised nitrogen (around

2bar), and vacuum with a PMMA top-coating to encapsulate the perovskite films. In
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order to probe the full range of segregation and remixing dynamics, the periods of
darkness were 120 times as long as the periods of illumination to ensure that the films had
sufficient time to recover from the halide segregation. The graphs in Figure 4.4 plot the
integrated intensity of two different regions of the perovskite PL spectrum (see Figure 4.1
for examples of the perovskite PL spectra), the range 720 nm-770 nm is plotted in blue
and follows the iodide-rich perovskite PL peak, and the range 640 nm-690 nm is plotted
in green and follows the mixed-phase PL peak, both scaled such that the initial mixed
phase PL measurement is equal to 1. In order to account for spot-to-spot variations in the
perovskite, several repeats under each atmospheric condition were performed on different
areas of the films. The bold lines in Figure 4.4 show the averaged data from these repeats,
and the shaded regions indicate values within one standard deviation of the mean.
Each light /dark cycle for any of the four atmospheric conditions clearly displays an
increase in the PL signal of the iodide-rich phase under illumination, indicating that lower
bandgap, iodide-rich perovskite regions are forming within the remaining well-mixed
phase. The growth rate of low-bandgap signal is heavily dependent on the surrounding
atmosphere, with different maximum PL signal intensities reached under the different
atmospheres, despite identical illumination conditions used. As the low-bandgap signal
was found to have returned to its initial value at the start of every repeat cycle, the 30
minutes of darkness within each cycle is concluded to be sufficient to allow the segregated
perovskite to remix. However, under vacuum and under air, the films otherwise clearly
do not fully revert to their initial states under darkness, given that the halide segregation
dynamics recorded in subsequent cycles progressively differ from those observed in the
first cycle. Comparing PL amplitudes from either the iodide-rich or mixed-phase peaks
across similar points in each cycle (e.g. the last point of each cycle), it is observed that the

long-term changes in the PL intensities displayed in Figure 4.4 are qualitatively similar to
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Figure 4.4: Evolution of PL emission monitoring the reversibility of halide segregation when
MAPD(Brg51lp5)s films are held under 4 different atmospheric conditions, (a) under vacuum
(~0.2mbar), (b) ambient air, (c) pressurised (2 bar) nitrogen, and (d) film topped with a layer
of PMMA and held under vacuum (around 0.2mbar). To induce repeated segregation and
remixing, the films were exposed to 8 illumination cycles, with a single cycle consisting of
15s of illumination followed by 30 min of darkness. Illumination was achieved with a laser of
wavelength 400 nm whose intensity was adjusted to provide excitation equivalent to AM1.5
solar illumination (591 W m~2, see Section 3.5.1). The bold blue lines show the mean integrated
intensity of the PL originating from the iodide-rich phase (720nm to 770nm) while the bold
green lines give the mean integrated intensity of the PL from the mixed-halide (640 nm to
690 nm), both scaled such that the initial mixed-halide PL intensity is set to 1. Bold lines are
the calculated mean over several repeats of such runs on fresh areas of perovskite film, and
shaded regions indicate the values within one standard deviation of the mean, thus highlighting
the extent of spot-to-spot variations.

those reported for single-halide perovskites under comparable conditions. For such single-
halide perovskites, the PL has been found to decrease under vacuum [24, 32, 201], increase
in air [24-32|, and remain fairly constant under nitrogen [24, 27, 31}, similar to what is
observed here for the average PL signal of MAPb(Brg51y5)s across cycles. Similarly, the

large standard deviation observed in the halide segregation dynamics for the mixed-halide

samples held under air is reminiscent of the diverse PL changes reported in the literature
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for single-halide perovskites under illumination in air [25]. Such variations under air
likely result from a combination of slight differences in the atmospheric composition,
perovskite film inhomogeneity, the degree the perovskite contacts the atmosphere, and the
fact that oxygen and water undergo complex chemical processes with the perovskite [12,
13, 15]. Importantly, when MAPb(Brg5ly5)s films are coated with PMMA, the changes
observed in the PL spectra under illumination in vacuum are highly repeatable between
cycles (Figure 4.4d). Figure 4.5 highlights that a similar PMMA coating also yielded
a suppression of atmospheric effects when the sample was held under air or nitrogen,

although not as completely as when the sample was held under vacuum.
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Figure 4.5: PL data highlighting the reversibility of halide segregation when PMMA coated
MAPbD(Brg51lp.5)s films are held under either air or pressurised nitrogen (2 bar).

These observations suggest that the proposed photo-induced processes that moderate
charge-carrier traps in single-halide perovskites under different atmospheres also occur
within mixed-halide perovskites: under vacuum the average PL signal across cycles is
reduced as the number of electronic trap states in the perovskite film increases [24, 32],
and under air the formation of a superoxide species passivates trap states and increases
the average PL signal across cycles [24-26, 28]. Under nitrogen or under vacuum with a

PMMA coating protecting the films, on the other hand, neither the photobrightening nor
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the photodarkening process may occur [24]. These differences in electronic trap densities
or efficacies may affect both the quantum efficiency of PL, and the dynamics of halide
segregation, leading to the large atmospheric variation in the curves displayed in Figure 4.4.

The data presented so far also highlight that while halide segregation is reversible
under certain atmospheric conditions, under vacuum or air, photo-induced changes occur
that cannot be reversed under darkness. This irreversibility is an important issue, as
many measurements of halide segregation reported in the literature are not concerned
with the remixing process in the dark, but rather record halide segregation over one
cycle only [66, 94, 96, 103, 104, 115-117, 122, 176]. However, it is apparent from Figure
4.4 that the atmospheric conditions under which a halide segregation measurement is
made will alter the dynamics observed. The difference in observed dynamics will be
amplified if the perovskite is assumed to have recovered between measurements and
measurements are then taken from the same area of film. Thus comparisons of data
in the existing literature must be done with care.

In addition, the findings here elucidate the extent to which halide segregation will be
reversible under real-world operating conditions for photovoltaic cells. As Figure 4.4d
shows, the atmosphere-induced changes to the perovskite film can be prevented with a
thick protective coating of PMMA. In Chapter 5, it is shown that the electrical contacts
and charge-carrier transport materials utilised in the architecture of a photovoltaic device
can provide a similar protection, and an additional encapsulation will most likely also be
present in commercial solar cells. Therefore, halide segregation would most likely be fully
reversible in commercial solar cell modules, although still clearly undesirable because of
the associated extracted current losses [20, 21, 23]. In order to exclude atmospheric effects
and focus on a scenario relevant to photovoltaic (PV) operation, the remaining work in

this chapter was performed on PMMA-coated MAPb(Brg51y5); films held under vacuum.
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4.4.2 Photon Efficacy in Halide Segregation

Despite the large volume of literature [17, 20, 21, 23, 92-96, 98, 100, 103, 104, 115-117,
119, 122, 144, 176, 185, 201] on halide segregation in mixed-halide perovskites there is yet
to be a definitive explanation of the underlying mechanisms that drive the different halide
ions apart in the presence of light. There is evidence that excited charge carriers are
responsible [20, 21], but little is known about how these free charge carriers drive halide
segregation. Here, in order to probe how the density of charge carriers affects halide
segregation, perovskite films were illuminated with a constant number of total photons
over different lengths of time, thus changing the generation rate of free charge carriers.
Keeping the total incident photon number constant meant, for example, halving the
illumination laser intensity if the exposure time was doubled. A subset of the photoexcited
charge carriers — those that recombine through electronic trap states — were found to
determine the rate of halide segregation. This result provides further insight into the
segregation mechanism, and allows the construction of a possible explanation for the
observed halide segregation dynamics (Section 4.5).

Figure 4.6 shows how the growth of the PL signal from the iodide-rich perovskite
(taken as the spectral integral between 720 nm and 770 nm) depends on the illumination
exposure time and thus the photoexcited charge-carrier generation rate. The PL intensity
from the iodide-rich phase is normalised such that the initial integrated intensity of the
mixed-phase peak (taken as the spectral integral between 640 nm and 690 nm) is set to 1,
in order to provide a measure of halide segregation in terms of the relative peak amplitudes,
independent of the different illumination powers used. These normalised PL intensities for
each exposure time are then plotted against the cumulative number of photons incident
per unit volume on the perovskite film. In each case, the low-bandgap PL signal starts at
zero intensity (when the perovskite is well mixed) and then increases as the iodide-rich

perovskite phase forms. In order to avoid spot-to-spot differences, following illumination
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Figure 4.6: The evolution of the PL intensity originating from the low-bandgap iodide-rich
phase of MAPDb(Brg51p5)3 plotted against number of incident photons per unit volume, for
different overall exposure times to illumination but constant total incident photons. The hoops
represent experimental data points and the solid lines are the fits of Equation 4.1 to the data.
the films were left in the dark so that the halide ions would remix for around 45 minutes
before the next exposure-time experiment was performed on exactly the same area of film.

The graphs presented in Figure 4.6 are particularly interesting because they reveal that
as the illumination exposure time is increased, an increasing level of halide segregation is
encountered even when the same number of cumulative photons have been incident on
the film. In other words, if halide segregation only depended on the accumulated number
of photoexcited charge carriers generated, then there should be no difference between
the experimental runs at points where the same total photon input has been incident,
which is clearly not the case. For experiments with longer exposure time, the illumination
intensity is lower, photoexciting a smaller charge-carrier density within the perovskite film.
Therefore, the efficacy of a charge carrier to induce halide segregation (per unit carrier)
appears higher at lower charge-carrier density. These observations can be understood if one

considers the changing contributions of various charge-carrier recombination processes

in metal halide perovskites as the charge-carrier density is increased [61]. While at
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low carrier densities, monomolecular, trap-mediated charge recombination dominates,
radiative bimolecular band-to-band recombination becomes increasingly dominant at
higher densities (see Section 2.1). Thus the data support the conclusion that excited
charge carriers that recombine through trap states mediate halide segregation, as more
segregation per photon is observed at longer exposure time, when lower charge-carrier
densities lead to a larger proportion of the excited charge carriers being trapped.
Further examination of the segregation dynamics reveal that the overall temporal
evolution of the iodide-rich phase signal is extremely similar across all exposure times, i.e.
the shapes of the curves are alike, with only the extent reached along the path dictated by
the exposure time. In Figures 4.7 and 4.8 it is shown that the traces displayed in Figure
4.6 can be superimposed on each other by a suitably chosen x-axis scaling for each curve.
Mathematically this indicates that a single global function will provide an accurate fit
to all the experimental runs, with only one local fitting parameter required to scale the
x-axis to account for the different exposure times. The following function is found to
empirically describe the intensity of the PL originating from the iodide-rich phase in the

perovskite, [(1ich pr), accurately as a function of incident photons per unit volume:

(9Gt)?

_ o~ BeGt '
i+ ey -y

Iisicn Py = f(gGt) = A

Here GG is the generation rate of excited charge-carriers per unit volume measured in
ecm 3571, ¢ is time, A is a dimensionless global fitting parameter that is dependent on the
exact method used to define (1 pr,) and measured to be 43.6 for the setup utilised in
this study (detailed in Section 3.2.1), B is a dimensionless global parameter determined
from fits to be 27.5 x 1073, and g is the local fitting parameter that represents the scaling

of the z-axis, given in centimetres cubed. The values of ¢ fitted to the different exposure

time experimental data in Figure 4.6 are given in Table 4.1.
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Exposure Time Scaling Factor and
(seconds) Charge-Carrier Efficacy,
g (em®)
6 5.95 x 10~
13 6.74 x 107
21 11.7 x 107
67 12.3 x 107
150 17.3 x 1072
242 30.3 x 10~
502 66.2 x 10~
1044 129 x 10~

Table 4.1: The exposure times (at constant overall photon dose) used to collect the data
shown in Figure 4.6, with the associated, fitted value of the scaling factor, g, for each exposure
time used.

The functional form of Equation 4.1 incorporates two main features that are observed
in the data, which are that halide segregation appears to have a delayed onset — as
highlighted in Figure 4.8 — with an initially very flat/shallow rise observed in the PL
data before the gradient then accelerates, and that the segregation slows and saturates
at long exposure times. The delayed onset is captured by the first factor (the fraction) in
Equation 4.1, while the latter rise is represented by the second factor which reflects a
growth through an exponential asymptote with characteristic rise constant B. The final
relative segregation attained is reflected by the expression tending to the value of A at
long times. A purely exponential form has previously been used to empirically fit the
rise in the PL amplitude of the iodide-rich phase as the perovskite segregates [96] but it
was found that this did not adequately capture the initial slow rise of signal especially
visible at low exposure times in this study, as highlighted in Figure 4.8.

The fact that the data here can be captured by a single global function indicates
that the underlying, intrinsic halide segregation dynamics rely on a single dominating
mechanistic pathway, with the local scaling factor, g, providing a measure of the differing
degrees of segregation in a unit volume caused per excited charge carrier at different

illumination intensities. ¢ can thus be thought of as a charge-carrier efficacy for
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Figure 4.7: The evolution of the integrated iodide-rich perovskite PL signal under different
illumination exposure times as a function of the scaling factor, g, times the cumulative number
of incident photon number per unit volume, G x t. The scaled cumulative number of incident
photon number per unit volume, g x G X t, is a dimensionless measure of halide segregation.
The PL signal is normalised such that the initial mixed phase perovskite PL signal (not shown)
is set to 1 for each exposure time. The good overlay suggests that the underlying segregation
mechanism remains the same across the charge carrier generation rates explored here.

inducing halide segregation.
4.4.2.1 Determining the Behaviour of ¢

The behaviour of the parameter g is essential to know if Equation 4.1 is to be used to
predict the nature of halide segregation in mixed-halide perovskite materials under given
illumination conditions. To recapitulate, the other fitting parameters in Equation 4.1,
A and B, are global parameters which define the general behaviour of the iodide-rich
PL over time, ¢, and are not expected to vary according to any reasonable variation in

the illumination upon the perovskite material. g, however, is a local fitting parameter,
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Figure 4.8: Zoomed section of Figure 4.7 to show the non-linear rise of low-bandgap PL at
small values of g x G X t.

and as such represents the dependence of the dynamics of the iodide-rich PL on the
experimental conditions. As excited charge carriers, rather than photons, have been
shown to be an essential component driving the halide segregation mechanism [20, 21],
it is desirable to determine the dependence of g on the fraction of charge carriers that
recombine through trap states. The general theory of charge-carrier dynamics is outlined
in Section 2.1, and it is found in Section 2.1.1 that for continuous wave illumination, the

steady-state charge-carrier dynamics are described by the following expression:
]{33713 —|— ]{32712 —|— k:ln — G = 0 (42)

where k3, ko and k; are the third-, second-, and first-order decay constants of the
perovskite material, respectively, n is the charge-carrier density, and G is the charge-

carrier generation rate in the perovskite film. From Equation 4.2 the fraction of charge
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carriers that recombine through trap states, %, can be numerically evaluated given

the values of the three decay constants, and the charge-carrier generation rate, G.
The illumination source for the experiments discussed in this chapter was a laser at
an emission wavelength of ~400nm, well above the bandgap of the MAPb(Br5ly5)3
perovskite material (see Figure 4.3). Therefore, it is a valid approximation to assume that
all the photons incident on the perovskite were absorbed and generated a charge-carrier

pair in the material, which makes it possible to calculate the value of G from the following

P

+q5> Where P is the power of the illumination laser (set to different

expression: G =
values depending on the exposure time of the experiment), A is the spot size of the
illumination laser (measured at 0.0148 mm?), d is the perovskite film depth (measured
via SEM msurements to be 390 nm, see Section 4.3.2), and F is the energy of the incident
photons (5 x 10719 J), all of which are known experimental parameters. A constant form
of G' assumes a uniform charge-carrier density throughout the perovskite film, which
is valid given that the photoexcited charge carriers spread out quickly due to diffusion
and photon recycling processes [52]. The value for k3 is assumed to be similar to other

6s~! however it is noted that

lead-based perovskites [61, 115] at around 1 x 1072 cm
at the illumination intensities used in the work detailed in this chapter, the amount of
Auger recombination within the perovskite films is expected to be negligible. Therefore,
in order to calculate the fraction of charge carriers that recombined through trap states
within the measured perovskite thin films, k; and ky must be determined.

In order to extract the first- and second-order rate constants, k; and ks (see Section
2.1 for a discussion of charge-carrier recombination processes) from the perovskite films
used in this chapter, TCSPC measurements were performed on similar PMMA coated
MAPbD(Broslp5)s films held under vacuum. The pulsed excitation was provided by a

400 nm wavelength diode laser at 5 MHz repetition rate. In order to monitor changes

that might occur as a results of the illumination, e.g. halide segregation, measurements
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were made over 320 seconds of illumination, which was separated into three accumulation
time windows: 0-100 seconds, 110-210 seconds and 220-320 seconds. The PL was
detected at two wavelengths of emitted photons — 660 nm and 740 nm — to examine the
mixed and iodide-rich perovskite phases in the perovskite, respectively. Furthermore,
three illumination intensities were used to probe different charge-carrier density regimes
(1760, 500 and 110 Wm™2) and three repeats were performed and averaged over for
each measurement. The measurements were all made on the same area of perovskite
film, with at least 30 minutes left between measurements, and with 45 minutes or more
left between measurements at the higher illumination powers. The data from these
TCPSC measurements are shown in Figure 4.9.

The fitting of the TCSPC data was complicated by the segregation of the films
occurring as the measurements were taken. The formation of low-bandgap, iodide-rich
regions of perovskite cause charge carriers to funnel out of the mixed phase and into these
forming regions. Charge-carrier funnelling leads to three effects that could influence the
results of a TCSPC measurement: 1) The movement of charge carriers between regions
creates an extra “decay” mechanism for one region, and a new generation term for the
other. 2) As the volume of the iodide-rich perovskite changes, the density of charge
carriers within those regions will change. 3) The movement of halide ions will change the
microscopic properties of the film, which could in turn alter the values of k; though the
evolution of trap states, and the measurements of ks through the re-absorption of photons
and the channeling of charge carriers into iodide-rich regions where confinement effects
may enhance k5. In order to monitor these effects, the three accumulation windows were
handled separately, so that any changes in the fitted values of k; and ks could be observed.

The fitting procedure for the TCSPC traces was performed as outlined in Section
3.2.2.1. The decay trails at the three different illuminations intensities become roughly

parallel on a log-lin scale around 100 ns after the pulse arrival, see Figure 4.9, which
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Figure 4.9: Time-resolved PL measured using TCSPC, taken at the mixed phase and iodide-
rich perovskite PL peaks. Because the perovskite was segregating as the measurements were
performed, three measurement windows of 0-100s, 110-210s and 220-320s were used to observe
how the decay curves changed over time. Three experimental repeats were performed for each

condition and averaged over to produce these plots, and a trigger frequency of 5 MHz was used.

The sample measured was a PMMA coated film under vacuum and the same spot was always
illuminated within repeats. Between 30 and 45 minutes was left between each measurement.

indicates that after this time the charge carrier decay is being dominated by monomolecular

pathways. Values for k; were extracted by fitting a single exponential function, ae=*

)
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Table 4.2: Extracted values for k1 from TCSPC measurements.

Wavelength  Accumulation Window  Fitted k;

(nm) (seconds) (s7h)

660 0-100 5.04 x 10°
660 110-210 5.57 x 10°
660 220-320 5.43 x 10°
740 0-100 4.60 x 10°
740 110-210 4.84 x 10°
740 220-320 4.55 x 10°

with fitting parameters a and b to this region and assuming the evolution of the measured
counts is well described by Equation 3.2. k; was then taken as g and the three values for
ki extracted from the three different excitation fluences were then averaged over.

