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Abstract

Metal halide perovskites are a class of materials which have recently achieved remarkable
success in solar cells. The rapid rate of improvement in the efficiencies of perovskite-based
devices has however often outpaced understanding of the electronic processes occurring
within these semiconductor materials. This thesis is concerned with providing insight
into the factors influencing electron motion and recombination in a series of hybrid metal
halide perovskites, principally using photoluminescence spectroscopy. Such knowledge is
essential for the development of higher-performance perovskite-based devices.

The temperature dependence of emission line broadening is investigated in the four
commonly-studied formamidinium and methylammonium perovskites, FAPbl;, FAPbBrj,
MAPDI3 and MAPDbBr3, and it is discovered that scattering from longitudinal optical
phonons via the Frohlich interaction is the dominant source of electron-phonon coupling
near room temperature, with scattering off acoustic phonons negligible. Energies for the
interacting longitudinal optical phonon modes are determined to be 11.5 and 15.3 meV,
and Frohlich coupling constants of approximately 40 and 60 meV are extracted for the
lead iodide and bromide perovskites, respectively.

The low-temperature photoluminescence of FAPbI;3 is studied, and both a power-law
time dependence in the emission intensity, and an additional low-energy emission peak
which exhibits an anomalous relative Stokes shift, are observed. Using a rate-equation
model and a Monte Carlo simulation, it is revealed that both phenomena arise from the
existence of an exponential trap-density tail with characteristic energy scale of ~3 meV. In
this high-quality hybrid perovskite, trap states therefore comprise a continuum of energetic
levels (associated with disorder) rather than discrete trap energy levels (associated e.g.
with elemental vacancies). These first two studies confirm that hybrid perovskites may
be viewed as classic semiconductors, using a band-structure picture.

Finally, the relationship between the structural and optical properties of the double
perovskite Css AgBiBrg is examined. Temperature-dependent time-resolved photolumines-
cence measurements reveal the presence of a ‘fast’ and a ‘slow’ carrier decay component,
The appearance of the former component correlates with the structural phase-transition
to the low-temperature tetragonal phase, indicating that it may originate from the

formation of tetragonal twin domains.
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Introduction

It is a truth universally acknowledged, that a civilisation subject to increasing energy
demands and dependent on non-renewable and environmentally deleterious fossil fuels,
must be in want of a good alternative energy source. Among the many possibilities,
solar radiation represents a vast source of clean, renewable energy [1]. Harnessing solar
power incident on only 0.16% of the land on this planet (roughly the size of Romania)
at just 10% efficiency would generate 20 TW [2], well in excess of the world power
consumption of 12.45 TW in 2015 [3].

Solar energy may be used to produce hydrogen fuel, or converted into thermal or
electrical energy [1]. Electricity generated from sunlight via the photovoltaic effect [4]
constituted over 95% of the world’s solar energy production in 2015 [3], of which almost
all (95% in 2017 [5]) is produced by solar cells based on crystalline silicon. Commercial
silicon cells typically have power conversion efficiencies (PCEs) between 14 and 20%
[6], though the record for research-grade cells is nearly 27% [5]. Although silicon cells
currently dominate the market thanks to their high PCEs and long-term durability, they
face competition from technologies based on thin-film absorbers [7]; these offer lower

production costs and less energy-intensive fabrication processes than are required to
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produce the highly-purified silicon needed for solar cells [8] 9].

The most promising of these rival materials are the metal halide perovskites (MHPs),
which can be made from earth-abundant chemicals and processed at low temperatures
[9]. Furthermore, they possess a remarkable combination of structural and optoelec-
tronic properties which make them excellent photovoltaic materials [10], facilitating an
unprecedented rise in their PCEs to 23.3% [11] just 13 years after Miyasaka et al. [12]
first started researching MHP solar cells. However, understanding of the underlying
physical processes which govern the favourable properties of MHPs has not always kept
pace with the rapid improvements in MHP-based devices [13|. Early MHP solar cells
used ‘hybrid’ perovskites (containing both organic and inorganic components) in device
architectures analogous to those used in organic polymer photovoltaics (OPV) [14, [15],
leading to uncertainty over the extent to which MHPs could be described in terms of
an inorganic semiconductor bandstructure picture [16].