Table 4.2 presents the extracted values of k; from the two collection wavelengths
and all three accumulation windows. The values are consistent with each other and
similar films in the literature [61], and the average value of 5 x 10¢s™! was taken as a
representative value for all calculations in this chapter.

Equation 3.6, multiplied by a constant to take into account the imperfect outcoupling
of photons emitted from radiative recombination to the measurement apparatus, was
then fitted to the acquired TCSPC data (Figure 4.9) to extract values for ky and ng. ky
was fixed to 5 x 10°s71, the value extracted at low charge-carrier density as previously
discussed, and the value for ny was fitted to each graph individually because it was
impossible to determine how it would develop as the charge carriers funneled into the
forming regions of iodide-rich perovskite. ko was fitted globally across the three different
excitation fluences, but not across the different measurement wavelengths or accumulation
windows. The extracted values for ks are shown in Table 4.3, and the combined k1, ko
fitted functions are shown in Figure 4.9 alongside the TCSPC data.

The fits shown in Figure 4.9 highlight the tendency of the halide segregation mechanism
to deviate the decay behaviour away from the expected, “ideal” fitted functions. Corres-

pondingly, the fitted functions appear most accurate at the earliest accumulation window,
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Table 4.3: Extracted values for ko from TCSPC measurements.

Wavelength  Accumulation Window  Fitted ko

(nm) (seconds) (cm3s™1)

660 0-100 6.38 x 10~1°
660 110-210 6.22 x 10710
660 220-320 9.94 x 10710
740 0-100 9.28 x 10710
740 110-210 8.15 x 10710
740 220-320 8.36 x 10710

at the 660 nm measurement wavelength, and at the lowest excitation fluence, where the
degree of halide segregation is lowest. Due to the variation in the extracted values of ko,
the values of ky were not averaged over as was done for the values of k;, but instead the
value of 6 x 1071% cm®s~! was taken from the minimally segregated, 660 nm measurement
wavelength, 0-100s accumulation window decay trails. This value is in good agreement
with other values reported in the literature for similar perovskite compositions [61].

Now, with k; and ky determined from measurements, the dependence of g on the

kin
G

fraction of charge carriers that recombine through trap states (%) can be determined.
To recapitulate, g is a local fitting parameter in Equation 4.1 that is a measure of how
much segregation occurs in a perovskite thin film under given illumination conditions.
As such, it can be thought of as a measure of the efficacy of a charge carrier to induce
segregation. Fitting Equation 4.1 to the data shown in Figure 4.6 gives the values of g for
different illumination exposure times, or different illumination intensities. These fitted
values of ¢ are detailed in Table 4.4, alongside the corresponding fraction of charge carrier
that recombine through trap states calculated from Equation 4.2. Each of these exposure
times at overall constant photon dose correspond to different illumination intensities,
and therefore correspond to different rates of the charge-carrier recombination processes
in the perovskite material. The steady-state fraction of all photoexcited charge carriers

that recombine through trap states can be determined from Equation 4.2 utilising the

measured values of k; and k9, the assumption of k3 to be similar to other literature values
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at 1 x 10728 cm®s™!, and the values of G which can be calculated for each of the different
illumination exposure times. Therefore, the values of g can be correlated with the fraction
of charge carriers that recombine through trap states for each of the exposure times used.

Figure 4.10 displays the scaling factor g as a function of the trap-mediated charge-
carrier decay fraction. At low fractions of trap-mediated recombination (less than around
95%), Figure 4.10 displays a linear region (highlighted by the inset), possibly suggesting
that the underlying halide segregation mechanisms depend linearly on the fraction of
charge carriers that recombine through trap states in the perovskite films. This linear
increase of g with fraction of trapped charges reflects the increased efficacy of charge
carriers for inducing halide segregation at longer exposure times, for which charge-carrier
densities are reduced (given the constant overall photon dose). At higher fractions of trap-
mediated recombination, there is a sharp onset in g, which is a result of the longer exposure
times used in these experimental runs allowing for a greater movement of the halide ions
despite the saturation of the fraction of trap-mediated recombination. This conclusion is
supported by Figure 4.11, which plots g against experimental exposure time and displays
a linear region for the longest three exposure times (corresponding to the three data points
within the sharp onset in ¢ in Figure 4.10), suggesting that within this region the halide
segregation mechanics become dominated by the time the sample is under illumination.

In summary, Table 4.4 shows the exposure times (at constant overall photon dose)
used in the measurement of the PL data shown in Figure 4.6, the resulting charge-carrier
generation rate in these measurements, the calculated fraction of charge carriers that
recombine through trap states under these generation rates, and the corresponding value
of g fitted to the PL data shown in Figure 4.6. The inset to Figure 4.10 highlights that ¢
obeys a linear relationship with the fraction of charge carriers that recombine through

trap states, provided that extremely long illumination times are not used.
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Figure 4.10: The evolution of the fitting parameter g with increasing fraction of trap-mediated
recombination, taken from the fits of Equation 4.1 to the data in Figure 4.6. The first five points
exhibit a linear relationship, fitted by the dashed blue line with a gradient of 1.5 x 10723 cm?,
which is followed by a sharp onset in g. The inset shows a scaled view of the first five data
points. The dashed lines are expected to pass through the origin because halide segregation is
assumed to be absent when there is no charge-carrier trapping or illumination.

Exposure Time  Charge Carrier  Fraction of Charge Carriers Scaling Factor and
(seconds) Generation Rate  that Recombine Through  Charge-Carrier Efficacy,
(em™3s71) Trap States, 1 g (cm?)
6 7.5 x 10* 0.51 5.95 x 10~#
13 3.5 x 10?2 0.64 6.74 x 10~
21 2.1 x 10% 0.73 11.7 x 107
67 6.7 x 10 0.88 12.3 x 10724
150 3.0 x 10* 0.94 17.3 x 10724
242 1.9 x 10% 0.96 30.3 x 10~
502 9.0 x 10% 0.98 66.2 x 10~
1044 4.3 x 102 0.99 129 x 10~

Table 4.4: The fraction of charge carriers that recombine through trap states and scaling
factors for the different exposure times used to collect the data shown in Figure 4.6.

4.4.3 Halide Segregation Under Other Illumination Conditions

The phenomenological parameterisation of halide segregation through Equation 4.1 is
highly useful, as it allows for predictions to be made on the extent of halide segregation
under various circumstances. As shown in detail below, such knowledge then grants,
for example, an understanding of the recently observed apparent dependence of halide
segregation on excitation pulse frequency [185], and an assessment of the degree to which

trap-related charge recombination has to be suppressed in order for halide segregation
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Figure 4.11: The values of the scaling factor, g, extracted from fits of Equation 4.1 to the
data shown in Figure 4.6, plotted against the corresponding exposure times of that same data.
The seemingly linear trend of the last three data points is attributed to the longer exposure
times used in these experimental runs allowing for a greater movement of the halide ions, and
thus higher values of g, despite the saturation of the fraction of trap-mediated recombination.
to become insignificant under PV operation conditions. Equation 4.1 depends on four
parameters — A, B, G and g — and one variable t, time. A and B both depend on
the exact perovskite material excited under illumination, and A further depends on the
definition used for the iodide-rich and mixed-phase PL peaks. For the experimental setup
and perovskite films used for the work in this chapter, it was determined A and B to have
dimensionless values of 43.6 and 27.5 x 1073 respectively, which is assumed to be similar
to the values of A and B for equivalent PL experiments performed on similar perovskite
films. The charge-carrier generation rate per unit volume, G, is calculated from knowledge

of the illumination source and film thickness, and the charge-carrier efficacy, g, is derived

from its fitted, linear dependence on the fraction of charge carriers that recombine via trap
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states, as shown in Figure 4.10. The fraction of trap-related charge-carrier recombination
can itself be calculated from the illumination and recombination rate parameters (see
Section 2.1). Once A, B, G and g are known, Equation 4.1 determines the relative strength
of the iodide-rich PL, which is related to the degree of phase segregation the perovskite
film has experienced. It is noted that while the form of the empirical function in Equation
4.1 is expected to be inherent to perovskite films that undergo halide segregation, the
values of A, B and g may vary with composition (iodide:bromide ratio, and the content of
the A- and B-site cations, see Section 2.4.2) and temperature. For the MAPb(Brg 51y 5)3
perovskite under investigation at room temperature here, Figure 4.12 shows the resulting
colour plot representing the amount of segregation expected when the fraction of charge
carriers undertaking trap-mediated recombination or the number density of cumulative
photons incident on the perovskite is varied. The map graphically illustrates how the
degree of segregation a perovskite film experiences increases with the number of incident

photons and/or fraction of charge carriers that recombine via trap states.

4.4.3.1 Predicting Halide Segregation Under Pulsed Illumination

Interestingly, the findings of this chapter resolve the reasons for an apparent dependence
of halide segregation on the pulse repetition frequency of excitation that had recently
been observed. Yang et al. reported that under pulsed laser illumination at fixed average
power, the degree of halide segregation observed in an MAPb(Brg 5710.43)3 perovskite film
was dependent on the repetition rate of the laser pulses [185]. They observed that no
significant halide segregation occurred below a pulse frequency of 500 Hz over the course of
ten minutes, whereas above this repetition rate they found an increasing dominance of an
iodide-rich perovskite peak in the PL spectrum with increasing illumination repetition rate,
where the average intensity and time of the illumination was always kept constant. Their

observations can be explained by the empirical halide segregation model encapsulated by
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Figure 4.12: Colour map showing the predicted relative PL intensity originating from the
iodide-rich phase of MAPb(Brg 51y5)s perovskite, as a function of both the fraction of charge
carriers recombining through traps, and the number of photons incident on the film per unit
volume (G x t). The PL intensity is normalised such that 1 corresponds to the intensity of the
mixed-halide PL in the absence of segregation and under similar illumination conditions. The
black, dashed line indicates the points at which the PL peak of the iodide-rich phase begins to
dominate the spectrum. The gray bordered squares represent halide segregation experiments
performed by Yang et al. for which the average power of a pulsed illumination source was kept
constant, while the repetition rate of the laser pulses was varied [185]. The interior colour of the
squares roughly indicate the relative level of iodide-rich perovskite PL observed, which, together
with other parameters, was extracted from the work of Yang et al.. The good agreement of
colours inside the squares with that in their vicinity shows that the variation in repetition
rate in these experiments only affects halide segregation because it also changes the fraction of
charge carriers recombining through traps.

Equation 4.1, as in order to fix the average power to a constant value while changing
the laser pulse repetition rate, Yang et al. correspondingly changed the instantaneous
excitation pulse intensity, which would have altered the initially injected charge-carrier
density in the film. For example, a decreased repetition rate would require a higher pulse
fluence (higher instantaneous intensity) to maintain the same fixed average intensity
value, which would increase the charge-carrier density injected with each pulse, thus
enhancing the radiative band-to-band recombination rate and lowering the fraction of
charge carriers that recombine through trap states.

The apparent frequency-dependence observed in the study by Yang et al. is therefore

an indirect effect, resulting from changes in charge-carrier trapping with injected charge-
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carrier density, and a direct link between halide segregation and light modulation frequency
is not expected. To prove this point experimentally, a halide segregation experiment
was performed during which a PMMA-coated MAPb(Brg51p5)s film under vacuum was
exposed to light modulated by a square-wave (“on-off”) function of 50% duty cycle
and variable frequency, with the recorded PL data presented in Figure 4.13. The
average intensity of the modulated illumination was fixed to the AM1.5-equivalent value,
591 W m~2, see Section 3.5.1. In order to modulate the light and control the separation
and the pulse width of the illuminating light pulses, a Stanford Research Systems optical
chopper, model SR540, was inserted into the illumination beam line before the sample
chamber. A chopper is a component consisting of a rapidly rotating disk with holes that
alternatively block and pass the beam, creating a square-wave modulation of the light.
The nature of this component means that the instantaneous illumination power of the
pulses is constant regardless of the frequency of the chopper. Therefore, unlike in the
study by Yang et al. [185], the square-wave illumination remains at both constant pulse
intensity and constant overall intensity as the frequency is changed, i.e. the variation in
frequency is accomplished by a mere change in the width of each square-wave pulse. See
Figure 4.14 for a comparison sketch of the illumination conditions utilised by Yang et
al. (Figure 4.14a and 4.14b) and in the experimental work reported here (Figure 4.14c
and 4.14d). In contrast to the work of Yang et al. where the pulse duration was 10 ns,
under the square-wave illumination conditions the charge-carrier generation rate under
illumination will be in equilibrium over the pulse duration (which is much longer than
the typical charge-carrier recombination life times) and independent of the modulation
frequency. As shown in Figure 4.13, no change in the segregation dynamics beyond
minor random variations was observed when the frequency was varied over two and a
half orders of magnitude from 10 Hz to 3500 Hz, thus proving that the pulse frequency

of the illumination alone does not directly affect halide segregation.
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Figure 4.13: The increase in low-bandgap PL (integrated from around 720 nm to 770 nm)
when normalised to the initial measurement of the mixed-phase PL peak (integrated from
640 nm to 690 nm) which is attributed to the formation of regions of iodide-rich perovskite from
halide segregation under illumination through a chopper at various frequencies. The similar
signal growth at all chopper frequencies displayed here shows that illumination pulse frequency
has no direct effect on the halide segregation mechanics.

Given the similarity in perovskite composition between the work presented in this
chapter (MAPb(Brgslp5)s) and that of Yang et al. (MAPb(Brgs71p.43)3) [185], it can be
shown that the apparent changes in segregation dynamics with pulse repetition rate is
fully compatible with the empirical model captured by Equation 4.1. Yang et al. used a
pulsed laser to illuminated their samples, and so from Section 2.1.2, Equation 2.3 describes
the charge-carrier dynamics within the films during the periods of time between the laser
pulses. In order for the empirical model based upon Equation 4.1 to predict the levels

of halide segregation experienced by the films, the average fraction of charge carriers

[ kindt

that recombine through trap states, , must be calculated through numerically
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Figure 4.14: Schematic showing two different methods in which to change the repetition rate
of incident illumination without changing the average intensity. (a) and (b) show that under
pulsed illumination, as in the work of Yang et al., the width of the light pulses remains constant,
so the maximum intensity must be reduced to keep the average intensity constant. Lowering
the maximum intensity then lowers the density of charge carriers excited by each pulse. (c)
and (d) show that under chopped, continuous wave illumination, as in the work presented in
this chapter, the pulse width changes with repetition rate, however the illumination intensity
remains constant. A constant illumination intensity results in a constant density of photoexcited
charge carriers, regardless of the illumination repetition rate.

solving Equation 2.3 for n(t) and evaluating the initial charge-carrier density excited by
each laser pulse, ng. In order for the pulse-averaged, rather than the time-dependent,
monomolecular decay fraction to be accurate for the model, the timescales of the electronic
decay processes (hundreds of nanoseconds) must be much faster than the migration time
of the halide ions (tens of seconds), which is indeed the case here. Yang et al. report using
a laser intensity of 50 W m~2 at a photon wavelength of 532nm on 300 nm thick samples

[185], which, assuming every incident photon generates a charge-carrier pair, allows for
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Laser Repetition ny (cm™), Fraction of Charge Carriers Predicted Ratio of

Rate (Hz), Taken Calculated That Recombine Through Final Low-Bandgap PL
From [185] From [185] Trap States, ] knlondt to Initial PL
100 4.46 x 101® 0.066 ~ 0.02
200 2.23 x 108 0.12 ~ 0.1
500 8.92 x 1017 0.22 ~ 0.5

1,000 4.46 x 10" 0.34 1.1
2,000 2.23 x 10'7 0.48 1.8
5,000 8.92 x 101¢ 0.68 2.8
10,000 4.46 x 101¢ 0.80 3.4
20,000 2.23 x 101¢ 0.89 3.8
50,000 8.92 x 10 0.95 4.1
100,000 4.46 x 101 0.98 4.2
1,000,000 4.46 x 101 1.0 4.4

Table 4.5: Various calculated parameters for the different laser repetition rates utilised by
Yang et al. in their induction of halide segregation in MAPb(Brg 5710.43)3 [185]. ng is calculated
from the laser power, repetition rate, film thickness and photon energy reported by Yang et
al. The fraction of charge carriers that recombine through trap states is calculated through
numerically solving Equation 2.3 for n(¢). The predicted ratio of final low-bandgap PL to
initial PL is generated by Equation 4.1, and represents the degree of halide segregation the film
undergoes under the corresponding laser repetition rate.

the calculation of ng at each repetition rate (see Table 4.5 for calculation results):

Laser Intensity (4.3)

o= Repetition Rate x Photon Energy x Film Thickness

The calculations of ny assume a spatially constant charge-carrier density, a valid as-
sumption given that the charge carriers spread out from diffusion and photon recycling
processes on short time scales [52]. k; is estimated from the PL transients reported
by Yang et al. [185] to be 50 x 10°s™!, and k, and k3 are taken to be similar to the
perovskite films used in this chapter and other perovskite compositions in the literature
[61] at 6 x 1079 cm®s™! and 1 x 1072 cm® s™! respectively, see Section 4.4.2.1. Inserting
these rate constants into Equation 2.3 and numerically solving allows for the calculation
of fkn;:dt at each repetition rate, see Table 4.5.

In order for the empirical model described by Equation 4.1 to predict the induced level

of halide segregation in a perovskite film, three input parameters are required: ¢, g and
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(. t is the time over which the segregation occurred, equal to 600s in the experiments
performed by Yang et al. [185]. g is the charge-carrier efficacy, or scaling factor, that
measures how effective a given photon is at inducing halide segregation. The empirical
dependence between g and the monomolecular decay fraction is shown in Figure 4.10, and
using the fit to the linear regime of that figure (the first five data points), an estimated
value of g can be extracted for a given fraction of charge carriers that recombine through
trap states. This monomolecular decay fraction has been, through the methods discussed
above, calculated for every laser repetition rate utilised by Yang et al. [185], with the
results of these calculations shown in Table 4.5. Finally, G is the generation rate of
charge carriers per unit volume, and so can be calculated from dividing the incident
laser intensity by the photon energy and film thickness (which again assumes a uniform

charge-carrier density is valid [52]). For Yang et al. this corresponds to:

W —2
G= G 10_?£J) :1(3 o © S X100 =45 X 10 en s (44)

Inserting t, g and GG into Equation 4.1 generates the expected ratio of final, low-bandgap
PL intensity to the initial, mixed-phase PL intensity, which is additionally shown in
Table 4.5 for each laser repetition rate.

A direct comparison between the predictions of the empirical model of how much
segregation should have been observed versus the amount of segregation actually observed
by Yang et al. [185] is shown in Figure 4.12. The square data points in Figure 4.12 represent
the experiments performed by Yang et al., with the position of the squares calculated
from the work carried out in this section, and the interior colour of the squares indicating
the actual amount of iodide-rich phase PL observed by Yang et al.. Thus, if the empirical
model determined from Equation 4.1 is capable of predicting the level of induced halide
segregation, the interior colour of the squares (corresponding to Yang et al.’s observations)

should match the colour of their position in the colour map (corresponding to the model’s
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predictions). The predictions of the model are found to be in excellent agreement with
the actual observations, with the data point at 2kHz predicted and observed to fall where

the iodide-rich perovskite emission begins to dominate the PL spectrum.

4.4.3.2 Determination of Phase-Stable Perovskites

From the empirical model of halide segregation detailed above, it is possible to determine
the trap-mediated charge-carrier recombination rate for which MAPb(Brg 51 5)3 perovskite
materials would be sufficiently stable against segregation over the course of one day under
one sun illumination. Such calculations are valuable as they can serve as guidance to mater-
ials design and set an outlook to what must be achieved in order to make perovskite-silicon
tandem cells viable. The detrimental effect of halide segregation on PV device performance
has recently been reported [20, 21, 23], however, Duong et al. also showed experimentally
that such effects were less severe for Rbg o5(Csg1MAg.15FAg.75)0.05Pb(Brosslosr)s (FA
= CH(NHy)2") perovskite devices under illumination when the films were operated
at maximum power point or short circuit conditions, rather than at open circuit [21].
These observations can be fully understood within the empirical model because charge-
carrier extraction — a process inherent in electricity generation — provides a competing
process to that of charge-carrier recombination, thus lowering the fraction of charge
carriers that are trapped and therefore stabilising the film against halide segregation.
To account for such charge-carrier extraction here, a simple approximation is used to
integrate an extraction rate into the standard, third-order charge-carrier recombination

rate equation, as proposed by Lin et al. [175]:

d
ditl =G — kin — kon? — ksn® — copyn (4.5)

Here n is the charge-carrier density, ¢ is time, G is the generation rate, ki, ko and k3 are the
trap-mediated (monomolecular), band-to-band (bimolecular) and Auger recombination

rate constants respectively, and c.,; is the charge-carrier extraction rate.
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To determine the value of k; required to limit halide segregation, the borderline value
of g for which I(1ich pry=1 in Equation 4.1 must first be evaluated, i.e. the proposed
condition of stability against halide segregation is that the PL originating from the
iodide-rich phase must remain equal or smaller than the initial mixed-phase PL peak
intensity. Solving Equation 4.1 for this case, while taking the generation rate, GG, under
solar illumination (see Section 3.5.1), the time, ¢, of 12 hours, and the fitting parameters
A and B determined above to be 43.6 and 27.5 x 107 allows the determination of the
value of the scaling factor, g, which will prevent significant segregation under these
conditions to be 1.01 x 10726 cm?®. Extrapolating the linear fit presented in Figure 4.10
to this value of g then determines that the fraction of charge carriers that recombine
through trap states must be lower than about 0.1% for significant segregation to be
avoided in MAPD(Brg 51y 5)3 films under solar illumination. Finally, under continuous
illumination, Equation 4.5 will be equal to zero, which allows the determination of the
required value of k;y given G, ks, k3, cesy and the condition that the fraction of charge
carriers that recombine through trap states, ’%‘, is equal to 0.1%. For this purpose, the
calculated value of G under solar illumination is used (see Section 3.5.1), ko is assumed
to be 6 x 1079 cm?®s™! as determined from the samples used in this study (see Section
4.4.2.1), ks is assumed to be 10728 cm®s™! in accordance with similar perovskites [61], and
a typical value of c.,; is taken to be 108s™! as suggested by Lin et al. [175]. From such
considerations, a value for ki of 10°s™! is calculated (corresponding to a PL lifetime of
mpr,=(2k1) " '=5ps at low excitation fluence) to be just sufficient to prevent the iodide-rich
perovskite PL peak from becoming dominant in the PL spectrum of MAPb(Br5lp5)3
over the course of a half-day of full solar illumination.

It is noted that values of k; near ~ 10°s~! have been achieved for other perovskites

202], and hence it is not unfeasible that MAPb(Br,I(;_,))3 could reach these, with further

advances in processing and defect passivation. In addition, mixed-halide perovskites
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other than MAPDb(Br,l1_,)); may be associated with a different set of parameters A,
B and ¢g which yield potentially less stringent requirement for lowering trap-related
charge-carrier recombination. Section 2.4 highlights that a number of perovskite systems
have shown much lower propensity for halide segregation than the corresponding MA-
based perovskites. In particular, while Cs,FA;_,Pb(Br,I(;_,))s perovskites have also
exhibited clear correlations between trap-mediated recombination rates and propensity
for halide segregation [117], Cs,FA;_,Pb(Br,l(1_,))3 appears to achieve stability at higher
values of k; than those predicted to be required for MAPb(Br,I;_;))s. Therefore,
with both stoichiometric and structural engineering, as well as lowering of defect
concentrations, it should be possible to suppress halide segregation sufficiently in

functional perovskite solar cells.

4.5 Proposed Halide Segregation Mechanism

Given the results presented in this chapter on the role of electronic trap states in halide
segregation, the following description of the underlying halide segregation mechanisms
is proposed. Prior to illumination, iodide and bromide ions are entropically well mixed
in the perovskite, which therefore has a constant bandgap across all regions of the film.
Although the nature of trap states is not yet entirely understood in hybrid perovskite
materials [84, 85], reports have suggested that electrons are more likely to be trapped
than holes [203, 204], and that these trapped carriers are very long lived (on the order of
tens of microseconds) [204, 205]. Initially upon illumination, any trapped electrons will
electrostatically attract the photogenerated free holes, reducing the distance between the
two and therefore minimising the electric potential in the perovskite film. Additionally,
random thermal movements of the halide ions and free charge-carriers may eventually cause
small regions of iodide-rich perovskite to form. With a higher valence band [94, 206], these

regions act to draw free holes away from the trapped electrons states, creating a degree of
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charge separation between the randomly distributed trap states and the iodide-rich regions
of perovskite, which thus establishes an electric field in the film. This field increases
the degree of halide segregation, which increases the degree of charge separation, thus
increasing the strength of the electric field in a feedback loop. Eventually the perovskite
film is maximally segregated and limited by back-diffusion of the halide ions due to the
large concentration gradient, i.e. the film reaches equilibrium. Without illumination and
once the trapped charge-carriers have recombined, the created electric field vanishes, and
the halide ions diffuse and remix. This description explains various observed phenomena,
including that charge-carriers, [20, 21] electronic trap states and film crystallinity [103,
117, 122] all influence halide segregation, and the initially slow, asymptotic evolution

(Figure 4.7) of the iodide-rich perovskite PL intensity reported in this chapter.

4.6 Summary and Conclusion

In summary, the work presented in this chapter has demonstrated that the environmental
atmosphere has a profound impact on the halide segregation dynamics in MAPb(Brg 51o5)3
observed through PL experiments under illumination. In particular, repeated cycles of
illumination followed by darkness did not yield identical results when the perovskite was
held in air or vacuum, most likely because these environments induce trap passivation or
formation, respectively, in accordance to what had previously been reported for single-
halide perovskites [24, 26, 28, 30, 32]. On the other hand, halide segregation was found
to be mostly reversible under inert nitrogen, or when the film was encapsulated with a
PMMA coating. It is concluded that in fully encapsulated photovoltaic devices, halide
segregation should therefore be a fully reversible process. The findings of this chapter
further highlight a potential source for the discrepancies between different reports of
halide segregation in the literature, which may partly derive from experiments having

been conducted in a variety of atmospheres.
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In addition, the influence of trap states on the rate of halide segregation was explored by
monitoring the segregation dynamics for different charge-carrier densities. The formation
dynamics of iodide-rich emission from the perovskite film were shown to follow the same
functional form, regardless of illumination conditions. It was further established that
the efficacy of a photon to induce halide segregation is higher at lower charge-carrier
densities, a result attributed to the larger relative fraction of charge carriers being trapped
at these low densities. From these observations, an empirical model was established
that directly links the amount of halide segregation observed in PL to the fraction
of charge carriers recombining through trap-mediated channels, and the photon flux
absorbed. Such quantitative analysis allowed a number of conclusions to be drawn on
open questions on the mechanism driving halide segregation. For example, it was revealed
that if modulated light is used to photoexcite mixed-halide perovskites, the frequency
of the modulation alone has no influence on the segregation dynamics. In addition, it
is extrapolated that working perovskite solar cells based on MAPb(Brgs1g5); would
require a reduction of the trap-related charge-carrier recombination rate to < 10°s™*
(Tpr, 25 ns) in order for halide segregation to be sufficiently suppressed. The results in this
chapter suggest that light-induced halide segregation is initiated by electric fields arising
from trapped charge carriers, and may be further driven by funnelling of charge carriers
into the newly formed lower-energy iodide-rich domains. These findings contribute to
our understanding of the mysterious underlying mechanics of halide ion movement in
perovskites and provide a framework for determining the conditions required for stabilised

perovskite devices under working conditions.
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5.1 Introduction and Background

In Chapter 4 it was found that electronic trap states and trapped charge carriers play
an important part of the underlying halide segregation mechanism [150]. Additionally,
electronic trap states are responsible for the majority of the preventable losses in solar
cell performance under typical working conditions, and so understanding and passivating
trap states represents one of the greatest challenges for mixed-halide perovskites. This
chapter studies the interaction between electric fields, trap states, and ionic motion in
mixed-halide perovskite photovoltaic devices, revealing interesting insights about the
myriad of different defect species within the perovskite material.

Halide segregation and electronic trap states represent two of the most substantial
obstacles for the incorporation of mixed-halide perovskite into stable and efficient tandem
solar cells. Particularly important for photovoltaic devices is the interaction of halide
ions and trap states with electric fields, since efficient power extraction depends on the
combination of external and built-in electric fields within a solar device [48]. Additionally,
it has been observed that electric fields can influence the PL from MAPDI; films through
trap state movement [207-210], a process which — similarly to halide segregation —
is attributed to the movement of mobile, charged species in the perovskite material.
Therefore, in order to fully understand the limiting aspects of mixed-halide perovskite
devices under normal working conditions it is necessary to consider the complex interaction
between electric fields, different electronic trap states and halide segregation.

In this chapter PL, time correlated single photon counting (TCSPC), and external
quantum efficiency (EQE) measurements are performed on full MAPb(Brg51o5)s photo-
voltaic device stacks under an external bias in order to examine the underlying processes
and charge-carrier pathways in segregating mixed-halide perovskite materials. It is noted

that while even state-of-the-art MAPbH(Brg 51y 5)s perovskite photovoltaic devices are
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relatively inefficient compared to those composed of other mixed-halide perovskites, [65,
66, 167, 211] MAPb(Brgslp5)s3 still represents an ideal material for studies on halide
segregation because it segregates quickly under ~1 sun illumination intensities, allowing
repeated measurements to be made in a reasonable time frame [17]. Section 5.2 gives a
brief overview of the experiments performed for this chapter, which are relatively simple
in concept. The complexity of the measurements presented in this chapter arises due to
the flexibility afforded by the experimental setup — see Section 3.2 — in combining periods
of illumination/darkness with periods with or without applied biases across the examined
photovoltaic devices. Section 5.3 presents results pertaining to the basic characterisation
of the examined photovolatic devices used in the rest of the chapter. Evidence for three
species of defects in the perovskite material is discussed in Section 5.4: First, a charged,
mobile trap species, proposed to be MA™ interstitial defects in the perovskite crystal,
is observed to detrimentally affect the radiative efficiency of the perovskite material.
Second, following the work of the Chapter 4 [150], it is suggested that charge neutral
crystal distortions in the perovskite structure trap photoexcited charge carriers and
contribute to the halide segregation mechanism. Third, charged, mobile defects, proposed
to be halide vacancies and/or interstitials in the perovskite material, are observed to
rapidly screen the perovskite layer in the examined photovoltaic devices upon a change
in the applied external bias. In Section 5.5 it is found that while halide segregation is
detrimental for current extraction from a mixed-halide perovskite solar cell, some current
is still extracted from the forming iodide-rich perovskite domains of such a solar cell
under illumination. The extraction of current from the low-bandgap domains suggests
the existence of percolation pathways between the iodide-rich regions of the perovskite
and the charge transport layers in the device stack, which are postulated to be formed

at the grain boundaries in the perovskite layer. Section 5.6 presents a Sankey (flow)
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diagram to summarise the understanding gained from this chapter — and from Chapter
4 — of the charge-carrier pathways in mixed-halide perovskite devices. Finally, Section

5.7 summarises and concludes the results of this chapter.

5.2 Experimental Details

All steady-state PL and TCSPC data in this chapter were taken as detailed in Section
3.2.1 and 3.2.2, respectively. Illumination was provided by a 400 nm wavelength diode
laser (Picoharp, LDH-D-C-405M), at specified illumination intensities and illumination
modes (continuous wave or pulsed). Applied voltages were supplied by a Keithley
2450 Sourcemeter, and the same Keithley 2450 Sourcemeter was used for all extracted
current measurements. External quantum efficiency (EQE) measurements were performed

as detailed in Section 3.6.

5.3 Basic Sample Characterisation

5.3.1 Photovoltaic Device Statistics

The device characterisation data presented in this section was measured by J. B. Patel,
Department of Physics, University of Oxford.

The MAPb(Brgsly5)3 perovskite solar cells used in this chapter were first characterised
under simulated AM1.5, 100 mW cm~2 sunlight (1 sun), using an ABET Technologies
Sun 2000 and a Keithley 2400 Sourcemeter in ambient conditions. The active area of
each device was defined by a mask which exposed a 0.0919 cm? active area for testing of
both the current voltage characteristics and stabilised power output. The devices were
prebiased at 1.4V for 5s before initiating the reverse and forward scans. Average and
champion device statistics are shown in Table 5.1, where the champion pixel is the one

recorded to have the highest stabilised power output (SPO).
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Figure 5.1 shows the forward and reverse J-V scans from the champion pixel of the
MAPbD(Bro5lp5)3 perovskite solar cells, with the inset showing the SPO (stabilised

power output) from this pixel.

Table 5.1: MAPb(Brg5lp5)s device statistics for the champion pixel (the one with the highest
standardised power output) and the average performance of all 36 pixels made.

PCE JSC VOC Fill Factor SPO
(%) (mAem™) (V) (o)

Champion Pixel 5.79 11.90 0.98 0.49 5.32
Average of 36 Pixels | 5.64 11.56 1.01 0.48 2.94
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Figure 5.1: The forward and reverse current-voltage scans from the solution processed
MAPD(Brg51p.5)3 device pixel with the highest measured stabilised power output. The stabilised
power output for the same device pixel is plotted in the inset.
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5.4 Defect Species in MAPDb(Br;Ii5);3

PL and TCSPC measurements are sensitive to both the charge-carrier population in a
material and the rules for radiative and nonradiative decay, and so they are powerful
tools in uncovering the charge-carrier pathways in mixed-halide perovskites. Figure 5.2a
shows a schematic of the basic experimental setup and device layers used for the work
presented in this chapter, alongside a set of example PL spectra and a TCSPC trace.
Basic device statistics, including current-voltage scans and a stabilised power output
graph from the champion pixel, are reported in Section 5.3.1. As shown in the example
PL spectra in Figure 5.2a, upon illumination of the device, the PL peak attributed to
the mixed-halide perovskite phase (emission around 665nm) diminished, and a lower
energy peak (around 745 nm) was observed to emerge. These changes in the PL spectrum
have been well-established by the literature — and the work of Chapter 4 — to result
from photoexcited charge carriers funneling from the well-mixed perovskite phase into
the lower-bandgap regions of iodide-rich perovskite that form under illumination as
halide segregation takes place [17, 176]. The mixed-halide device stack used in this
chapter was built upon a glass substrate, with SnOs and 2,2°,7,7-Tetrakis[N,N-di(4-
methoxyphenyl)aminol]-9,9’-spirobifluorene (spiro-OMeTAD) used as the electron and
hole transport layers, respectively. Gold and fluorine doped tin oxide (FTO) were
used as the top and bottom contact layers, respectively. Applying a voltage between
the contact layers allowed an examination of the influence of an electric field on the

charge-carrier dynamics within the perovskite layer.

5.4.1 Influence of Charged, Mobile Trap States

Figure 5.2b shows the PL intensity emitted around 745 nm from a fresh MAPb(Brg515)3

photovoltaic device as an applied voltage across the device was changed multiple times
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Figure 5.2: Experimental overview and results from PL measurements of an MAPb(Brg515)3
device held at various applied voltages. (a) Device stack and experimental schematic for PL
measurements. Example PL and TCSPC data taken under the same experimental conditions as
(b) and Figure 5.5, respectively, are also shown. (b) The behaviour of the low-energy PL (PL
spectra integrated from 720 to 770 nm and plotted in red) as a changing voltage (plotted in blue)
is applied across a mixed-halide perovskite device under 400 nm, 110 mW cm ™2, continuous
wave illumination.

between 0V (short circuit) and 0.85 V. In order to induce halide segregation and to cause
the emission of PL, the device stack was illuminated with a continuous wave, 400 nm
laser at 110 mW cm~2 intensity. Spectral measurements were made every 3s, and in
order to better follow the growth of the iodide-rich regions in the perovskite layer, the
corresponding low-energy peak in the PL spectrum was integrated (from 720 to 770 nm)
and is plotted in red in Figure 5.2b as a PL intensity. The voltage applied across the
device is plotted in cyan in Figure 5.2b, with 0V being first held across the device for

10 min as the perovskite layer initially segregated, and subsequent 10min periods of
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Figure 5.3: The current extracted from an MAPb(Br 51g.5)3 perovskite device under 400 nm,
110 mW cm ™2, continuous wave illumination (plotted in deep blue) as the applied voltage across
the device was changed between 0 and 0.85V every 10 minutes (plotted in turquoise).

applied voltage alternating between 0.85V and 0V. The current extracted from the
device during this experiment is plotted in Figure 5.3. It is important to note that
in n-i-p photovoltaic devices such as the ones used in this chapter, a built-in electric
field is generated between the n and p layers, and this field permanently exists across
the perovskite layer — see Section 2.2. The external voltage that was applied across
the contact layers counteracted this built-in field, allowing control over the total field
across the perovskite layer. For example, at 0V applied bias (i.e. at short circuit) there
was no counter-field working against the built-in field and so the voltage across the

perovskite layer was relatively high. At an applied bias of 0.85V the built-in field was
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mostly cancelled out by the applied field, resulting in a much lower net field across the
perovskite layer. As shown by the current extraction measurements plotted in Figure
5.3, 0.85V was close to the open circuit voltage of the device, the V¢, as little current
was extracted at this applied voltage. As shown in Chapter 4 [150], the combination
of a thick encapsulation layer (here a role provided by the spiro-OMeTAD and gold
layers) and holding the perovskite device under vacuum (at a pressure of ~10~! mbar
for this experiment) prevents any significant interaction between the perovskite and the
surrounding atmosphere. As a result of this protection, it is noted that no long-term
trends attributable to atmospheric influence [24, 32] were observed in data presented
either in Figure 5.2b, Figure 5.3, or the rest of the data presented in this chapter.
During the first 10 min under illumination at 0V applied bias, Figure 5.2b shows a
clear rise and plateau of the iodide-rich perovskite PL, which is ascribed to the growth
and stabilisation of the iodide-rich domains within the perovskite layer [17]. Thereafter,
whenever the applied voltage was increased from 0 to 0.85V the PL intensity initially
spiked sharply upward, before slowly decaying to a lower value. Conversely, when the
applied voltage was decreased from 0.85 to 0V the PL intensity initially spiked sharply
downward before slowly rising to a higher value. The sharp spikes follow the behaviour
expected of a typical solar cell — see Figure 5.4 for an example of the PL emitted and the
current extracted from a solution processed MAPbI3 device under different voltages — as
at an applied bias of 0V (0.85V), the extracted current was maximal (minimal), and so
fewer (more) charge-carriers were available to recombine radiatively, leading to less (more)
PL. Figure 5.3 shows that the extracted current from the measured MAPb(Brgslo5)s
device was indeed higher and lower at 0 and 0.85V applied bias, respectively. It is

therefore concluded that the spikes in the PL intensity observed in Figure 5.2b were the
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Figure 5.4: (a) Normalised PL spectra from an MAPbI3 device under various applied voltages
between 0 and 1 V. At the start of the experiment the voltage held across the device was 0V,
and the applied voltage was raised in 0.1V steps up to 1V over the course of 33 min. Each of
the 11 voltages was held across the device for approximately 3 min to allow the device to reach
equilibrium before the PL spectra were recorded. The illumination was continuous wave, at an
intensity of 110 mW cm~2. The spectra have all been globally normalised so that the maximum
intensity of the spectrum taken at 0 applied volts is 1. (b) Plotted in red is the integral of
the PL spectra (integrated from 700-850 nm) taken from the same MAPbDI3 device and during
the same experiment as the data in (a). Plotted in light blue is the voltage applied across the
MAPDI3 device during the same experiment. (c) Plotted in dark blue is the current extracted
from the same MAPbDI; device and during the same experiment as the data in (a). Plotted in
light blue is the voltage applied across the MAPbI3 device during the same experiment. (d) The
same data as in (c), scaled to show the positive extracted current from the device at voltages
below the open-circuit voltage.

result of a higher or lower charge-carrier density within the perovskite layer depending
on the level of current extraction present at the applied voltage.
The slower changes in PL intensity following the initial spike at the start of each

10 min period (Figure 5.2b) suggest that the radiative efficiency of the perovskite layer
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slowly increased or decreased when held under 0 or 0.85V applied bias, respectively.
These slow changes did not coincide with any significant change in the illumination
source (which was held constant), and the extracted current is shown in Figure 5.3 to
have reached equilibrium much faster than the PL upon each applied voltage change,
ruling out these two alternative explanations. In order for the radiative efficiency to
change, it is concluded that the nonradiative recombination pathways (i.e. trap states)
increasingly interacted with the photoexcited charge-carrier population as the applied
voltage across the device was increased, reducing the emitted PL. It is noted that such
behaviour was not found under similar conditions for a solution processed MAPbI3 device
(see Figure 5.4), likely due to intrinsic material differences affording different amounts of
ion migration between the two materials, and differences in device performance altering
how much charge-carrier extraction affected the emitted PL. Correlations between applied
voltage and loss of radiative efficiency have previously been reported in MAPbI3 and
other metal halide perovskites [207-210, 212].