The work presented in this thesis therefore examines factors influencing electronic
motion and recombination in MHPs, with the aim of informing future improvements
in optoelectronic devices based on these materials. In doing so, it explores how well
electronic processes in these materials resemble those of a typical inorganic semiconductor.

To that end, Chapter [2| provides background on MHPs. By briefly reviewing the
progress of these materials from obscure curiosities towards commercial success, the
unique properties which make them worth researching are laid out while giving context to
the importance of the material compositions studied in this thesis. The current literature
understanding of electronic behaviour in MHPs is also summarised, with particular
emphasis on how it can be probed using photoluminescence (PL) spectroscopy. The
experimental techniques of time-correlated single photon counting (TCSPC) and gated
intensified charge-coupled device (iCCD) spectroscopy, which were used to measure

PL from MHPs in this work, are then discussed in detail in Chapter [3] These allow
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charge recombination processes to be probed with time resolution from the picosecond
to microsecond scale while also following the evolution of the emission spectra as a
function of time, excitation power and temperature.

PL spectroscopy forms the basis of the results presented and discussed in Chapter [4] in
which the strength and nature of the interactions between electrons and phonons in four
hybrid perovskite materials: MAPbI3, FAPbl;, MAPbBr3 and FAPbBr; are investigated.
Phonons are collective lattice vibrations which can scatter charge carriers, so setting
the fundamental upper limit on their speed [17]. By measuring the phonon-derived
broadening of the PL spectra of these materials at temperatures from 4 K up to 370 K,
Frohlich coupling to longitudinal optical phonons is identified as the dominant source of
charge-carrier scattering at room temperature in the four materials, and the strength of
their electron-phonon coupling is quantified. It is found that although the choice of organic
cation has relatively little effect on the Frohlich interactions, bromide perovskites exhibit
higher Frohlich coupling than iodide perovskites as a result of their smaller high-frequency
values of the dielectric function. The increased scattering from LO phonons in bromide
perovskites may be the cause of their lower THz charge-carrier mobilities relative to iodide
perovskites [18]. These findings are supported by first-principles theoretical calculations
performed by collaborators, underlining the suitability of an electronic bandstructure
picture for describing charge carriers in MHPs.

Whereas phonons provide the fundamental intrinsic limit to charge-carrier mobilities
in MHPs, defects and impurities are an extrinsic source of scattering; this may be limiting
for DC transport over large length scales [19]. Charge transport is also affected by
sub-bandgap energetic states (traps), in which some carriers may become trapped and so
cause a reduction in the overall conductivity [20]. Chapter [5| uncovers a new source of
charge-carrier trapping in FAPbI; in the form of an exponentially-distributed band-tail

of sub-bandgap states. Through measurement of the low-temperature PL of FAPDI;,
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a power-law time dependence in the decay of the emission intensity, and an additional
low-energy emission peak which exhibits an anomalous relative Stokes shift, are observed:
both signatures of band-tail mediated recombination. This interpretation is supported by
carrying out both an analytical rate-equation model and classical Monte Carlo simulations
to describe the effects of the band-tail recombination on the low-temperature PL, which
permit the quantification of the characteristic energy of the band tail to be approximately
3 meV. Such a reasonably shallow tail may contribute to the high charge-carrier mobility
of FAPDbI; [1§], while the observed deeper states of the tail may in part be responsible
for the open-circuit voltage losses commonly observed in these materials. Since energetic
band tails are a common feature of classic inorganic semiconductors, the observations
and analysis in this chapter support the characterisation of MHPs as being one of them,
even when containing partly-organic components.

A further investigation in Chapter [6] focuses on the double perovskite Csy,AgBiBrg,
which differs from the MHPs studied in earlier chapters in that it does not suffer from the
inclusion of toxic lead [21]. CsoAgBiBrg also differs from these Pb-based materials however
by the indirect nature of its bandgap, which complicates its photovoltaic potential [22].
In order to aid the engineering of double perovskites with more favourable properties,
such as a direct or tunable bandgap, a deeper understanding of the relationship between
the structural and optical properties of this material is required. Therefore, Chapter [0]
applies time-dependent PL measurements to Css AgBiBrg, revealing a charge-carrier
recombination mechanism which disappears at the structural phase transition from the
low-temperature phase, and so may originate from the formation of tetragonal twin
domains. The temperature dependence of the PL and absorption spectra of Cs;AgBiBrg
are analysed in terms of an indirect bandgap, confirming again the applicability of a