To further study the influence of electric field on the rate of trap mediated recombina-
tion, time-resolved PL measurements (utilising TCSPC) were performed on a perovskite
photovoltaic device at various voltages, with the results presented in Figure 5.5. Before
each measurement, the same device was subjected to 1h of illumination with the target
voltage applied across the device in order to ensure that any mobile ions within the
perovskite layer had reached equilibrium. An additional period of 0.5 h under illumination
and bias was applied at the start of the experiment to account for the fact that the
mobile ions (particularly the segregating halide ions) would need more time to reach
equilibrium when the illumination and bias was applied to the initially fresh device. The

illumination source was a 400 nm laser pulsed at 5 MHz and at 1400 mW cm~? intensity,
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Figure 5.5: TCSPC decay traces measured at the low-energy PL peak (750 nm) of a mixed-

halide perovskite device under various applied voltages and under 400 nm, 1400 mW cm ™2,

5MHz pulsed laser illumination. The device was held at each target voltage for at least 1h
before each 120s TCSPC measurement was taken, and the applied voltages were applied in
descending order.

the accumulation time for each trace was 120s and the measured PL wavelength was
at 750 nm, near the centre of the iodide-rich perovskite PL peak.

Figure 5.5 shows that the charge-carrier recombination rate within the iodide-rich
regions of the perovskite layer was roughly constant at applied voltages lower than ~0.8 V,
and higher at ~1.0V applied bias. In order to ensure that the change in charge-carrier
lifetimes was not the result of material degradation over the course of several hours, the
set voltages were applied in decreasing value, i.e. with 1.0V applied first. Figure 5.6
presents near-identical data from a similar experiment in which the set voltages were
applied in ascending order, further showing that the changes to the charge-carrier lifetimes
were caused by the resulting bias across the perovskite, not material degradation over
the course of the experiment. The increase in charge-carrier recombination rate at high

applied voltage could be a consequence of an increase in trap-mediated recombination,
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radiative recombination, current extraction, or a combination of these factors (Auger
recombination is assumed to be negligible at the 1400 mW cm 2 illumination intensity
used after at most a few nanoseconds into the decay dynamics [61]). It is shown in
Section 5.5 that the iodide-rich regions in the segregated perovskite layer do contribute
to the current extracted from the mixed-halide perovskite device, however an increase
in applied voltage serves to decrease the extracted current, which lengthens the charge-
carrier lifetimes — this behaviour is highlighted in Figure 5.7 for an MAPDbI; device.
Additionally, it was shown in Figure 5.2b that the rate of radiative recombination (which
produces PL) does not increase at high applied voltages, indicating that the shortening
of charge-carrier lifetimes at an applied bias of 1.0V was primarily due to an increase in
the rate of trap-mediated recombination in the perovskite layer at high applied voltage.
Thus, Figure 5.5 corroborates the evidence in Figure 5.2b that a higher applied voltage
increases the rate of trap-mediated charge-carrier recombination in MAPb(Brgsly5)3
photovoltaic devices. It is noted that with the setup used in this chapter (detailed in
Section 3.2), changes to the radiative efficiency of the devices were more easily resolved
through PL measurements than with TCSPC measurements, as also evident from PL and
TCSPC measurements of the MAPbI3 device shown in Figures 5.4 and 5.7, respectively.
The timescale and nature of the changes that occur in the PL presented in Figure
5.2b are similar to those that have been observed to occur in the single-halide perovskite
MAPDI; under similar bias conditions [207-210]. Therefore, as has been done in the
literature for MAPDI3, the decrease in PL intensity (Figure 5.2b) and charge-carrier
lifetime (Figure 5.5) that occurs with an increased applied voltage is attributed to the
movement of charged, mobile trap states in the perovskite. Figure 5.2b shows that the
radiative efficiency of the perovskite layer is highest at 0V applied bias, when the total

electric field across the perovskite results solely from the built-in field, suggesting that
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Figure 5.6: TCSPC decay traces measured at the low-energy PL peak (750 nm) of a mixed-

halide perovskite device under various applied voltages and under 400nm, 1400 mW cm ™2,

5 MHz pulsed laser illumination. The device was held at each target voltage for 1 hour before
each 120s TCSPC measurement was taken, and the applied voltages were applied in ascending
order.

the mobile trap states are forced away from the illumination side of the device — where
the density of photoexcited charge-carriers is highest — by the built-in potential field
generated by the extraction layers. In n-i-p devices, such as the ones used here, the
illuminated volume of the perovskite layer — where the charge-carriers are photogenerated
— is near the positively charged, electron extraction layer, which suggests that the mobile
trap states carry a positive charge and accumulate near the hole extraction layer at
0V applied bias. Due to their charge, these proposed trap states will attract and trap

electrons, but repel and be largely benign to holes. The quenching of the PL intensity
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Figure 5.7: TCSPC measurements of an MAPbDI3 device under various applied voltages
between 0 and 1V. Each voltage was held across the device for approximately 3.5 min before
the corresponding TCSPC measurement was taken, and the voltages were applied in ascending
order. The device was constantly held under pulsed illumination at 1 MHz repetition rate and
at 320 mW cm 2 average intensity throughout the experiment. The PL wavelength measured
was 785 nm, and each TCSPC measurement was taken over 30s of accumulation time. The
TCSPC traces have been individually normalised such that the maximum number of counts
from each trace is 1.

and lifetime is then explained as follows: at 0V applied bias, a large voltage is generated
across the perovskite layer by the built-in field. This potential forces the positive trap
states toward the spiro-OMeTAD side of the device, and collects the electrons into the
SnO, layer, away from the trap states. Thus at low applied voltage the trap states and
the electrons are separated, leading to a limited amount of trap-mediated recombination,

and therefore a higher rate of radiative recombination despite the significant current

extraction. At an applied bias of 0.85V, the applied electric field significantly offsets the
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built-in electric field, and so the migratory trap states are less appreciably accumulated
at the spiro-OMeTAD side of the device and instead diffuse more evenly throughout the
perovskite layer, allowing them to interact with and trap the photogenerated electrons.
The larger overlap of trap and electron densities at 0.85V applied bias leads to the
observed quenching of PL in Figure 5.2b. Beyond 0.85V applied bias, the total electric
field across the device reduces further and eventually works to collect the trap states at
the illumination side of the device, causing an additional increase of the electron-trap
density overlap and quenching the PL lifetime as seen in Figure 5.5. It is noted that
one possible candidate for these charged trap states could be MA™ interstitials in the
perovskite crystal, since these defects are positively charged, and have previously been
observed in MAPbI; to move on a similar timescale to the dynamics in Figure 5.2b [213].
5.4.2 Dynamic Interaction of Trap States, Electric Fields, and

Halide Segregation

It is important to understand how both the mobile trap states discussed above and
electric fields will affect the halide segregation dynamics in a mixed-halide perovskite
device, as this may provide insight into the underlying segregation mechanism. To study
the dynamic ion segregation and remixing processes — as opposed to focusing on the
equilibrium state reached by the segregating perovskite as was done in Figures 5.2b and
5.5 — a fresh mixed-halide perovskite device was repeatedly exposed to 1 min intervals
of illumination under 110 mW c¢m? (~1 sun), 400 nm, continuous wave light, followed by
30 min of darkness. The intervals of darkness lasted 30 times longer than the illumination
intervals to ensure enough time for the segregated ions to remix [17]. Under darkness
no voltage was applied across the device, and under illumination the device was held
at various constant biases to vary the total electric field across the perovskite layer. As

shown in the top panel of Figure 5.8a, the applied bias was ramped up and down between
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0 and 1V in 0.1V increments between illumination intervals. The up-down voltage ramp
was performed 4 times in order to examine the repeatability of the PL behaviour and to
observe any significant long-term changes in the segregation dynamics, of which none were
found. As before, the PL spectra were taken every 3s within the illumination intervals,
and the mixed-halide and iodide-rich perovskite PL peaks were integrated over (from
640 to 690 nm and 720 to 770 nm, respectively) to give integrated PL intensities, which
are plotted in the bottom and middle panels of Figure 5.8a, respectively.

The middle and bottom panels of Figure 5.8a show that the PL emitted from the
perovskite device varied considerably throughout the 88 illumination intervals over the
course of the experiment. During each illumination interval, the middle panel of Figure
5.8a shows that the PL signal from the iodide-rich perovskite regions increased from
near zero, and the bottom panel of Figure 5.8a shows that the mixed perovskite PL
signal decreased. These PL changes are well-reported in the literature to be the result of
photoexcited charge carriers funneling from the mixed perovskite phase into the forming
regions of iodide-rich perovskite as halide segregation takes place [17, 176]. The variation
in PL over the multiple illumination periods resulted from a combination of the movement
of charged trap states as observed in Figures 5.2b and 5.5 and — to a lesser extent —
the change in extracted current from the device. As shown in Figure 5.2b, the effect of
current extraction on the emitted PL from the perovskite layer (the sharp peaks and
troughs in PL intensity that occur upon a voltage change) is quickly overwhelmed by
the effect of the mobile trap states (the slower, asymptotic behaviour of the PL after
a voltage change), suggesting that the radiative efficiency of the perovskite is more
heavily dependent on the distribution of the mobile trap states than on the current
extraction efficiency. The changes in the emitted PL that occurred over the course of

each individual illumination interval are therefore primarily attributed to the effects of
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Figure 5.8: PL and extracted current measurements from a mixed-halide perovskite device
as an applied voltage across the device was repeatedly ramped up and down between 0 and
1V. (a) Top panel: The voltages applied across the device and indication of the rest intervals
during the experiment. Middle panel: The integrated low energy PL (720-770nm) from the
device under 400 nm, 110 mW cm ™2, continuous wave illumination. Arrowheads over the first
11 illumination intervals help to indicate that, over the course of every illumination interval,
the low energy PL increased in intensity due to halide segregation effects. Bottom panel: The
integrated higher energy PL (640-690nm) from the device. Arrowheads indicate that, over
the course of every illumination interval, the higher energy PL decreased in intensity due to
the effects of halide segregation. (b) The ratio of the PL signals from the middle and bottom
panels of (a), averaged across the last 3 voltage up-down ramps. Arrowheads indicate that, over
the course of every illumination interval, the ratio of the PL signals increased due to halide
segregation effects. (c) Averaged behaviour of the extracted current from devices with and
without a 5 min prebiasing period before illumination at applied voltage, with the entirety of
the corresponding extracted current data presented in Figures 5.12d and 5.11b, respectively.
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halide segregation, and the changes that occurred over multiple illumination intervals
to the motion of the mobile charged trap states.

Over multiple illumination intervals, the PL signal at a given point in each 1min
interval (for example, the first or last PL, measurement) modulated up and down over
the course of the experiment. This modulation of PL seen in the middle and bottom
panels of Figure 5.8a is attributed to the movement of the mobile trap states toward
and away from the illumination side of the perovskite layer according to the applied
voltage across the device. Interestingly, this modulation of PL is not quite in phase
with the applied voltage ramp, as the largest PL signals were observed when ~0.7V
were applied across the device, 0.3V before the peak of the applied voltage ramp at
1V. Additionally, the PL emitted from the perovskite layer is seen in the middle and
bottom panels of Figure 5.8a to not only depend on the applied voltage across the
device, but also on whether the voltage is ramping up or ramping down, i.e. the PL
emitted from the perovskite is not solely dependent on the immediate conditions, but
also on the history of the applied electric fields. The dependence on the previous history
of the experiment can be thought of as hysteresis in the PLL measurements across the
voltage up-down ramp. The observed hysteresis suggests that the mobile trap states lag
behind the applied voltage, which is expected, given that Figure 5.2b shows the trap
states take ~10min to reach equilibrium, an order of magnitude more than the 1 min
illumination intervals used in the multiple voltage ramp experiment. Additionally, the
observed hysteresis in the PL in the middle and bottom panels of Figure 5.8a suggests
that 30 min under darkness at 0V applied bias was insufficient to return the mobile trap
states to equilibrium. If the trap states reached the same equilibrium between every
illumination interval, there would be no way for previous measurements to affect future

ones. There are many reports in the literature that ionic diffusion in perovskites is
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slower under darkness than in the presence of illumination [17, 214-216], so it is not
unreasonable that the trap states were unable to return to their steady-state distribution
in the dark. While 30 min under darkness was observed to be enough to remix the
halide ions that had segregated under illumination, the dynamics, length scales, and ionic
species involved in halide segregation [104, 119, 144] and the observed trap movement
are not necessarily expected to be similar, and so different timescales for returning to
equilibrium under darkness at 0V applied bias is not inexplicable.

In order to somewhat disentangle the amount of halide segregation that occurred over
the course of each illumination interval from the modulation of the PL intensity that
resulted from the movement of the mobile trap states, the plots in Figure 5.8b show the
ratio of PL signals from the iodide-rich and the mixed-halide regions of perovskite over
the course of an average voltage ramp. The ratio of the two PL signals was averaged
over the last three voltage ramps for clarity, with the data from the first voltage ramp
excluded from the average to eliminate the effect of the initial state of the device from
the periodic trend seen. During halide segregation, the PL signal from the iodide-rich
regions of perovskite grows relative to the PL signal from the mixed perovskite phase,
and so the ratio of the PL signals in Figure 5.8b represents a measure of the amount
of halide segregation in the perovskite layer. While it is acknowledged that a simple
ratio of the PL signals is not sufficient to completely cancel out any potential effects of
the mobile trap states, Figure 5.8b represents a simple halide segregation measure that
is adequate enough for the analysis presented here. The large variation in the relative
growth of the iodide-rich perovskite PL peak in Figure 5.8b suggests that the amount of
halide segregation that occurred in the perovskite material differed considerably across
the different illumination intervals throughout the experiment. To highlight the difference

in halide segregation rate across the experiment presented in Figure 5.8, Figures 5.9 and
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5.10 present the initial and final PL spectra from particular 60 s illumination intervals.
Figure 5.9 shows the first and last normalised PL spectra taken during the illumination
period at 0.7 applied volts on the 2°¢ voltage up-ramp (the 30*® illumination period), and
Figure 5.10 shows the first and last normalised PL spectra taken during the illumination
period at 0.3 applied volts on the 2" voltage down-ramp (the 41°¢ illumination period).
While both Figures 5.9 and 5.10 show the growth of a low-energy PL peak attributed to
halide segregation [17], the low-energy peak growth is clearly more prominent in Figure
5.9, indicating that more halide segregation occurred over this illumination period. The
measure of halide segregation plotted in Figure 5.8b shows the same hysteresis across
the applied voltage ramps as is observed in the PL signals in the middle and bottom
panels of Figure 5.8a, suggesting both are influenced by the mobile trap states that
lag behind the voltage ramp. Given that the largest amount of halide segregation is
observed in Figure 5.8b at ~0.7V applied bias on the voltage ramp-up — when the
PL is brightest — it is concluded that a lack of interaction between the trap state and
the photoexcited charge-carrier densities — which causes high PL emission — correlates
with increased amounts of halide segregation. While this conclusion initially appears to
contradict the work presented in Chapter 4, further analysis of the defect species present
in the MAPb(Brg51o5)3 photovoltaic devices allows a congruent picture of trap states

and halide segregation to be presented in Section 5.4.4 below.
5.4.3 Screening of Electric Fields by Ion Movement

In order to observe how mobile trap states and halide segregation will affect mixed-halide
perovskite solar cells under photovoltaic operation, the blue data plots in Figure 5.8c
show the extracted current from the device during the PL experiment discussed above.
Due to the high periodicity of the current measurements over the multiple voltage ramps

up and down, equivalent points in the last 3 voltage up-down ramps were averaged over
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Figure 5.9: Normalised PL spectra from an MAPb(Br 51y5)3 device taken at the start and at
the end of a 60s illumination period while 0.7V was applied across the device. The spectra are
both globally normalised such that the maximum signal of the initial spectrum (plotted in blue)
is set to 1. The PL spectra were taken on the 2" voltage up-ramp of the experiment presented
in Figure 5.8, and so the illumination period was the 30" out of 88 in the experiment. The
spectra are plotted here as an example of the maximum amount of halide segregation that was
observed over the course of one illumination period in the experiment shown in Figure 5.8.

to produce the blue plots in Figure 5.8c. The entirety of the extracted current data
from this experiment is plotted in Figure 5.11. Because the illumination spot size was
different to the device pixel active area, it is difficult to completely accurately calculate
the current density from the extracted current. However, for reference, given that the
laser spot size used was ~2.1 x 10~* cm™2 it is expected that 3 pA of extracted current
should roughly correspond to a 14mA cm™2 current density.

For any given illumination interval, the extracted current plotted in blue in Figure
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Figure 5.10: Normalised PL spectra from an MAPb(Brg 51y 5)s device taken at the start and
at the end of a 60s illumination period while 0.3 V was applied across the device. The spectra
are both globally normalised such that the maximum signal of the initial spectrum (plotted in
blue) is set to 1. The PL spectra were taken on the 274 yoltage down-ramp of the experiment
presented in Figure 5.8, and so the illumination period was the 415 out of 88 in the experiment.
The spectra are plotted here as an example of the minimum amount of halide segregation that
was observed over the course of one illumination period in the experiment shown in Figure 5.8.

5.11b begins with a rapid initial rise. This type of fast current change is indicative of
the well-studied phenomenon of current-voltage (J-V) hysteresis observed in metal-halide
perovskite devices, where it has been observed that a rapid change in the applied voltage
across the device results in a slower response (over the course of seconds) from the
extracted current [217-220]. While the combination of a number of factors, including
interface effects, is thought to give rise to J-V hysteresis, it has been proposed that a

significant part of the mechanism is comprised of slow ionic redistribution upon a rapid
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Figure 5.11: (a) Voltages applied across an MAPb(Broslp5)s device during 1 minute
illumination periods (blue) and indications of the 30 minute rest periods under darkness
between the illumination periods (black). During the periods of darkness 0 applied volts
were held across the device (b) Extracted current from the MAPb(Br51y5)3 device under
illumination with the discrete voltage ramp shown in (a) applied. The current data shown in
(b) corresponds to the experiment shown and discussed in Figure 5.8, and the blue plots in
Figure 5.8c are averages based on the data shown in (b).

change in the applied voltage across the perovskite device [217, 218]. In response to an
electric field, mobile ions in the perovskite material set up a screening potential that
affects the charge-carrier extraction efficiency from the film and modulates the trap-
assisted recombination. A change in the external electric field across the device results in
a relatively slower change in the screening potential and the extracted current from the
device [221-224]. Tt is noted that while the consensus is forming that ionic motion plays

an important role in J-V hysteresis, there are several other possible explanations that have
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been put forward [217, 218, 220, 225]. In the case of the voltage ramp experiment that
produced the data shown in Figure 5.8, the applied voltage across the device was 0V in
the dark, before being quickly switched to various voltages upon illumination. This rapid
change in applied voltage would lead to a slower change (over the course of seconds) in
the screening potential within the perovskite layer, resulting in the initial rise in extracted
current observed in the blue plots at the start of every illumination interval in Figure
5.11b. The blue plots in Figure 5.11b show that the change in screening potential within
the perovskite layer happened on the order of tens of seconds, much faster than the tens of
minutes observed in Figure 5.2b required for the migratory trap states to reach equilibrium,

which suggests that the screening ions are a different species to the mobile trap states.

5.4.4 Summary of Defect Types

It is worthwhile at this point to briefly summarise the so-far presented findings and
discussions about the defect species within the perovskite layer of the measured photo-
voltaic devices. The data presented so far in this chapter allows three different defect
species in the perovskite material to be distinguished, each with different properties.
First, Figures 5.2b and 5.5 show that the radiative efficiency of the perovskite depends on
the electric field applied across the material, which is indicative of a species of charged,
mobile trap state. These trap states were observed to reach their equilibrium distribution
on the order of tens of minutes under illumination, but were essentially stationary under
darkness (see the discussion surrounding Figure 5.8a in Section 5.4.2). Furthermore,
given that the highest emitted PL intensity was observed from the perovskite when the
overall electric field was directed away from the illumination side of the device where the
density of photoexcited charge carriers is highest, it can be concluded that this species

of trap state is positively charged. These defects are proposed to be interstitial MA™
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ions in the perovskite crystal, which have previously been observed in MAPbI; films
to migrate under an applied bias on similar timescales [213].

Second, in Chapter 4 it was observed that the rate of halide segregation in
MAPbD(Broslp5)s thin films is positively correlated with the fraction of photoexcited
charge carriers that undergo trap-mediated recombination, and it was therefore concluded
that some trap states in the perovskite material play an essential role in the halide
segregation mechanism [150]. Tt was suggested in Chapter 4 that photoexcited electrons
would be captured by these segregation-responsible trap states, setting up an electric
field that would instigate the movement of the halide ions in the perovskite crystal. The
responsible trap states therefore are likely to have an intrinsic neutral charge, as a negative
charge would produce a low capture cross-section for electrons, and a positive charge
would be partly or entirely neutralised by a captured electron, resulting in smaller electric
fields within the perovskite and therefore a lower driving force for halide segregation
upon illumination. These segregation-responsible trap states are suggested to comprise
of crystal lattice distortions located near the grain boundaries in the perovskite material,
congruous with the evidence in the literature that these regions are strongly correlated
with halide segregation [104, 119, 144].

The interaction of the photoexcited charge-carrier density with both of these two trap
states then explains the halide segregation dynamics captured in Figure 5.8b. While the
charged, mobile trap states take no direct part in triggering the actual segregation process,
they capture a fraction of the photoexcited charge carriers that depends on the applied
voltage. This in turn reduces the number of charge carriers that are trapped by the
neutral defect states. Since these latter neutral defect states become charged upon charge-
carrier capture, they generate the electric fields that induce the segregation of halide

ions [150]. Therefore, the charged, mobile trap states (proposed to be MA™ interstitials)
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may suppress halide segregation by reducing the number of charge carriers captured
in neutral defect states (proposed to be lattice distortions located at grain boundaries)
that directly trigger halide segregation. Thus, it is proposed that by competing with
both the radiative recombination pathways and the halide segregation mechanism, the
charged, mobile trap states cause the observed correlation between the overall radiative
efficiency of the perovskite layer and the relative growth of the iodide-phase perovskite
PL peak presented in Figure 5.8b.

Finally, the blue lines in Figure 5.8c and 5.11b show that a third species of defect
is responsible for the fast screening of the perovskite material upon a change in the
applied voltage. The corresponding defect species must necessarily be charged to induce
a screening effect, and they were observed to reach equilibrium on the order of seconds to
tens of seconds depending on the magnitude of the change in applied voltage, suggesting
a high mobility. These defect states are proposed to be interstitial halide ions and/or
halide ion vacancy sites in the perovskite crystal, which are calculated to have the highest
mobility and lowest activation energy for transport out of the ionic species in several
different MHPs [36, 226, 227], and have gained support in the literature as the cause

for J-V hysteresis in perovskite photovoltaic devices [217].

5.5 Current Extraction Dynamics

5.5.1 Current Extraction Without Ionic Screening Effects

As real-world solar cells are subjected to both solar illumination and applied voltages, it
is important to understand how halide segregation and different biases affect the current
extraction from mixed-halide perovskite photovoltaic devices. However, the dynamics of
the extracted current plotted in blue in Figure 5.8c and 5.11b are affected by a complicated

convolution of both halide segregation and ionic screening effects, making it difficult to
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determine the individual effects of each process. In order to observe the extracted current
dynamics from a mixed-halide perovskite photovoltaic device without any short-time
screening behaviour, a similar voltage ramp experiment to that with results shown in
Figure 5.8 and discussed in Section 5.4.2 above was performed on a fresh device with a
period of voltage prebiasing across the device applied under darkness. The time under
darkness was maintained from the experiment without prebiasing (Figure 5.8) at 30 min,
but for the prebias experiment the 30 min under darkness was broken up into 25 min
at 0V applied bias, and 5min at the applied voltage of the next illumination interval.
Otherwise, all other experimental parameters were kept exactly the same between the
experiment without a prebias period (Figure 5.8), and the experiment with a prebias
period (Figure 5.12). The current extracted from the device under illumination during
the prebiasing experiment is plotted in purple in Figure 5.8c where, due to the high
periodicity of the measurements, the extracted current at equivalent points in the last
3 up-down voltage ramps are averaged together. The entirety of the extracted current
from the measured device under illumination during the prebias experiment is shown
in Figure 5.12d, alongside the voltages applied across the device during the experiment
(5.12a), and the PL recorded from the device associated with the iodide-rich (5.12b)
and well-mixed (5.12¢) perovskite phases. The initial fast component of the extracted
current dynamics visible in the blue plots is not visible in the purple plots in Figure 5.8c,
suggesting that the prebias under darkness allowed the screening ions to redistribute
before the illumination interval. Figure 5.13 and 5.14 explicitly show that during the
5min prebiasing periods under darkness, the extracted current from the device changed
as expected according to the variation in the screening potential. The removal of the
initial fast component of the extracted current without any significant change to the

behaviour of the PL from the perovskite layer (shown in Figure 5.12) further suggests



5. FElectric Fields, Defect Species and Halide Segregation in Mixed-Halide Perovskite
Photovoltaic Devices 156
that the screening ions and migratory trap states are different species. The fact that
the extracted current from the prebiased device (purple plots in Figure 5.8¢c and 5.12d)
was higher than the device that was not prebiased (blue plots in Figure 5.8c and 5.11b)
even after the tens of seconds required for the ion redistribution is likely a result of
device-to-device variations in the device batch.

Without the fast screening dynamic, the purple current extraction curves in Figure
5.8c and Figure 5.12d better show the changes to the current resulting from halide
segregation. During every illumination interval the purple curves in Figure 5.8c and
Figure 5.12d decrease, clearly indicating that halide segregation reduces the amount of
current extracted from the device — as has been observed elsewhere [20, 23]. As halide
segregation takes place, the charge carriers within the forming iodide-rich regions of
perovskite experience a limited amount of spatial freedom, resulting in high charge-carrier
densities and a high rate of radiative recombination [17]. Thus, the observed drop in
current across the illumination intervals in Figure 5.8c and Figure 5.12d was likely due
to the rising rate of radiative recombination within the iodide-rich regions of perovskite

competing against the charge-carrier extraction rate.
5.5.2 External Quantum Efficiency Measurements

As demonstrated in Figure 5.8c and discussed above, halide segregation is detrimental
for charge-carrier extraction from mixed-halide perovskite devices, and will therefore
hinder potential device performance as reported in Refs. [20, 21, 23]. In order to gain
a fuller understanding of the pathways experienced by charge carriers in a segregated
device, particularly as to whether funneled charge carriers are completely constrained
within the iodide-rich regions of perovskite or whether they can still be extracted, EQE
measurements were performed on a fresh mixed-halide perovskite device as the perovskite

segregated under illumination of an AM1.5 spectrum. The AM1.5 spectrum was generated
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Figure 5.12: (a) Voltages applied across an MAPb(Brg 51y 5)3 device when under illumination
(blue) and indications of the 30 min rest periods under darkness (including 5min of pre-bias)
that were applied to the device between 1 min illumination periods (black). (b) The integrated
low energy PL (720nm to 770nm) from the device under 400 nm, 110 mW cm ™2, continuous
wave illumination. (c¢) The integrated higher energy PL (640 nm to 690 nm) from the device
under illumination. (d) Extracted current from the MAPb(Br 51g5)3 device under illumination
with the discrete voltage ramp shown in (a) applied. The purple plots in Figure 5.8c are averages
based on the data shown in (d).

by a class AAA Oriel Solar Simulator on a 0.0919 cm? pixel size that was covered by a
0.0625 cm? aperture, at an integrated power of 0.6 suns (60 mW cm™2), and the device

was held under vacuum at 0V applied bias during the experiment. EQE spectra were
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Figure 5.13: (a) Voltages applied across an MAPb(Brg 51p.5)3 device during 5 min pre-biasing
periods under darkness (blue) and indications of the 1 min of illumination at various applied
voltages followed by the 25 min of darkness at 0 applied volts that were applied to the device
between the 5 min pre-biasing periods (black). (b) Extracted current from the MAPb(Brg5Ip5)3
device under darkness with the discrete voltage ramp shown in (a) applied.

taken every 4s over the course of the 20min of illumination, with the results plotted
in Figure 5.15. Figure 5.15a displays the EQE spectra averaged over 196s intervals,
with an inset showing the extracted current density from the device over the 20 min
of illumination. Figure 5.15b shows the fractional component of the extracted current
density attributed to the mixed (green) and iodide-rich (red) phases of the perovskite.

The EQE spectra display a sharp onset at 664 nm, which corresponds to the absorption
edge of the fully mixed perovskite phase (Figure 5.15a). At longer wavelengths, below

the absorption edge, the contribution to the EQE is attributed to the regions of iodide-
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Figure 5.14: (a) Voltages applied across an MAPb(Brg 51p.5)3 device during 5 min pre-biasing
periods under darkness (blue) and indications of the 1 min of illumination at various applied
voltages followed by the 25 min of darkness at 0 applied volts that were applied to the device
between the 5min pre-biasing periods (black). (b) Zoomed region of Figure 5.13b.

rich perovskite that formed as the material segregated. Over time the EQE below the
absorption edge (wavelengths longer than 664 nm) in Figure 5.15a increased, indicating
that more light was absorbed and more current was extracted from the forming iodide-rich
regions of perovskite as the perovskite segregated. Conversely, there is a dramatic loss in
EQE above the absorption edge (wavelengths shorter than 664 nm) over time, attributed
to photoexcited charge carriers generated within the mixed phase funneling into the
iodide-rich regions of perovskite where the current extraction efficiency was lower. The

inset of Figure 5.15a shows that as more charge carriers funneled into these low extraction

efficiency regions over time, the overall current density extracted from the device decreased.
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Figure 5.15: (a) Evolution of the EQE spectra from a mixed-halide perovskite device under
AM1.5 illumination at 0.6 suns (60 mW cm~2) for 20 min. Spectra were taken every 4s and
averaged over 196 s intervals. The extracted current density is plotted in the inset. The spikes
observed between 450 and 500 nm are artefacts resulting from slight fluctuations in the intensity
of the solar simulator. (b) Fractions of the extracted current density that originate from above
(wavelengths shorter than 664 nm) and below (wavelengths longer than 664 nm) the absorption
edge are plotted in green and red, respectively.

The decrease in this short circuit current is similar to previous reports of the detrimental
nature of halide segregation on mixed-halide perovskite photovoltaic devices [20, 21, 23].

Plotted in red in Figure 5.15b is the fractional contribution to the extracted current
density from the iodide-rich regions of perovskite, which clearly increases as the halide

segregation process occurs. Importantly, this contribution to the extracted current
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proves that charge carriers can move from the low-bandgap regions of perovskite into the
charge-carrier collection layers in the device. This extraction of charge carriers from the
low-bandgap regions happens despite the fact that the iodide-rich regions are known to
comprise only a small fraction of the volume of the segregated perovskite layer [17, 22], and
the energy required to escape these low-bandgap regions into the fully mixed perovskite
phase (~200meV) is greater than the thermal energy available to the charge carriers at
room temperature (~30meV). In order to explain how the low-energy charge carriers
transferred into the extraction layers it is noted that the iodide-rich regions of perovskite
are reported to preferentially form around the grain boundaries in the perovskite material
[104, 119, 144]. While the effect of grain boundaries on charge-carrier lifetimes is still
under debate [84, 85], charge-carrier transport along perovskite grain boundaries has
previously been reported [228-230]. Thus it is proposed that the grain boundaries
within the perovskite layer act as percolation pathways for the low-energy charge carriers,
acting as a traversable network between the nearby iodide-rich regions of perovskite and
the charge-carrier extraction layers. The overall loss of current density extracted from
the device (inset of Figure 5.15a) suggests that the transport of the low-energy charge
carriers was not as efficient as the transport through the mixed perovskite phase. The low
extraction efficiency from the iodide-rich regions of perovskite may result from an increased
radiative recombination rate in these regions, or enhanced trap-mediated recombination
at the grain boundaries [84, 85] reducing the lifetimes of the excited charge-carriers, as

well as more disordered pathways along grain boundaries compared to the bulk.

5.6 Charge-Carrier Pathways in Mixed-Halide Per-
ovskite Photovoltaic Devices

The work reported in this chapter grants good insight into the energy states and pathways

experienced by the photoexcited charge carriers in a segregated perovskite device. The
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findings are summarised in Figure 5.16: a Sankey diagram that represents the possible
pathways from photoabsorption (top of diagram) to recombination event (bottom of
diagram) for excited charge carriers. It is stressed that the diagram is only meant
to give a qualitative insight into charge-carrier dynamics in a segregating perovskite
material as the rate of the various recombination mechanisms will depend heavily on
the illumination parameters, exact material properties of the device layers, the degree to
which halide segregation has taken place, the applied voltage across the device, and the
precise microstructure of the segregated domains. Auger recombination has been ignored
as a higher order process that is negligible under typical real-world solar illumination
intensities [61]. The mixed and iodide-rich perovskite phases are represented in the
diagram as green and red boxes respectively, and recombination events are represented
as diamond shaped boxes of various colours.

In a normal photovoltaic device, where the working layer is composed of one phase
only, there are three main recombination pathways for the photoexcited charge carriers:
trap mediated recombination, radiative recombination, and extraction and recombination
via an electrical circuit. In a mixed-halide perovskite device, as the perovskite layer
segregates, further pathways open up as the charge carriers are able to transfer between
the different perovskite phases. The solid pathways depicted in Figure 5.16 highlight
that initially, prior to any segregation, the perovskite layer in the device is composed of
one phase (the mixed perovskite phase depicted by the green box) and so recombination
occurs in this phase either through trap states, radiatively, or through current extraction.
These three recombination pathways persist as the perovskite layer segregates, and the
hatched pathways in Figure 5.16 show the additional pathways — involving the iodide-
rich regions of perovskite — that open up as halide segregation occurs. The rise in

EQE at long wavelengths shown in Figure 5.15a — and absorption measurements in the
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Figure 5.16: Sankey diagram representing the flow of photoexcited charge carriers via various
pathways in a fully mixed (solid pathways) and segregated (hatched and solid pathways) mixed-
halide perovskite device. Every charge-carrier pathway begins with photoabsorption at the top
of the diagram and finishes with a recombination event at the bottom (diamond boxes).

literature [94-96, 167, 170] — prove that a small but not insignificant number of charge
carriers are directly photogenerated in the iodide-rich regions of the perovskite, which
is reflected in Figure 5.16 as the corresponding pathway into the red iodide-rich phase
box. Additionally, the drop in mixed perovskite PL signal intensity indicated in the

bottom panel of Figure 5.8a is attributed to a flow of charge carriers from the mixed



5. FElectric Fields, Defect Species and Halide Segregation in Mixed-Halide Perovskite

Photovoltaic Devices 164
perovskite phase into the lower-bandgap regions of perovskite, which is depicted as a
pathway between the two phases in Figure 5.16. With regard to the recombination
dynamics of the iodide-rich phase, Figure 5.15 shows that some current is extracted from
the low-bandgap phase [23, 167], and the middle panel of Figure 5.8a highlights the
strength of the radiative efficiency of this phase. Additionally, as discussed in Section 5.4,
the changes in the PL intensity presented in Figure 5.2b indicate that a significant amount
of trap-mediated recombination occurs within the iodide-rich regions of perovskite, and
that the rate of this trap-mediated recombination depends on the electric field applied
across the perovskite layer. Figure 5.16 incorporates these recombination pathways as
flows out from the iodide-rich perovskite phase, resulting in a complicated final flow
diagram from illumination through to recombination. Figure 5.16 represents a good
summary of the findings reported in this chapter, and reflects the charge-carrier dynamics

within a mixed-halide perovskite device.