classic bandstructure picture to MHPs.
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Finally, Chapter [7] summarises the work described in this thesis, and provides an

outlook on potential further studies which could extend it.
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This chapter reviews the electronic and optical properties of MHPs. These properties
must be considered in the context of the remarkable promise that MHPs hold as
photovoltaic materials, since this is the principal purpose for which understanding of these
properties is sought. Therefore, after introducing these materials, this chapter gives an

overview of the history of MHP-based solar cells and the challenges they face on the road
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to commercial success. Particular emphasis is given to the role of material composition,
since the effect of varying this on electronic processes is a major theme of his work. Next, a
review of the current state of understanding of the optoelectronic properties of perovskites
is given, followed by an account of how measurement of photoluminescence can be used to
give a window on these properties: this provides the foundation for the photoluminescence
spectroscopy experiments which underpin most of the results in this thesis. The remaining
sections of this chapter give the background to the experimental results presented in later

chapters, covering electron-phonon coupling, trap states in MHPs and double perovskites.

2.1 Structure

Perovskites are a class of materials with stoichiometry ABX3 and sharing a crystal
structure with CaTiO3, which was first classified by Gustav Rose in 1839. He named
it in honour of the mineralogist Lev Perovski of Russia, where it was discovered [23].
Silicate perovskites are highly abdundant in the Earth’s mantle [24], but the metal halide
perovskites (often synecdochically referred to as just ‘perovskites’ within the field) which
are the subject of this thesis are artificial. For MHPs, A is a monovalent cation which can
either be organic or inorganic: the most common organic cations are methylammonium
(CH3NHZ or MA™) and formamidinium (HC(NHs)3 or FAT), while caesium (Cs™) is the
most common inorganic one. B is a divalent metal cation (usually Pb?*) and X is a halide
anion (I', Br™ or CI') [13]. The ideal cubic perovskite crystal structure is shown in Fig.[2.]
which is the high-temperature phase of MHPs. At lower temperatures, up to two phase
transitions may occur to phases in which such structures as the orthorhombic, tetragonal,
trigonal or hexagonal phases have been reported [25]. The structural flexibility of MHPs
allows a wide compositional parameter space to be explored, although the sizes of the ions
which can form an ideal perovskite structure are dictated by the Goldschmidt tolerance

factor [26], which limits the possibilities for substitutions at each site. If the A cation
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is replaced by a larger ion than allowed by the tolerance factor, the three-dimensional

structure will transition to a layered structure known as a two-dimensional perovskite;

however, it is 3D MHPs which are the focus of this thesis [27].

< @ >

«
«
«

Figure 2.1: Crystal structure of a MHP in the cubic phase. MHPs have the chemical
formula ABX3, where A is a monovalent cation, B is a divalent metal cation, and X is a halide
anion. Reproduced from Ref. with permission from The Royal Society of Chemistry.

Figure 2.2: Chemical structures of the M A and FA cations. Nitrogen is represented
by blue, carbon is black and hydrogen is grey-white.
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2.2 Evolution of MHP solar cells

MHPs have been synthesised since as far back as 1882 [29], but it was not until the
1970s and 1980s that their fundamental optoelectronic properties were first studied, by
Weber et al. |30, 31]. Mitzi et al. [32H35] built on this work in the 1990s and 2000s,
exploring the synthesis of a range of MHPs, particularly those with an organic A cation,
known as hybrid organic-inorganic perovskites. However, it was not until 2005 that
the work on the first ultimately succesful MHP solar cell began, due to a serendipitous
collaboration between researchers investigating 2D perovskites for use in LEDs and those
investigating dye-sensitised solar cells (DSSCs) |12]. DSSCs contain a mesoporous layer
of an n-type semiconductor, typically TiO,, coated in a molecular dye and immersed
in an electrolyte solution. The dye absorbs sunlight while the semiconductor acts as a
charge transporter for the photoexcited electrons from the dye. Miyasaka et al. employed
MAPDI3 nanocrystals as the sensitiser in a DSSC architecture, replacing the dye, and
published the first peer-reviewed paper on a MHP solar cell in 2009, achieving a PCE

of 3.8 % [36] with an architecture like that shown in Fig.[2.3h.