5.7 Summary and Conclusion

In this chapter the interactions between halide segregation, electronic trap states,
and electric fields in mixed-halide perovskite photovoltaic devices were studied. The
results of Section 5.4 suggest the existence of three distinct types of defects within the
MAPbD(Brg 51y 5)3 perovskite material, each with different properties and effects on the
perovskite material. In Section 5.4.1 one species of defect, while essentially stationary
under darkness, was observed under illumination to redistribute over the course of tens
of minutes upon a change in the bias across the perovskite layer, implying that the
defect is charged and somewhat mobile. Additionally, this defect species was observed
to heavily reduce the radiative efficiency of the perovskite material. This defect species
is proposed to consist of MA™ interstitials in the perovskite, given similar work in the

literature on the movement of MA™ ions in perovskite materials [213]. Second, given the
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work of Section 5.4.2 and following the work of Chapter 4, it is suggested that a second
species of defect state is responsible for halide segregation in mixed-halide perovskites
[150]. These defect states are posited to cause the observed segregation of halide ions
by capturing photogenerated charge carriers and generating electric fields, and it is
argued that they must therefore be intrinsically charge neutral when empty. Crystal
distortions concentrated at the grain boundaries in the perovskite layer are suggested
as a candidate for these charge neutral defect states. Third, in Section 5.4.3, a charged,
highly mobile defect was observed to screen the applied voltage across the perovskite
layer by redistributing over the course of tens of seconds. Given mobility and activation
energy calculations in the literature [36, 226, 227], these defects are suggested to consist
of halide vacancies and/or interstitials in the perovskite material.

Additionally, EQE measurements showed that charge carriers can be extracted from
the low-bandgap, iodide-rich regions of segregated perovskite into the charge-carrier
extraction layers of the device. The grain boundaries within the perovskite material —
previously shown to be capable of charge-carrier transport [228-230] — are proposed to
provide a percolation network for the low-energy, photoexcited charge-carriers to traverse.

Finally, the findings of this chapter and an understanding of the charge-carrier
pathways within a mixed-halide perovskite material are summarised through a qualitative
Sankey diagram, which stresses the interconnectivity — and provides a convenient summary
— of the multitude of processes reported in mixed-halide perovskites. The findings reported
here elucidate the ionic and charge-carrier processes within mixed-halide perovskite
materials, particularly the interaction of these processes with electric fields — an essential

consideration for working photovoltaic devices.
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6.1 Introduction and Background

Having investigated how the optoelectronic properties of mixed-halide perovskites both
affect, and are affected by, halide segregation in Chapters 4 and 5, the work of this

chapter moves on to study links between halide segregation, the stoichiometry of the

166
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perovskite, and the resulting local variations in perovskite composition. Interestingly, the
composition of the A-cation site has been shown in the literature to have a particularly
strong effect on the extent to which halide segregation occurs, see Section 2.4.2.1 [18].
MAPD(Br,I1—_4))s materials are known to segregate under relatively low photon doses
for intermediate iodide-bromide ratios (0.2 < x < 1) [17, 18, 95, 96]. In contrast, mixed
A-cation FA(_,Cs,Pb(Br,l(1_;))s perovskites of comparable bromide content x are
known to be much more stable and possess a much lower probability for ionic separation
within the perovskite structure, with much higher photon doses required to induce halide
separation [20, 66, 117] provided the Cs content y remains within the range of ~10-30%
[117]. However, the underlying reasons behind the influence of these factors on the
segregation dynamics, and how they may be interconnected, is still largely unclear [18].

Exploration of the causes of halide segregation in mixed-halide perovskites has been
further complicated by the separate use of two measurement techniques, photolumines-
cence (PL) [17, 95, 96, 150] and X-ray diffraction (XRD) [17, 117, 121, 184]. While each
technique offers valuable insights, they have mostly been used in isolation, even though
each tends to probe different regions and properties of the perovskite. PL techniques
reflect the electronic energy levels at sites where charge carriers recombine, meaning
they mostly probe the iodide-rich domains formed through the segregation process, since
charge carriers will quickly diffuse to such low-energy regions [17, 95, 96, 150]. XRD
measurements are more sensitive to the volume average of the crystalline perovskite,
and as such give a more comprehensive picture of the compositional variations within
the whole material. While PL. measurements of mixed-halide perovskites consistently
exhibit red-shifted emission following halide segregation, XRD measurements of segregated
material tend to vary more substantially, and additionally depend on the perovskite
composition [92]. These considerations suggest that an understanding of the halide

segregation process would hugely benefit from in situ, combined measurements of changes
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in PL and XRD patterns under illumination. Such in situ XRD/PL measurements
could grant an understanding of both the underlying ionic movement and the electronic
changes that occur during the halide segregation process, elucidating, for example, links
between material composition and phase stability.

In this chapter, in situ, combined XRD/PL measurements are implemented to
elucidate why MA-cation mixed-halide perovskites exhibit a substantially different
propensity towards halide segregation compared with certain mixed formamidinium-
caesium (FACs) cation counterparts. Two specific compositions — MAPb(Brg 51y 5)3 and
FA(.83Cs0.17Pb(Brg 4lp6)s — are explored under long-term illumination, and subsequent
periods of darkness. While MA-cation mixed-halide perovskites are the prototypical
compositions often investigated in halide segregation studies (and in Chapters 4 and 5),
[17, 18, 95, 96] the vastly more stable FAqg3Csg.17Pb(Brg4lp6)s [20, 66, 117] is a much
more relevant material for high-performance photovoltaic devices [66], especially as the
top (sun-facing) absorber layer in perovskite-perovskite tandem solar cells [72, 73, 76].
Selecting perovskite compositions with a roughly even bromide:iodide ratio ensures that
the halide segregation process will occur over a reasonable time frame in the experiments
[18]. It is noted that differences in the halide compositions and manufacturing processes
for the two examined compositions may have had slight influence over the resulting halide
segregation dynamics in the perovskite films. However, FACs lead halide perovskites have
been observed to possess a much greater stability against halide segregation as compared
to MA-based perovskites over a wide range of manufacturing methods and halide contents
[18]. Therefore, the A-site cation choice will be the dominant factor in the phase stability
of lead mixed-halide perovskites of similar iodide and bromide content.

In this chapter, Section 6.2 briefly outlines the experimental procedures utilised for
the work presented here, and Section 6.3 presents basic XRD characterisations of the two

investigated perovskite compositions. The main experimental results of this chapter begin
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in Section 6.4, with combined XRD/PL measurements presented that allow for a detailed
understanding of the halide segregation process in each perovskite material, derived from
the observation of both incipient low-bandgap regions in PL measurements, and the
analysis of the bulk material gained from XRD measurements. For MAPb(Brg51g5)s it
is concluded in Section 6.4.2.1 that halide segregation initiates in minority regions of
the perovskite material, rather than throughout the bulk. Such regions must hence be
particularly susceptible to ionic re-arrangements, for example, through the existence of
fast ionic pathways near grain boundaries [145-149]. It is found that the growth and
accumulation of these halide-segregated minority regions gradually reduces the volume
of the remaining well-mixed perovskite phase. However, the composition (as inferred
from the lattice parameters) of the remnant mixed-halide majority phase itself remains
unchanged throughout the halide segregation dynamics. These observations demonstrate
that, for MAPb(Brg51y5)s, the segregation of halide ions occurs within and spreads from
specific locations inside the material. Conversely, it is found in Section 6.4.2.3 that
in order for halide segregation to occur in FAqg3Cso17Pb(Brg4log)s, large amounts of
ionic rearrangement are induced throughout the perovskite in unison, indicating a lack
of regions that are particularly susceptible to halide segregation in this material and
explaining the typically high photo-stability of FACs A-cation mixed-halide perovskites,
20, 66, 117] for Cs content around 10-30%. It is proposed that for such FACs perovskites,
halide segregation may instead be triggered by the initial segregation of the A-site
cations, which enriches the bulk perovskite in either FA or Cs, and in turn reduces the
stability of the perovskite against halide segregation. Finally, Section 6.5 summarises

and concludes the results of this chapter.
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6.2 Experimental Details

The setup and use of the equipment used for the concurrent XRD/PL measurements
presented in this chapter were conducted as described in Section 3.4.1. Basic XRD
measurements (those shown in Figures 6.1, 6.2, 6.5, 6.11, 6.12) were performed as
described in Section 3.3.3. All perovskite films investigated in this chapter were over
coated with a layer of poly(methyl methacrylate) (PMMA) to provide protection against

unwanted interactions between the perovskite and the surrounding air [150].

6.3 Basic Sample Characterisation

6.3.1 Basic XRD Measurements

Figures 6.1 and 6.2 show X-ray diffraction (XRD) patterns recorded from the PMMA-
coated MAPb(Brg 51 5)3 and FAqg3Cs.17Pb(Brg 4lo6)s thin film samples discussed in this
chapter, prior to any incident illumination. The MAPb(Brg 51y 5)s films (Figure 6.1) were
measured in a Rigaku SmartLab X-ray diffractometer, and the FAqg3Cso.17Pb(Brg4log)s
film (Figure 6.2) was measured in a PANalytical X’Pert X-ray diffractometer, both as
described in Section 3.3.3. Both the MAPb(Brg51o5)3 and the FA(g3Csg 17Pb(Bro4loe)s
perovskite were assigned a cubic unit cell in the space group Pm3m. Texturing effects
had a clear influence on the amplitude of the XRD peaks across the two perovskite
compositions, which is especially clear in Figure 6.1 by the dominance of the (100) and

(200) peaks for the MAPb(Brgslg5)3 perovskite.

6.4 Concurrent XRD and PL Measurements

Figure 6.3 presents PL spectra and XRD patterns recorded for MAPb(Brg5l5)s and
FA0.83Cs0.17Pb(Brg4log)s perovskite thin films under illumination, collected in situ

utilising a custom-built setup that allows for simultaneous, time-resolved XRD and PL
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Figure 6.1: XRD patterns taken from three separate MAPb(Brg 51 5)3 thin films coated with
PMMA, with the XRD measurements made prior to any illumination having occurred. The
Cu-K,1 line was used as incident radiation. After these XRD measurements, the three films
were then used in the no-illumination, 15-minute, and 6-hour illumination experiments discussed
in this chapter. The inset shows a zoomed region of the graph highlighting the pseudo-cubic
(200) peak of the perovskite XRD pattern, which is the peak used for the analysis discussed
below.

measurements. During the measurements, MAPb(Brg 51g5)3 and FAg g3Cso.17Pb(Bro4los)s
films were exposed to 15 minutes and 6 hours of illumination, respectively, from a
470 nm wavelength, continuous wave laser. The intensity of illumination was set to
190 mW cm~2 for both compositions. This intensity, while somewhat above 1 sun and
the level required to induce halide segregation in the MAPb(Brg 51y 5)3 perovskite film,
was needed to induce halide segregation in the more stable FAgg3Csg17Pb(Broalog)s
film within a reasonable time frame.

The normalised PL spectra of MAPb(Brgslps5)s and FAgg3Csg17Pb(Brg4lge)s thin

films develop in a qualitatively similar manner, with the growth and eventual dominance
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Figure 6.2: XRD pattern taken from an FA(g3Cso17Pb(Brg4lp¢)s thin film coated with
PMMA, with the XRD measurements made prior to any illumination having occurred. The
Cu-K,1 line was used as incident radiation. After this XRD measurement, the perovskite film
was then used in the 6-hour illumination experiment discussed in this chapter. The pseudo-cubic
peaks of the perovskite pattern are labelled alongside substrate and other peaks. The (220)
perovskite peak was used for the majority of the analysis discussed in this chapter.

of a low-energy PL peak — ascribed to iodide-rich regions — clearly visible in both Figures
6.3a and 6.3b, respectively. However, as expected, the timescales for halide segregation
to occur in the two compositions were significantly different, with the PL spectrum of
MAPbD(Br5lp5)3 reaching equilibrium on the order of tens of minutes (Figure 6.3a),
while changes still occurred in the PL spectrum of FA( g3Csg17Pb(Brg4lo6)s after several
hours (Figure 6.3b). Despite the large difference in time and photon doses required to
induce halide segregation in the two different perovskite thin films, the observed red-shifts
of the corresponding PL spectra appear comparable.

In COHtI'aSt, XRD patterns for MAPb(BI‘O,5IO.5)3 and FAO.gchO'17Pb(BI’0.4IQ.6)3 ﬁlms,
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Figure 6.3: (a) Normalised PL spectra for an MAPb(Brg 51 5)s thin film coated with PMMA,
recorded over 15 minutes of illumination under light of intensity 190 mW cm~2, wavelength
470nm. (b) Normalised PL spectra for an FA(g3Cso.17Pb(Brg4lp¢)s thin film coated with
PMMA, recorded over 6 hours of illumination under light of intensity 190 mW cm ™2, wavelength
470nm. Red-shifts in both (a) and (b) are caused by halide segregation. (c¢) XRD patterns
recorded in situ at the same time and on the same MAPDH(Bros1p5)s thin film as the data
shown in (a). The angle axis is scaled to focus on the region around the cubic (200) peak in the
recorded XRD data. The inset shows a zoomed region of the low-angle tail of the (200) peak.
(d) XRD patterns recorded in situ at the same time and on the same FA( g3Cso.17Pb(Bro.4lo6)s
thin film as the data shown in (b). The angle axis is scaled to show the cubic (220) peak in the
recorded XRD data. In both (c) and (d) the Cu-Ky1 line was used as incident radiation.

recorded in situ at the same time as the PL spectra discussed above and under the
same illumination conditions, show markedly different dynamics (Figures 6.3c and 6.3d,
respectively). For MAPb(Brg51y5)3, Figure 6.3c shows that over the course of 15 minutes
of illumination, the (200) diffraction peak in the XRD pattern decreased in amplitude,
but remained centred at a fixed 26 value of around 29.25°. For FAgg3Csg.17Pb(Brg.4lo6)s,

on the other hand, Figure 6.3d illustrates that the (220) diffraction peak shifted to
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lower angles and widened significantly during the 6 hours of illumination. In addition,
substantial differences can be observed in the tail regions of these peaks, farther away
from their centre positions. For MAPb(Brg51y5)s, a significant growth of XRD intensity
in the high- and low-angle tails of the (200) peak can be observed, as highlighted in the
inset to Figure 6.3c for the low-angle tail. For FA(g3Csg17Pb(Bro4los)s, such growth in
low-angle tail amplitude to the (220) peak is negligible (Figure 6.3d), however, a slight
amount of high-angle tail growth is evident, and is highlighted in Figure 6.4 where the
data have not been background corrected, have been smoothed, and are plotted on a
logarithmic y-axis in order to emphasise the growth of high-angle signal. The specific
XRD peaks discussed here were selected based on their prominence in the corresponding
XRD pattern (see Figures 6.1 and 6.2), and second-order peaks — the (200) and (220)
peaks as opposed to the (100) and (110) peaks — were selected for examination in order
to provide a good 20 resolution. Figures 6.5 and 6.6 show that the behaviour of the
(200) and (220) XRD peaks of the MAPb(Brg51p5)s and FA(g3Csg.17Pb(Brg4lps)s films,

respectively, was similar to that observed for additional XRD peaks for these films.

FA0.83C30.17Pb(Bro.4|0.6)3 (220) Peak
1 1 1 1 1 1
= 038
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Figure 6.4: Smoothed, normalised XRD patterns displaying the (220) diffraction peak
of a PMMA-coated FAgg3Csg.17Pb(Brg.4lo)s perovskite film under 190 mW cm~2 intensity
illumination over the course of 6 h. The data are plotted on a logarithmic y-axis and are not
background corrected in order to emphasise the growth of signal in the high-angle peak tail
(~41.5°-42.75° 20). The Cu-K,; line was used as incident radiation.
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Figure 6.5: (a) and (b) show XRD data of the (100) and (200) XRD peaks, respectively,
recorded from an MAPb(Brg51p.5)s thin film, with the XRD measurements taken before the film
was exposed to any illumination, and after the film was exposed to a 6 h period of 190 mW cm 2,
470 nm wavelength illumination followed by a period of overnight recovery (around 18 h). The
XRD patterns in Figure 6.5 were obtained with a Rigaku Smartlab X-ray diffractometer as
described in Section 3.3.3. The data shown in blue is the same as that shown in green in Figure

6.1.

6.4.1 Behaviour of XRD Peaks

The observed differences in the evolution of the XRD diffraction patterns for
MAPb(BI'()_5I()_5)3 and FA0_83CSO.17Pb(BI'()_4I()_6)3 under illumination Suggest that fun-
damentally different ionic movements accompany and drive halide segregation in these

two materials. To explore the causes of such differences further, the changes in XRD
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Figure 6.6: (a) and (b) show XRD data of the (220) and (221) XRD peaks, respectively,
recorded from an FA( g3Csg.17Pb(Brg4lp6)s thin film, with the XRD measurements taken in
situ under 6h of 190 mW cm ™2, 470 nm wavelength illumination. (a) shows identical data of
the (220) peak to that shown in Figure 6.3d, but which are repeated here to allow for an easier
comparison to the (221) peak data in (b) to be made. The arrows indicate the behaviour of the
peaks over the 6 h of illumination.

peak amplitudes, and the peak integrals, can be examined as a function of time under
illumination and during the subsequent recovery in the dark. Figures 6.7a and 6.8 present
time-resolved XRD peak amplitudes for the (200) diffraction peak of MAPb(Brgslp5)3
films and the (220) peak of an FA(g3Cso.17Pb(Brg4lp6)s film, exposed to different periods
of 190 mW cm~? intensity illumination and in subsequent darkness. In general, the XRD

peak amplitudes of both perovskites decrease under illumination and increase again as
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they recover in the periods of post-illumination darkness. However, the MAPb(Brg51y5)3
films experienced faster dynamics than the FAgg3Csg17Pb(Brg4lps)s film under both
illumination and darkness, highlighting the higher susceptibility to ionic movement
for MAPb(Brg5lo5)s. In addition, the initial decrease of XRD peak amplitude under
illumination is significantly faster than the subsequent recovery of amplitude under
darkness for all perovskite films (highlighted in Figure 6.8), in agreement with previous
studies demonstrating that the initial halide segregation proceeds much more rapidly
than the subsequent remixing of halide ions under darkness [17]. It was further confirmed
that the 18 hours of X-ray exposure themselves did not significantly affect the perovskite
material, as an MAPb(Brg 51y 5)s perovskite thin film was placed in darkness but under
X-ray examination for 18 hours, (black plot in Figure 6.7a) which resulted in negligible
loss in XRD peak amplitude over the course of the experiment. Figures 6.9 and 6.10
further provide PL spectra and XRD patterns taken before and after the periods of
illumination, and after corresponding periods of subsequent darkness, for each of the
examined perovskite films.