(a) (b)

Fluorine-doped tin oxide
Glass

Figure 2.3: Device architectures for MHP solar cells. (a) shows the mesoporous
perovskite-sensitised architecture, which was derived from DSSCs. (b) shows the planar
heterojunction configuration. Reproduced from Ref. [37] with permission from The Royal
Society of Chemistry.

These initial MHP solar cells were only stable for a few minutes before the perovskite

dissolved in the liquid electrolyte. In 2012 two collaborations, one involving Snaith,
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Miyasaka et al. [38], the other including Park, Gratzel et al. [39] concurrently succeeded
in producing wholly solid-state MHP solar cells in 2012, using spiro-OMeTAD as the
solid hole transport material and achieving PCEs of around 10 %. Notably, these
devices used Al,O3 as the mesoporous mount for the MAPbI3. Al,O3 is an insulator so
acted only as a scaffold for the perovskite; the MAPbI; was a good electron transport
material in its own right. After it was also found that MAPbI; could act as a hole
transport material [40], planar heterojunction MHP solar cells became possible. Their
structure is shown in Fig.|2.3b; planar architectures are more compatible with large-
scale fabrication, particularly using vapour deposition, than meso-structured device
architectures [41]. These developments triggered a period during which remarkable
advances in MHP synthesis and device fabrication occurred [29], as manifested in the
unprecedented improvement of the PCEs of MHP solar cells (see Fig.[2.4). Detailed

accounts of the advances during this period can be found in Refs. [42], [43], and [28].

1 1 | | | I 28
Monocrystalline Silicon o—O

I 124
= —— 20 m
Mcrystalline Silicon 5:'2
L. 16 6.
N >
i Dye-sensitised 122
| s ¥

i Organic Perovskite |,

| I I | I | 0

1990 2000 2010 2020

Figure 2.4: Progression of solar cell PCEs for MHPs and competitor technologies.
Data derived from Ref. [11].

While MAPDI; remains the archetypal MHP [44], it suffers from an intrinsic thermal

instability due to the relatively volatile methylammonium ions, which evaporate during
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heating [27) |44]. Furthermore, MAPDI; is prone to degradation in the presence of oxygen
and moisture [27], and the presence of toxic lead in a readily water-soluble form is also
of concern from a health and environmental perspective [45], although encapsulation
may ameliorate these issues. MHPs with different compositions have therefore been
investigated with the aim of avoiding these issues, and indeed some of the most efficient
and stable MHP solar cells contain multiple mixtures of different ions at the A and X
sites [44}, 46]. Replacing lead with tin, or combinations of other metals such as bismuth
and silver, is also under investigation [47]. The record PCE for a MHP solar cell now
stands at 23.3% [L1], partially thanks to developments in understanding how chemical
composition affects the material and optoelectronic properties of MHPs. In order to
continue progress towards the Shockley-Queisser limit (the theoretical thermodynamic
maximum PCE for a single-junction solar cell [48]), improvements in the optical design
and material quality will also be needed [19, 49]. While these challenges continue to
be addressed, the commercial viability for MHP solar cells in the short- to medium-
term may lie in co-operation with their dominant rival technology of silicon, in the

form of perovskite-silicon tandem cells |49].

2.3 Optoelectronic properties

MHPs combine the advantages of facile and inexpensive synthesis via solution processing
or vapour deposition techniques [50, 51], with outstanding device PCEs. The prospect of
mass-producing high-efficiency solar cells generating low-cost electricity is the ultimate
driver of most research into MHPs. A lot of this research, including this work, has
focused on the optoelectronic properties of MHPs, whose unique combination thereof

provides the foundation for their high PCEs [10].
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2.3.1 Absorption and exciton dissociation

MHPs are well-suited to every step of the photovoltaic process. As evident from
their origins as a sensitiser in DSSCs, MHPs are good light absorbers, possessing high
absorption coefficients (~ 10°cm™ [52]) across the visible spectrum [19]. Furthermore,
their composition can be varied to achieve a bandgap within 1.1 and 1.4 €V, absorbing
the optimal amount of the solar spectrum for a single-junction solar cell [53]. Upon
absorbing a photon, the excited electron remains Coulombically bound to the hole it
leaves behind in the valence band: this bound state is an exciton [13]. The archetypal
MHP, MAPbI;3, has a sufficiently low exciton binding energy, E},, that the thermal energy
at room temperature (kg7 ~ 26 meV) is sufficient to dissociate the electrons and holes
and allow them to be part of the photocurrent. This is in contrast to the organic molecular
semiconductors used in organic photovoltaics, a competitor technology to MHP solar
cell; their exciton binding energies are so high that additional measures must be taken to
cause the excitons to dissociate, at the cost of using unstable nanostructured materials
and reducing some of the output photovoltage [54]. It should be noted that there has
been considerable variation (5 to 50 meV) in the reported values of Ey, for MAPbI; [13],

but the consensus is that the excitons dissociate efficiently at room temperature [55].
2.3.2 Charge transport

Having separated the photogenerated charge-carriers, MHPs then exhibit excellent charge-
transport properties. These can be quantified by the charge-carrier diffusion length,

Lp, which is defined as

ukBT
Lp =] 2.1
b CRT ( )
where p is the charge-carrier mobility, e is the elementary charge, and Ry is the total

charge-carrier recombination rate [19]. Lp represents the average distance a charge carrier
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can diffuse without undergoing recombination. A long Lp is beneficial for the internal
quantum efficiency of a solar cell, since it means that photogenerated charge carriers
are more likely to be able to reach the boundary of the absorber material and thence
the external circuit [56]. Electron and hole diffusion lengths of several micrometers have
been measured in MAPbI3 [57, 58]. In planar heterojunction solar cells, the absorber
layer thickness will be larger than the absorption depth (hundreds of nanometres for
MAPDI; [59]) in order to optimise the number of photons absorbed, so for efficient
charge collection the diffusion lengths should exceed the absorption depth: the long
Lp in MAPbI3 makes this possible [19]. Since Ry (which may be considered to be
a pseudo first-order recombination rate coefficient) is dependent on the charge-carrier
density (as expressed in Eqn. , the diffusion length is also dependent on the charge-
carrier density. Furthermore, MHP solar cells are unusual in that electron transport
to the contacts is dominated by diffusion rather than by drift, due to electric field
screening by mobile ions [60, [61].

As expressed in Equation 2.1, Lp is proportional to the square root of the product
of the mobility and the recombination lifetime (the inverse of the total recombination
rate). For MAPDbI3 and FAPbI3, 1 has been measured to be of the order of 10 cm? Vst
using terahertz spectroscopy [19], which is considered ‘high’ by some [62} 63] but only
modest by others [10, 64]. Certainly they are higher than in organic semiconductors,
against which MHPs have often been benchmarked due to the frequent presence of an
organic cation in their compositions [64]. However, the electronic structure at the band
edges in MAPDI3 is dominated by orbitals from the inorganic skeleton of the lattice
[65], so their bandstructure resembles a typical inorganic semiconductor. Additionally,
their carrier effective masses are close to those of Si and GaAs [64, 66], the archectypal
inorganic semiconductors. It therefore may be more appropriate to benchmark MHPs

against inorganic semiconductors instead (as is discussed later in this thesis, in Chapters
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and @, in which case the perovskite mobilities are relatively low. In any case, the
slow recombination rate in MHP films makes up for any deficiency in the mobility, with

lifetimes up to several us having been measured [67].
2.3.3 Recombination

The dynamics of charge-carrier recombination can be described by the following rate equa-

tion:

dn
dt

= —kyn® — kon? — kyn = —nRp(n) (2.2)
where n is the charge-carrier density, ky is the decay constant for first-order decay processes,
ks is the second-order (electron-hole) recombination rate constant and k3 is the Auger
recombination rate constant [19]. Ry is the total recombination rate which appears in
Equation [2.1} These processes are depicted in Fig.[2.5] First-order and second-order decay
processes in MHPs are typically referred to as monomolecular and bimolecular respectively
[13, 68|, terms which have their roots in molecular spectroscopy and are not strictly
meaningful for inorganic semiconductors, but are nevertheless employed henceforth in
this thesis in keeping with convention in this field. Monomolecular recombination involves
one charge-carrier, is typically mediated by traps, and can be radiative or nonradiative
depending on the mechanism involved [69]. Auger processes involve a third charge-carrier
which carries away the energy and momentum released by the nonradiative recombination
of an electron and a hole, but are relatively unimportant at the charge carrier densities
involved in photovoltaic applications [19]. Finally, bimolecular recombination involves
intrinsic electron-hole recombination, is radiative [13], and can be explained as the inverse
process of absorption, similar to GaAs [55]. The low bimolecular recombination rate

is an underlying cause of the long Lp and hence good transport properties of MHPs.