Interestingly, it is found that unlike the XRD peak amplitudes, the integrals over
the same XRD peaks (Figure 6.7b) remain remarkably constant during illumination and
subsequent recovery, indicating a lack of film degradation into non-perovskite products
during the experiments. The only exception to this observation is when the less-stable
MAPDB(Brg5lp5)s film is illuminated for the prolonged period of 6 hours, during which
the integrated XRD signal eventually declines, indicating a small amount of material
degradation, and these data are therefore excluded from the following analysis. Any
potential emergence of non-perovskite material would be unlikely to produce XRD
diffraction signal exclusively within the chosen integral limits used for the respective
(200) and (220) peaks of the MAPb(Brg51o5); and FAgg3Cso.17Pb(Brglos)s films, and

so a significant formation of these products would have reduced the overall integral over



6. Influence of A-Site Cations on Halide Segregation 178

~
2

T T
MAPb(Br_ _I )3 no illumination

0.5 0.5

[N

MAPb(BrOl5 los

FA [ 83CS017PP(Bro,106)s

6 hour illumination

)3 15 min illumination |

o
<)

o
o

I
~

Max. of XRD Peak (Normalized)

MAPb(Bro_slo_s)a

6 hour illumination

—~
)CT
~
= o
=N
I

1

105 -

I
©
a

1

Integral of XRD Peak (Normalized
~

1 1 1
10 15
Time (hours)

o

©
o
o1

Figure 6.7: The (a) maximum amplitude of and (b) integral over the (200) peak
(MAPDb(Bro51p5)s thin film samples) and the (220) peak (FA¢.g3Csp.17Pb(Brg4lp¢)s thin film
sample) in the XRD patterns of metal halide perovskite films coated with PMMA. The thin film
samples were either illuminated for 15 minutes under 190 mW cm~2 intensity light of 470 nm
wavelength (highlighted by the shaded orange region at early times), illuminated for 6 hours
under the same illumination parameters (highlighted by the shaded yellow region), or not
illuminated, after which all thin film samples were left in darkness until 18 hours of total
experimental time had passed. In (b), the integral was taken from 27.0° to 31.5° 26 for the (200)
diffraction peak of the MAPb(Brg 51p.5)3 perovskite thin films, and from 39.5° to 42.75° 26 for
the (220) peak of the FA( g3Cso.17Pb(Brg4lp6)s thin film. The data plots in (a) are normalised
to their initial value, and the data plots in (b) are normalised to an average of the data within
the first 2min of the corresponding experiment.

these XRD peaks, which is not observed. In particular, the generation of two specific
non-perovskite degradation products during the periods of illumination can be ruled out.
Firstly, little or no material converted from a perovskite crystalline structure into more
amorphous material, given that coherent reflection of X-rays may only occur from regions

exhibiting a well-ordered structure [197] — see Section 3.3.1. If a significant volume of
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Figure 6.8: The maximum amplitude of the (200) peak (MAPb(Bro51p.5)3) and the (220) peak
(FA.83Cs0.17Pb(Bro4lp6)s) in the XRD pattern of metal halide perovskite films coated with
PMMA. (a) The behaviour of the XRD peak amplitudes during perovskite film illumination
under either 15 min or 6h of 190 mW cm ™2 intensity light of 470 nm wavelength. The XRD peak
amplitudes are normalised to their initial values before any illumination. (b) The behaviour
of the XRD peak amplitudes under darkness, immediately after the corresponding period of
perovskite film illumination. The XRD peak amplitudes are normalised to the initial value the
XRD peak had before any period of illumination or darkness had commenced, and the axes are
shifted so that the plots begin at the origin to allow for an easier comparison of the data.

the perovskite material had converted from an ordered structure into a non-perovskite,
random arrangement then a significant decrease in total XRD diffraction signal would
be evident in Figure 6.7b. Secondly, little or no perovskite material converted into
Pbl; — or its mixed-halide equivalents — over the course of the experiment. Pbl, is a
very common degradation product for many perovskites, but it contributes insignificant
XRD diffraction amplitude in the 260 regions over which these second-order peaks were

integrated [43, 232-234]. Besides, Figures 6.11 and 6.12 confirm that neither of the
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Figure 6.9: (a), (c) PL spectra of MAPDb(Brg 51p5)3 thin films, both coated with PMMA, and
recorded before and after 15 min and 6h, respectively, of 190 mW cm~2, 470 nm wavelength
illumination, and after a period of overnight recovery (around 24h and 18h, respectively).
(b), (d) XRD patterns of the same films, recorded in situ before and after the 15 min and 6 h,
respectively, of 190 mW cm 2 illumination, and after periods of 17.75h and 12h of darkness,
respectively, subsequent to the periods of illumination. (e) XRD patterns of an MAPb(Brg 510.5)3
thin film coated with PMMA, recorded before and after 18 h of darkness in the experimental
setup. In (b), (d), and (¢) XRD measurements were continuously taken of the films throughout
the periods of illumination and the periods of darkness.
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Figure 6.10: (a) PL spectra of an FA(g3Csg.17Pb(Brg.4lp6)s thin film coated with PMMA,
recorded before and after 6h of 190mW cm™2, 470 nm wavelength illumination, and after a
period of overnight recovery (around 18h). (b) XRD patterns of the same film, recorded in situ
before and after the 6h of 190 mW cm ™2 illumination, and after a period of 12h of darkness
subsequent to the 6 h of illumination. “Before Illumination” (blue) data measurements in (a)
and (b) were recorded at approximately the same time, as were the “After 6 Hours Illumination”
(red) data measurements. XRD measurements were continuously taken of the film throughout
the 6h of illumination and the further 12 h of darkness.

two perovskites featured a growth in the prominent peak between 12° and 13° 26 (for
Cu-K,1 incident radiation) typically associated with Pbly [232, 234, 235] in their recorded
XRD pattern as a result of the prolonged illumination.

Given the absence of significant breakdown into non-perovskite structures or amorph-

ous material for both compositions during the conducted experiments, it is concluded



- 6. Influence of A-Site Cations on Halide Segregation 182

@ MAPb(Br I ),

|| || ||
Before Illumination -

10

"No-lllumination" Sample
15-Mins llumination Sample
6-Hours lllumination Sample

XRD Counts

N

~
(=)

~
o

- After lllumination -

=
o

"No-lllumination" Sample
15-Mins llumination Sample
6-Hours lllumination Sample

XRD Counts

12 12.5 13 13.5 14
2 Theta (Degrees)

Figure 6.11: XRD patterns of three MAPb(Brg 51y.5)3 thin films coated with PMMA, recorded
(a) before and (b) after different lengths of illumination period (all at 190 mW cm ™2 intensity
and 470 nm wavelength) and a period of overnight recovery in the dark. The axes are scaled
to show the region of the XRD pattern where peaks pertaining to any Pbly or PbBrs in the
perovskite films would be visible. Given the lack of any significant signal in both (a) and (b), it
is concluded that there was no significant degradation of perovskite material into either Pbls or

PbBry during the conducted experiments. The XRD data were recorded in a Rigaku SmartLab
diffractometer as detailed in Section 3.3.3, and (a) shows a zoomed region of Figure 6.1.

that the changes occurring in the XRD patterns (Figures 6.3c&d) principally result
from two effects. Firstly, the red-shifts in the PL emission spectra (Figures 6.3a&Db)
are indicative of halide segregation and halide ion movement, and it is concluded that
such ionic movement is likely primarily responsible for the concomitant changes in the
associated XRD patterns (Figures 6.3c&d). Todide-rich regions of perovskite will generate
XRD peak positions at lower values of 20 than bromide-rich regions, given that these

peaks are linked with the lattice spacing of a given structure [17, 43, 65, 197]. The
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Figure 6.12: XRD patterns of an FA( g3Csg.17Pb(Brg.4lp¢)s thin film coated with PMMA,
recorded (a) before and (b) after 6h of illumination (at 190 mW cm~2 intensity and 470 nm
wavelength) and a period of overnight recovery in the dark. The axes are scaled to show the
region of the XRD pattern where peaks pertaining to any Pbly or PbBrsy in the perovskite films
would be visible. The visible signal in this region highlights that there were small amounts of
Pbly or PbBrs in the perovskite film. However, given the near-identical signal between (a) and
(b), it is concluded that there was no significant degradation of perovskite material into either
Pbls or PbBry over the course of the conducted experiment. The XRD data were recorded in a
PANalytical X'Pert diffractometer as detailed in Section 3.3.3, and (a) shows a zoomed region
of Figure 6.2.

increased spread of XRD diffraction amplitude across a wide range of 20 values as
illumination progresses (Figures 6.3c&d) may then be primarily explained by a widening
of the compositional range present across different perovskite regions. Secondly, as a
less significant effect, a breakdown of crystalline volumes into smaller domains may
contribute to the broadening of XRD peaks [198], and result in an associated growth

in their tails [236, 237], as described in Section 3.3.2. This scenario may apply to the
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MAPbD(Brg5lp5)3 film, for which Figure 6.3¢ indicates a symmetric signal growth in both
high- and low-angle tails of the (200) XRD peak, which could to some extent derive from
breakdown of crystalline domains. In contrast, Figures 6.3d and 6.4 demonstrate an
absence of such symmetric tail growth for FA(g3Cs17Pb(Brg4lp6)s suggesting domain
breakdown to be insignificant here. Additionally, it is noted that a minor extent of XRD
peak broadening may result from strain being introduced into the perovskite crystal by

halide ion movement and the fracturing of crystalline domains.

6.4.2 Compositional Evolution Analysis

In order for the compositional evolution within the MAPb(Brgslys)s and
FA( 53Cs0.17Pb(Brg 4l 6)3 films to be examined, it is helpful to convert both PL emission en-
ergies and XRD 26 angles to an estimate of the bromide content of the emitting/diffracting
perovskite region. Section 3.4.2 provides full details on how these conversions were
performed, based on known dependencies of average PL emission and XRD peak positions
on bromide content x for a range of corresponding perovskite stoichiometries across
the iodide-bromide series. By remapping the PL and XRD measurements displayed
in Figure 6.3 onto the same horizontal axis (axis of abscissa), now given in terms of
bromide content, it is thus possible to directly correlate the optoelectronic changes
with the local compositional changes occurring upon halide segregation. It is noted
that because this approach does not capture any potential effects arising from crystal
domain fracturing, these bromide content axes should be viewed as estimates, rather
than precise measurements. Through this approach, it is possible to elucidate how
the associated underlying ionic rearrangement differs between MAPb(Brslp5)3 and

FA()_ggCSO, 17Pb(BI‘0'4IQ.6)3 perovskites films.
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6.4.2.1 In-Depth Analysis of MAPb(Bry;Iy5);

To begin, the analysis is first focused on MAPb(Brg 51y 5)3, for which Figures 6.13a&b
present in situ PL and XRD data taken simultaneously over 15 minutes of 190 mW cm 2
intensity illumination. Comparison of PL spectra and XRD patterns, now both plotted
against an estimated bromide content axis, strikingly highlights how little of the XRD
diffraction signal in Figure 6.13b correlates with the bromide content associated with the
low-energy PL peak in Figure 6.13a. These observations confirm that iodide-rich regions of
perovskite form only a tiny fraction of the total perovskite volume [22], while contributing
to the vast majority of the PL emission because charge-carrier diffusion to these regions
is highly effective. The XRD spectra displayed in Figure 6.13b also demonstrate that
halide segregation results in complex compositional changes, most of which — because of
the sensitivity of PL techniques to only the most iodide-rich, lowest bandgap perovskite
domains — cannot be detected with PL measurements. The work in this chapter therefore
highlights the importance of examining the halide segregation process through techniques
that are sensitive to the bulk of the perovskite material, such as XRD measurements.

To confirm that the process of compositional change primarily causes the observed
changes to both the PL and XRD data, the temporal evolution of the respective signals
around the low-bromide (iodide-rich) region of the PL spectra and XRD patterns is
examined. Figure 6.13c presents such time-resolved integrals over the PL and XRD
signals presented in Figures 6.13a and 6.13b, between the estimated bromide contents
of z = 0.07 and x = 0.16, as indicated by the shaded red columns. Conversion of both
horizontal axes to values of estimated bromide content thus allows a direct comparison
to be made between the evolution of PLL and XRD data in the same corresponding
region. Figure 6.13c clearly illustrates the time-resolved formation of iodide-rich regions
within MAPDb(Brg5lp5)s via both PL and XRD measurements, with the integral of both

signal types showing the same rise and plateau over time commonly associated with
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Figure 6.13: (a) PL spectra for an MAPb(Brg51p.5)3 thin film coated with PMMA, recorded
over 15 minutes of 190 mW cm ™2, 470 nm wavelength illumination. Spectra are plotted against
the estimated bromide content of the emitting perovskite, which was determined from the
dependence of the perovskite bandgap on halide composition reported in the literature, as
described in Section 3.4.2. (b) XRD patterns for the same MAPb(Brg51y5)3 thin film as in
(a), recorded in situ over the same 15 minute period of 190 mW cm~? illumination, also plotted
against the estimated bromide content of the reflecting perovskite determined from literature
reports (see Section 3.4.2). (c) The blue line plots the integral over the PL spectra in (a),
and the orange circles plot the integral over the XRD patterns in (b), both taken over the
bromide-content interval indicated by the shaded red region in (a) and (b), which centres around
the bromide composition matching the final position of the PL peak.

PL measurements of halide segregation in the literature [96, 150] and as observed in
Chapter 4. Figure 6.13c therefore confirms that the rise in low-angle XRD tail and

low-energy PL signals predominantly results from halide ion rearrangement, with any

potential breakdown of crystalline domains being a secondary effect.



6. Influence of A-Site Cations on Halide Segregation 187

6.4.2.2 Halide Ion Dynamics in MAPb(Brs15);

The above analysis of the changes occurring within the MAPb(Brg 51y 5)3 perovskite allows
for the halide ion dynamics within the perovskite under illumination to be elucidated.
The growth of the low- and high-angle tails surrounding the main XRD (200) peak
(evident in Figure 6.13b) is ascribed to the build-up of iodide- and bromide-enriched
material as the halide segregation process proceeds. Interestingly, the evolution of
the core (200) diffraction peak over time can be explained by the accumulated effect
of continuous ionic movements that are initially restricted to specific regions of the
MAPbD(Bro5lp5)3 perovskite, before these specific regions increase in number due to
crystalline domain breakdown and grow in volume, thereby spreading throughout the
bulk perovskite material. It is proposed that during any given time interval, a sub-fraction
of the bulk material converts into iodide-rich and bromide-rich material, with the nature
of the remaining bulk perovskite phase remaining unchanged. As time progresses, such
changes become visible in Figure 6.13b as a rise in the high- and low-angle tails of
the (200) peak, and a significant decrease of the (200) peak itself, while the overall 26
position of the (200) peak remains constant. If instead, significant, concurrent ionic
rearrangements occurred in large volumes of the perovskite simultaneously, this would be
recorded as a shift or change in shape of the main (200) XRD peak, neither of which are
strongly apparent in Figure 6.13b. It is therefore concluded that halide segregation in
MAPbD(Broslp5)3 is initiated in specific volumes of the perovskite, with the remaining
bulk remaining compositionally stable, as indicated by the unchanged 26 central position
of the XRD peak. Under continued illumination, the regions in which such segregation
occurs gradually grow to consume much of the overall volume.

For the halide segregation pathways proposed for MAPb(Brg 51y 5)s, the associated
ionic movement will be relatively facile, as only the volumes of perovskite most prone to

halide segregation will initially participate. Therefore, such segregation pathways help
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to explain the relative ease by which MA-cation mixed-halide perovskites are observed
to initiate halide segregation. It is proposed that ionic movement might commence
in regions such as grain boundaries that may offer enhanced ion mobilities [145-149],
which could facilitate the segregation of halide ions in certain, small regions of the
perovskite material with initially minor effects on the bulk material. The evolution
of the XRD pattern under illumination of MAPb(Brg5lp5)s further demonstrates that
these specific regions gradually grow, eventually engulfing most of the material. Such
growth of halide-segregated material could result from an extension of these domains
away from grain boundaries and into the bulk, as charge-carrier funneling and lattice
distortion progresses with time under illumination. However, it is suggested that an
alternative process, deriving from the fracturing of crystalline domains under illumination
may also be in operation. Figure 6.14 presents an analysis of the width of the (200) peak
from XRD patterns recorded from an MAPb(Brg 51y 5)s perovskite thin film over 6 h of
illumination at 190 mW ecm~2 intensity and 470 nm wavelength — see Figures 6.9c¢&d for
PL spectra and XRD patterns recorded from this MAPb(Brg51o5)s film. As explained in
Section 3.3.2, the full width at half maximum (FWHM) of an XRD peak can be related,
in accordance with various assumptions, to an estimate of the crystallite size within
the measured material. Figure 6.14b presents estimates of the crystalline domain size
within the MAPb(Brg5lp5)s film over the course of the 6h of illumination, calculated
using Equation 3.10, and the FWHM estimates (made both directly from the data and
from Lorentzian fits to the data) shown in Figure 6.14a. A clear widening of the (200)
XRD peak over the course of the experiment is shown in Figure 6.14a, and Figure 6.14b
shows that the crystallite size estimate correspondingly decreases during the period of
illumination. Figure 6.14 shows that the observed increase in the full width at half
maximum of the (200) peak is commensurate with a significant contraction in crystalline

domain size under illumination, if ionic redistribution is neglected. Therefore, halide
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segregation in MAPb(Brg 5l 5)3 may partly progress through the gradual fracturing of
crystalline domains under illumination, which increases the volume of grain boundaries,
generating more regions where halide segregation may easily occur. This proposed picture
of the halide segregation mechanism in certain mixed-halide perovskites is congruent with
literature reports of halide segregation often being associated with perovskite regions

surrounding grain boundaries in the material [104, 119, 144].
6.4.2.3 In-Depth Analysis of FA(s3Csy17Pb(Broslye)s

The halide segregation mechanism for the much more compositionally-stable
FA(.83Cs0.17Pb(Brg 4106)s perovskite is now examined, and it is found to be markedly
different from that described above for MAPb(Brg 51g5)3. As already discussed above, the
evolution of XRD patterns of FA( g3Csg.17Pb(Brg4lo6)s under illumination, as shown in
Figure 6.3d, highlights a different underlying type of ionic motion. Here, the actual (220)
diffraction peak of FA(g3Csg17Pb(Brg4lo6)s perovskite is found to shift and widen over 6
hours of illumination, with a tail appearing at higher angles. Such pronounced changes
to the core diffraction peak suggest that large amounts of ionic rearrangement occur
throughout the perovskite volume, with a significant change to the average composition of
the majority phase. To examine such changes to the bulk of the material, the shifts in the
main (220) diffraction peak are therefore compared with those in the PL emission peak
associated with only the initially well-mixed, bulk phase of the FA(g3Csg 17Pb(Brg.4lo6)s,
as shown in Figure 6.15a and Figure 6.15b for the first 6 hours of 190 mW cm~? intensity
illumination. In order to obtain the PL spectral component associated with only the
bulk phase, the low-energy PL peak deriving from the iodide-rich minority phase was
captured with a Gaussian fit and removed from the PL spectra. A direct comparison of
the PL emission peaks and XRD patterns of the bulk perovskite phase (Figures 6.15a&b),

plotted against a common axis of bromide content, shows clear parallel dynamics. Both
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Figure 6.14: (a) The full width at half maximum (FWHM) of the (200) peak in XRD patterns
recorded from an MAPb(Brg 51g.5)3 perovskite thin film over 6 h of illumination at 190 mW cm ™2
intensity and 470 nm wavelength. Plotted in blue is the FWHM estimated directly from the
data, and in orange is the FWHM taken from Lorentzian fits to the XRD data. (b) Mean size
of the crystalline domains within the MAPb(Brg 51p5)s perovskite thin film, estimated using
the Scherrer equation [198] — see Section 3.3.2 — and the XRD peak widths shown in (a). It
is noted that due to other effects such as compositional inhomogeneities, the crystallite size
estimates presented in (b) should only be considered as estimates to the lower bound of the
crystalline domain sizes within the MAPb(Br 510.5)3 film.

PL and XRD peaks of the bulk perovskite phase shift to lower bromide content and
broaden significantly with illumination time. In Figure 6.15c, the peak position of the
PL spectra displayed in Figure 6.15a is compared with that of the (220) XRD peak

in Figure 6.15b, in terms of bromide content at which the maximum signal occurs,

highlighting the similarity in timescales of the changes to the PL spectra and XRD
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patterns. Overall, these observations suggest that for FA( g3Cso.17Pb(Brg 4lp6)s3, prolonged
illumination primarily affects the optoelectronic properties and the ionic distribution
across the whole bulk material, rather than just within a minority phase exhibiting
high ion mobility, as for MAPb(Brgslp5)s.