Meanwhile, reducing trap-mediated monomolecular recombination is only capable of
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extending Lp to a limited extent [19]. It should be noted that a more complex treatment
of trap-mediated recombination, accounting for doping in the semiconductor, can result
in recombination kinetics being observed as anything ranging from monomolecular to

bimolecular depending on the doping density, excitation fluence and trap depth [6§].

a Trap-mediated b Second-order C Auger

Figure 2.5: Recombination mechanisms active in MHPs. The valence band (VB) is
shown in light blue, and the conduction band (CB) is shown in orange. (a) shows trap-mediated
monomolecular recombination in which an electron is captured by a trap state; this is also
possible for holes. (b) shows intrinsic bimolecular recombination, in which an electron and a
hole recombine either between the CB minimum and VB minimum, or from states higher in
the bands. (c) depicts Auger recombination, a higher-order process in which an electron and
hole recombine non-radiatively by transferring energy to a third charge-carrier. Taken from Ref.
[13], used with permission from Annual Reviews via the Copyright Clearance Center.

2.4 Functional form of fits to PL transients

Photoluminescence measurements have been extensively used to study the photophysical
and semiconducting properties of MHPs [70-73]. Lead-based MHPs are direct bandgap
semiconductors and emit in a relatively narrow band just below the absorption edge [74],
with steady-state emission spectra as shown in Fig.[4.2] Transient PL measurements have
determined that the recombination of photoexcited charge carriers is strongly fluence-

dependent [70], as expected from the dependence on charge-carrier density in Equation .
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In order to gain information about the recombination coefficients of a material, and the
prevalent recombination mechanisms therein, it is necessary to quantitatively model the
time dependence of the PL intensity. For a simplistic two-level quantum system, this
time dependence can be modelled by a single exponential function, in which case a clear
charge-carrier lifetime can be assigned. However, the presence of traps and multiple
possible transitions makes non-exponential PL transients a common sight. Below, the

most common functions which are fitted to MHP PL transients are outlined.

2.4.1 Exponential decays

At lower excitation densities, monomolecular recombination dominates. The mono-

exponential function
Ie (t) = Tpe™Ft (2.3)

commonly [75, [76] used to fit photoluminescence (PL) transients, arises from neglecting
the bimolecular and Auger terms in Equation [2.2] and taking the PL intensity Iy(t) to

be proportional to n. I is the PL intensity at t = 0. A biexponential function
[be (t) = Ileit/n + Igeit/ﬁ (24)

may instead be used to account for both a fast and a slow monomolecular decay
component, attributable to separate populations of charge carriers |77, 78]. A stretched

exponential function
Lo = Toe™ (/) (2.5)

has also been used to phenomenologically account for the presence of a local distribution
of monoexponential decay rates [79, 80]. Here, a more heterogeneous distribution of

decay rates corresponds to a distribution coefficient, 3, which is closer to 0 than 1, while
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the time taken for the PL intensity to drop to fo/e is 7., the characteristic lifetime [79).

The average lifetime of a stretched exponential function is often given as

Te 1
Tav = EF (6) (26)

where I" is the gamma function [81]. However, this diverges as [ tends to 0 so is not

always very meaningful as an average lifetime [82].
2.4.2 Bimolecular recombination

Alternatively, bimolecular recombination may be taken into account as well [83]. If only

the Auger recombination term is neglected, integration of Equation yields:

- k?: noks

T (1) il [eklt <1+ il )-1] B (2.7)

where ng is the initial charge-carrier density.

2.4.3 Power-law decays

The sum of many monoexponential decays with densely distributed lifetimes 7;, I (t) ~
>, e~/ approximates to a power-law decay [84] with exponent a, i.e. a function of the
form

I (t) = Iot™ (2.8)

as detailed in Section 2.5

2.5 Power-law time dependence of PL

Power-law decays take the form I (t) oc =%, where [ is intensity, ¢ is time and « is some
positive constant, and result from the superposition of many monoexponential decays with
densely-distributed recombination rates [84-86]. Several models have been developed to

explain the physical origin of power-law decays for luminescence 85, 87-90]. A common
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feature is that charge carriers are localized in trap states with an occupation probability
p(t) of the form p(t) = e~ 7", where the functional form of the escape rate 7 varies with
the model [91]. The models can be divided into two categories, in which the escape rate
depends on either the energetic depth of the traps (Arrhenius detrapping models) or the
separation between traps (hopping models). In both cases, the total PL intensity can be

shown analytically to decay as a power law, given certain reasonable assumptions.

2.5.1 Arrhenius detrapping models

In Arrhenius detrapping models, the escape rate from a trap of energetic depth € has the

form

Yarr(€) = e ST (2.9)

where 1 is the attempt-to-escape frequency [91]. The PL intensity decays as a power
law if the energetic distribution of the traps is exponential [87) 92, 93].

In the simplest such model the charge carrier is assumed to rapidly undergo radiative
recombination after escaping to the band edge, without retrapping [94]. Randall and
Wilkins [87, 94] analytically derive a power-law decay under these conditions as follows:

If N(e,t) is the number of charge-carriers in traps of depth € at time ¢, then

dN (e, t)

dt =—-N (6>t) ’YArr(e) (2'10)

Integrating then gives
N (e,t) = No(€) exp (—Votefe/’“BT) (2.11)

where Ny (€) = N (¢,0). The PL intensity I(t¢) is proportional to the rate of supply of

charge carriers to the band edge, so if the traps have an energetic distribution given by n(e),

I(t) /0 h n(e)dN(S’t)de (2.12)
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Thus, for an exponential energetic distribution of traps with characteristic depth ¢,

n(e) = Ae /~, and assuming Ny(e) o< n (e),
I(t) / Ae” 7= exp (—Votefe/k“T)yoe%/’““ng (2.13)
0

Substitution of & = vgte 7" yields

I(t) AkBtT(yow T / ! ¢ exp (—€)dé (2.14)
0

The upper limit of the integral may be taken to infinity since for typical observation

times, t > 1. Therefore
I(t) oc t~ A+, (2.15)

a power law decay [87].

The multiple-trapping model is a more sophisticated Arrhenius detrapping model, in
which charge-carriers are permitted to be repeatedly excited to, and retrapped from, the
band-edge [93]. Orenstein and Kastner [93] describe how multiple-trapping causes the
transient photocurrent to exhibit power-law kinetics. Their formalism can also be applied

to the PL by considering activation to the band edge rather than the mobility edge.

2.5.2 Hopping models

In the case of hopping models, trapped charge-carriers tunnel between localized traps

spatially separated by distance r at a rate [91] |95]

Yhop (1) = Ae™"R (2.16)

A= ype "It for de > 0 (2.17)

=1 for de < 0 (2.18)
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where Ry is the decay length of the charge-carrier wavefunction and A is a prefactor
containing the frequency of escape attempts 1y and the difference in energy between
the destination and origin sites for the hopping, de.

Huntley [85] uses a model in which one sign of charge carrier is mobile, to derive an
approximate power law decay for the case when the traps are randomly distributed in
space. In an analogous fashion to Equation the PL intensity I(¢) in these models is

proportional to the rate at which oppositely-charged carriers tunnel together, so

dN(r,t)

d 2.19
o (2.19)

1t [ p(r)

where p(r) is the probability that such a recombining pair of carriers are in traps
separated by r and N(r,t) is the number of such pairs separated by r at time t.
Charge carriers are assumed to recombine with their nearest eligible neighbour, and
A is assumed to be constant.