To understand the reasons for the observed shift of the (220) XRD diffraction peak
of FA(3Cs0.17Pb(Brg4lo¢)s under prolonged illumination, the possibilities of ionic re-
arrangements and of the introduction of lattice strain [193] are considered, which could
shift crystal plane spacings. Interestingly, when the XRD signal is evaluated across its
full spread, it is found that the mean bromide content value (as opposed to just the peak
position) is largely unchanged with illumination time, see Figure 6.16 for a comparison of
XRD peak and mean values over illumination time. This observation essentially results
from the shift of the XRD peak maximum to lower 26 angles (lower bromide contents)
being largely counter-balanced by a growth of XRD signal in the high-angle (high-bromide)
tail of the (220) peak (see Figures 6.3d and 6.4). As a result, the mean 26 position of the
XRD (220) peak shifts only by a tiny amount, 0.07°, over the 6-hour illumination period,
which would correspond to only a ~0.2% increase in the average lattice parameter of the
perovskite, but could also be explained through several other effects, such as changes in
XRD reflectivity for regions of different composition, crystallinity effects, or — while it
was concluded in Section 6.4.1 that there was no significant degradation of the perovskite
material into non-perovskite structures — minor losses of perovskite structure could have
contributed to the minor shift of overall XRD signal. Given the small scale of the overall
shift in XRD signal, it is concluded that the evolution in the shape of the XRD (220) peak
of FA(g3Csp.17Pb(Brg.4lp6)3 is primarily caused by ionic rearrangement in the perovskite

crystal, rather than large-scale lattice strain or other effects.
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Figure 6.15: (a) PL spectra showing the mixed-phase perovskite emission from an
FA(.83Cs0.17Pb(Brg.41p6)s thin film coated with a PMMA layer, recorded over 6 hours under
light of intensity 190 mW cm~2, wavelength 470 nm. The spectra are plotted on a compositional
axis determined from PL measurements, as described in Section 3.4.2. The low-energy, iodide-
rich PL peak has been captured by a Gaussian fit and removed from the PL spectra. (b) XRD
patterns recorded in situ at the same time and on the same FA( g3Csg.17Pb(Brg4lp¢)s film as
the data shown in (a). The patterns are plotted on an estimated bromide compositional axis
determined from data in literature reports, which may be subjected to errors pertaining to
A-site cation movement, as described in Section 3.4.2. Figure 6.16 presents the behaviour of
the maximum and mean values of the XRD signal, which shift and remain relatively constant
over time, respectively. The differently coloured data plots shown in (a) and (b) were taken at
1-hour intervals, and similarly coloured plots in (a) and (b) correspond to measurements made
at approximately the same time. (c) The blue dots plot the peak position of the PL signal
shown in (a), and the orange circles plot the peak position of the XRD signal shown in (b),
both over 6 hours of illumination.
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Figure 6.16: The mean position (red) and the position of the maximum signal (blue) of
the (220) diffraction peak of a PMMA-coated FA( g3Cso.17Pb(Brg 41p.6)3 perovskite film under

190 mW cm~? intensity illumination over the course of 6h — see Figures 6.3d and 6.4 for XRD
data of this peak.

6.4.2.4 Ion Dynamics in FAO'83CSO_17Pb(BI'Q'4IQ.6)3

To elucidate the specific ionic rearrangement occurring in FAg g3Csg.17Pb(Brg.41o.6)s under
illumination, the reasons for the growth of signal in the high-angle (high-bromide) tail
of the (220) XRD peak — evident in Figure 6.3d and highlighted in Figure 6.4 — are
first analysed. This increase of XRD diffraction amplitude in the range ~41.5°-42.75°
260 corresponds to the formation of perovskite material with a range of pseudo-cubic
lattice parameters between 5.98 and 6.15A. Given the variation of ionic radii in the
participating FA, Cs, Br, and I ions, it is of course possible for perovskite regions to be
generated with a range of different compositions, yet similar average lattice spacings and
hence similar XRD patterns. Given the ionic radii of the constituent elements of the
FA(3Csg.17Pb(Brg4lg6)s perovskite, the emerging phase must be bromide-rich, caesium-
rich, or enriched in both bromide and caesium. Considering single-cation perovskites, the
5.98-6.15 A range of lattice parameters approximately corresponds to perovskite materials
such as FAPb(BrgI(1_g))s for 0.5 < 2 < 1.0 [43, 238] and CsPb(BryI1_z))s for 0 <2 < 0.4

[116]. Therefore, the range of perovskite compositions that could generate the 26 signal
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observed at the highest angles — ~42.75° — runs from FAPDbBr; to CsPb(Brg4lg¢)s.
The bandgap values reported in the literature for both FAPbBr3 and CsPb(Brg4los)s
perovskites — approximately 2.3 eV [43, 238] and 1.9 eV [116], respectively — are larger than
that of the FAgg3Cso17Pb(Brg4lp6)s perovskite material used in this study, which has an
initial PL peak position of ~1.76 €V, as shown in Figure 6.3b. Additionally, the bandgap
of FA /Cs-based perovskites is observed to vary monotonically with Cs content [66], and
similarly the bandgap of Br/I-based perovskites is observed to vary monotonically with
bromide content [17, 65, 66, 116]. Due to the monotonic effect of composition on the
bandgap in these particular perovskite systems, the formation of either a higher-bandgap
FAPDbBr;-rich phase or a higher-bandgap CsPb(Brg 41 ¢)s-rich phase — or, in principle, a
phase enriched with a blend of these compositions — would likely enrich the remaining,
majority-volume phase with an ionic composition that would result in a lower-bandgap
material. Photoexcited charge carriers would then funnel into the lower energy states
of the majority-volume perovskite phase, resulting in red-shifted PL emission. The PL
signal associated with the majority-volume FAg g3Csg 17Pb(Brg41p6)3 perovskite phase
did in fact red-shift over the course of the experiment, see Figure 6.15a, consistent with
the emergence of any of the aforementioned higher-bandgap phases.

In principle, according to the discussion above, the emerging XRD signal observed at
~42.75° 20 in Figure 6.4 could be a 0.83 : 0.17 blend of FAPbBr3 and CsPb(Brg4lo¢)s
perovskites — a phase composition of around FAg g3Csg 17Pb(Brgglg1)s. The formation
of a minority-volume FA( g3Cso.17Pb(Brgolo1)s phase from the FAgg3Cso17Pb(Brgslog)s
material would require no A-site cation movement, only halide movement, and represents
a strong contender for the XRD signal observed at ~42.75° 26. However there are reasons
to doubt FA(g3Csg17Pb(Broolo1)s as a candidate for the emerging XRD signal shown in
Figure 6.4. Due to the preferential binding of lead to bromide as compared to iodide [125,

174], it would be unexpected — but would in principle match the XRD data in Figure
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6.3d — for the bromide ions in the perovskite material to separate out — forming the
high-angle XRD tail — and leave the bulk perovskite enriched in iodide — which would
consequently shift to lower 26 angles. Due to the different strengths of the lead-halide
bonds, it would instead be considered more likely for the iodide ions to separate out,
leaving a bromide-enriched majority-volume phase — which has been observed previously
[17] — or for both iodide-rich and bromide-rich phases to separate out from the mixed
perovskite — which was observed for the MAPb(Brg51o5)s thin film in Figure 6.3c. As a
result, it is proposed that the more likely explanation for the growth the high-angle XRD
tail shown in Figure 6.4 involves the movement of A-site cations — a similar conclusion to
that reached in the work of Lin et al. on related perovskite materials [193] — although
the possibility of a mechanism based purely on halide ion movement is acknowledged.

Therefore, it is suggested that the increase of high-angle XRD diffraction amplitude
for FA(s3Csp.17Pb(Bro4lpe)s under illumination may partially derive from the initial
de-mixing of A-site cations in the perovskite material. Interestingly, it has previously
been shown [117] that FA(1_4)Cs,Pb(Brg4lp¢)s films only exhibit a stable phase space
substantially free from halide segregation for caesium contents y approximately between
0.1 and 0.3. Similarly, FAPb(Br,L(1_4))s (y=0) [17, 115] and CsPb(Br,I1_4))s (y=1) [116]
perovskites have been found to be highly susceptible to halide segregation. Rehman et al.
[117] have attributed such effects to a lowering of material crystallinity (as derived from
charge-carrier lifetimes and XRD peak widths) outside the range 0.1 < y < 0.3, which in
turn reduces the stability of the perovskite against halide segregation, as expected from
the strong correlation between crystallinity and photostability reported in the literature
[18, 103] — see Section 2.4.3.1. Therefore, it is proposed that for FAg3Csg 17Pb(Brg.4lo6)s,
illumination could first result in the formation of a minority FA- or Cs-enriched phase,
and the FA- or Cs-depletion of the majority-volume phase, as a result of A-site cation

separation. The composition of the majority-volume phase of the perovskite would be
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shifted from the maximally stable caesium composition of y ~ 0.2, which in turn would
reduce the overall stability of the material against halide segregation, hastening the
formation of iodide-rich domains that lead to the ultimately observed low-energy PL
emission. As such, halide segregation in the FACs A-cation mixed-halide perovskite
would therefore proceed via a two-step process initiated by A-cation segregation that
ultimately enables halide segregation. This multi-step process appears to be applicable
to the whole bulk of the material — rather than to specific volumes of the perovskite
— and to present a larger hurdle against halide segregation than that operational in

an equivalent MA-based perovskite.

6.5 Summary and Conclusion

In conclusion, by comparing simultaneous, in situ PL and XRD measurements, differences
in  the halide segregation mechanism  between MAPb(Broslgs)s and
FA0.83Cs0.17Pb(Bro4lo6)s perovskites have been elucidated. Overall, the different struc-
tural and optoelectronic changes observed following illumination of the two types of
mixed-halide perovskite explain some of the strong variations in phase stability for
different mixed-halide perovskites reported in the literature [18]. For MAPb(Brg 51 5)s,
it is concluded that the presence of fast ionic pathways initially results in facile halide
segregation in specific, sub-volumes of material under illumination, with the remaining
volume of bulk phase maintaining its original mixed-halide composition. Such specific,
halide-segregated volumes ultimately grow at the expense of the well-mixed bulk phase as
halide segregation proceeds, for example by expanding away from grain boundaries further
into the bulk, or by the fracturing of crystalline domains which enlarges the interface
areas with crystalline imperfections. In contrast, FAqg3Csg17Pb(Bro4lpe)s exhibits large,
concurrent changes occurring across the whole bulk material, but only after a much

longer illumination period of comparable intensity. In particular, the change in shape
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and peak position of the main (220) XRD diffraction peak of FA(g3Csy17Pb(Bro4loe)s
indicate concurrent ionic rearrangement throughout the whole of the perovskite volume,
i.e. unlike in the MAPD(Brg 5l 5)3 perovskite, there appear to be few fast ionic pathways
that facilitate halide segregation in localised regions. The lack of such fast ionic pathways
in FA( g3Csg.17Pb(Brg4lp6)3 means that any phase segregation must instead occur across
the whole of the more resistant bulk perovskite material, raising hurdles to these effects.
Such absence of ionic pathways is likely caused by the FAgg3Csg.17Pb(Brg 4l 6)s material
possessing superior crystallinity properties over the MAPb(Brg51g5)s perovskite. For
materials such as FA(g3Csg17Pb(Brg4lo6)s, their mixed A-cation nature, while allowing
for high crystallinity that suppresses halide segregation in the first instance, may ultimately
still be their Achilles’ heel, given that A-cation segregation may subsequently trigger
halide segregation in turn. For such materials, further stabilisation against halide
segregation may thus result if processing protocols can be developed that further stabilise
A-cation mixing. In addition, it is noted that other factors may also contribute to
the different timescales required to induce halide segregation in MAPb(Brg 51y 5)s and
FA0.83Cs0.17Pb(Brg4lo6)s thin films, such as trap state density [150] — see the work of
Chapter 4. However, it is concluded that the ionic pathways available in a perovskite
material are a key indicator of stability against halide segregation. The results presented
in this chapter therefore also highlight the importance of bulk-sensitive measurements in
determining the susceptibility of a mixed-halide perovskite to halide segregation, and
indicate that ionic mobilities, grain boundaries, and crystallinity are key areas of research

if completely phase-stable materials are to be manufactured for photovoltaic applications.



Conclusion

This thesis has dealt almost exclusively with the problem of halide segregation in
mixed-halide perovskite materials under illumination, and a broad understanding of the
underlying dependencies, effects, and corresponding charge-carrier and ionic behaviours
related to this problem has been found. An understanding of this phase-instability problem
is essential for the manufacture of stable, long-lived perovskite photovoltaic devices, and in
particular for perovskite-perovskite [72-76] and perovskite-silicon [8, 9, 66] tandem solar
cells, which often utilise halide contents particularly susceptible to these segregation effects.

Chapter 4 began with an exploration of the impact of different atmospheres on the
halide segregation dynamics in MAPb(Brg51g5)s thin films [150]. The photoluminescence
from the perovskite was found to be strongly influenced by the atmospheric environment,
and that encapsulation of perovskite films with a layer of poly(methyl methacrylate)
allowed for the halide segregation dynamics to be made fully reversible and repeatable. A
coating of poly(methyl methacrylate) was applied to all thin film samples investigated in
this thesis, where possible, as a result of this finding. Next, through photoluminescence
measurements at different illumination intensities but at fixed total incident photon count,

an empirical model was established that directly links the amount of halide segregation

198
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observed in the photoluminescence to the fraction of charge carriers recombining through
trap-mediated channels, and the photon flux absorbed. From such quantitative analysis
the effect of pulsed illumination on the halide segregation dynamics was predicted and
shown to match well with results in the literature [185]. Finally, it was extrapolated
from the empirical model that working MAPb(Brg 5lo5)s perovskite solar cells would
require a reduction of the trap-related charge carrier recombination rate to <10°s~! in
order for halide segregation to be sufficiently suppressed.

Chapter 5 utilised photoluminescence techniques to study trap states and halide
segregation in full mixed-halide MAPb(Brg51g5)s photovoltaic devices [157]. Through
this study, three distinct defect species were identified in the perovskite material: First,
a charged, mobile defect was observed to trap charge-carriers in the perovskite, affecting
the radiatitve efficiency of the material. Due to the relatively slow speed of the changes
attributed to these defects, it was proposed that these defects are MA™ interstitials.
Second, continuing the work of Chapter 4, it was concluded that a charge neutral defect
species is responsible for halide segregation. These charge neutral defects were proposed to
consist of crystal distortions in the perovskite material, possibly primarily located at grain
boundaries. Finally, a charged, mobile defect was found to screen the perovskite from
external electric fields over relatively short timescales. Due to the speed of the screening
effect, these defects were proposed to be halide vacancies and/or interstitials, which
are expected to be the most mobile species in a perovskite material [36]. Additionally,
external quantum efficiency measurements showed that photoexcited charge carriers can
be extracted from the iodide-rich low-bandgap regions of the phase-segregated perovskite
formed under illumination, suggesting the existence of charge-carrier percolation pathways
through grain boundaries where phase-segregation may occur. A Sankey flow diagram
was presented to summarise the findings of Chapters 4 and 5 on the charge-carrier

pathways in mixed-halide perovskite materials.
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With the relation between charge-carrier dynamics and halide segregation investigated
in Chapters 4 and 5, Chapter 6 granted a broader perspective of the halide segregation
mechanism by investigating the role of stoichiometry, and the compositional inhomo-
geneities that are induced in a perovskite material as a result of halide segregation
[231]. This study utilised a home-built experimental setup, allowing combined, in situ
photoluminescence and X-ray diffraction measurements to be taken. Such measurements
were used to elucidate the compositional and optoelectronic changes associated with
halide segregation in MAPb(Brg51ly5)s and FAqg3Cso17Pb(Bro4loe)s films. Low-barrier
ionic pathways were found in MAPb(Brg 51y 5)s, which allow for the rearrangement of
halide ions in localised volumes of perovskite without significant compositional changes
to the bulk material. In contrast, FAgg3Csg17Pb(Brg4los)s was found to lack such
low-barrier ionic pathways, and as such is consequently much more stable against halide
segregation. However, under prolonged illumination, FAq g3Csg.17Pb(Brg4lp6)s was found
to exhibit considerable ionic rearrangement throughout the bulk material, which may
be triggered by an initial de-mixing of A-site cations, altering the composition of the
bulk perovskite and reducing its stability against halide segregation.

As a whole, this thesis presents a comprehensive picture of the halide segregation
phenomenon. The driving force for the halide ion movement is generated by the separation
of excited charge carriers. In particular, under illumination crystal distortions at grain
boundaries generate charge neutral trap states that are able to capture and localise excited
electrons. Excited holes are localised within nascent iodide-rich domains away from the
grain boundaries, a process which, in conjunction with the trapped electrons, generates an
electric potential landscape within the grain. Due to the differing mobilities of the halide
ion species within the perovskite, the ions are affected differently by the electric fields
and separate. In perovskite materials dense with grain boundaries, halide ions around

these boundaries are able to move more freely and rapidly, resulting in a growing region
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of segregated material around the grain boundaries, and shrinking regions of well-mixed
material in the grain centres. In more crystalline perovskite materials, halide ion movement
is more difficult, and so the segregation process takes place over much longer timescales,
but throughout the perovskite material simultaneously. Charge carriers funnel into the
formed regions of low-bandgap material, which then radiate more efficiently and increase
the recombination rate within the material. Some charge carriers that do not recombine
can be extracted through percolation pathways which exist along and around the grain
boundaries and the surrounding low-bandgap material. Under darkness, the driving force
for segregation is removed, and entropic factors ensure the halide ions eventually re-mix.

As an outlook to future work, the results of this thesis reveal many important insights
into the halide segregation mechanism, and highlight key areas, and key questions,
for further study. Chapters 4 and 5 showed that charge-carrier dynamics and trap
states have an important role in the segregation mechanism, and while crystal defects
at grain boundaries were suggested to contribute to the halide segregation mechanism,
further investigations into the identity of, and the mechanisms by which, any trap states
may contribute to halide segregation would be highly beneficial. Additionally, charge-
carrier transport layers are integral to the performance of photovoltaic devices, and so
investigating the role of trap states introduced at the perovskite interfaces in full device
stacks on the halide segregation mechanism is highly relevant for operational perovskite
solar cells. The empirical model of halide segregation formulated in Chapter 4 paves the
way for a more complete model that accounts for several effects, such as temperature and
the competition between halide segregation and entropic remixing dynamics, that were
not within the scope of the original investigation. Chapter 6 highlighted grain boundaries
and halide ion pathways to be integral to halide segregation, and further work could build
upon this thesis by investigating the effect of reducing halide ion mobility along grain

boundaries, either through the judicious choice of additives or other means, on the halide
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segregation mechanism. Again, charge-carrier transport layers could influence the halide
segregation mechanism by introducing halide ion pathways at the perovskite interface,
an important area of investigation for full perovskite solar cells. Finally, there exist
many varieties of perovskite that lay beyond the scope of this thesis, and so investigating
the compositional stability of such materials as 2D perovskites and double perovskites
would constitute very interesting further work.

Overall, the work of this thesis highlights that grain boundaries and trap states are
key factors in the halide segregation dynamic, which helps to explain why improved
crystallinity [20, 103, 117, 122, 125] and trap state passivation [123, 151, 152, 167-169]
improve the phase-stability of perovskite materials. The results presented here suggest
a route to phase-stable perovskite solar cells through the further investigation of these
key factors, and this work makes great strides towards a complete understanding of

the intriguing phenomenon of halide segregation.
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