For recombination centres randomly distributed in space, the probability of a recom-
bination centre being within a volume V of a trapped carrier follows the exponential
distribution, with probability density p (V) = pe~*Y. The probability that the nearest re-

combination centre lies between a distance of r and r+dr of the trapped carrier is therefore
p(r)dr = e_gp”347rp7“2dr (2.20)
By the same steps as expressed in Equations [2.10] to [2.13] we arrive at

I(t) / e 3™ Az pr? exp (—Ate B T/R”> Ae™ M dr (2.21)
0

Assuming that most electrons recombine around their mean lifetime 1/7p,(r), at a
given time ¢ then all electrons within a distance r. of a recombination centre will

have tunnelled there, where

t=—— = A_ TC/RO
’Yhop(ff’c) ‘ 7 (222)
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re = Ry In(At) (2.23)

Then the integral in Equation reduces to only the case when r = r.(t), so
I(t) o e~ 3™ (Rom (A0 475 B3 (In(At)) 2! (2.24)

This approximates to ¢~ provided the density of recombination centres is not too large
relative to the volume of the charge-carrier wavefunction (p < %WRS‘). In Dunstan’s
model of distant-pair recombination, the possibility that an electron’s nearest neighbour
hole may recombine with its own nearer neighbour electron is also accounted for [8§].

This complicates the form of p(r), but still produces power-law PL decays.

2.6 Electron-phonon coupling

While much recent attention has been devoted towards unravelling the charge-carrier
recombination mechanisms underlying the excellent optoelectronic properties of MHPs [13]
19], the interaction of charge-carriers with lattice vibrations (phonons) is currently still a
subject of intense debate 64}, 96]. Such electron-phonon interactions matter because they
set a fundamental intrinsic limit to charge-carrier mobilities in the absence of extrinsic
scattering off impurities or interfaces [17]. In addition, charge-carrier cooling following non-
resonant (above bandgap) photon absorption is governed by interactions between charges
and phonons [13]. Slow charge-carrier cooling components (compared to GaAs) have been
postulated for hybrid perovskites [97] which may open the possibility for PCEs beyond the
Shockley-Queisser limit. Furthermore, electron-phonon coupling has been shown to yield
predominantly homogeneous emission line broadening in hybrid lead iodide perovskite at
room temperature, making it suitable as a gain medium for short-pulse lasers [59].
Along high-symmetry directions in crystals, phonons can be classified according to
the direction in which they displace ions: perpendicular to the direction of the phonon

wave vector in the case of transverse phonons, parallel for longitudinal phonons |17]. For
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crystals with at least two atoms in their primitive cell, the phonon dispersion relations can
exhibit two types of phonon branch: acoustic and optical. The acoustic phonon branches
have lower energies and consist of modes in which adjacent ions are displaced in-phase
with each other, whereas optical phonons cause adjacent ions to move out of phase.
Schematics of the ionic displacements caused by transverse acoustic (TA), transverse
optical (TO), longitudinal acoustic (LA) and longitudinal optical (LO) phonons are
shown in Fig.[2.6] Electron-phonon coupling is governed by the changes in the electronic
Hamiltonian with nuclear displacements in the lattice. The first type of change is caused
by deformation potential interactions: lattice distortions due to phonons change the
bandstructure and hence the electronic Hamiltonian. Long-wavelength acoustic phonons
can cause ionic displacements similar to placing the crystal under macroscopic strain,
oscillating at the phonon frequency. Long-wavelength optical phonons meanwhile involve
only relative displacements of alternating ions so can cause only microscopic strains, but
these can still affect bond angles and lengths, and hence variations in the bandstructure.
The second type of change involves electromechanical or piezoelectric interactions, which
create an electric field that modifies the electronic Hamiltonian. In noncentrosymmetric
crystals, a macroscopic electric polarization field can be generated by a stress. This
is known as the piezoelectric effect, and can be caused by the oscillating strain field
associated with long-wavelength acoustic phonons. In polar or partly ionic crystals with
more than one ion per primitive cell meanwhile, LO phonons cause uniform displacement
of adjacent sheets of oppositely-charged ions, as shown in Fig.[2.6] In an analogous fashion
to pulling apart the plates of a parallel-plate capacitor, this results in a longitudinal

electric field which interacts with electrons: this is termed the Frohlich interaction.
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Figure 2.6: Comparison of the displacements of ions in a diatomic lattice within
different types of phonon modes. Positive ions are shown in red, while blue is used for the
negative ions. The ionic equilibrium positions are indicated by the green lines, and displacements
from this position are indicated by the black arrrows. Transverse acoustic (TA), transverse
optical (TO), longitudinal acoustic (LA) and longitudinal optical (LO) phonons are shown. For
the TA and TO phonon modes, only one row of ions is shown, but two rows are shown for the
LA and LO phonon modes in order to highlight that in LO phonons, the separation between
vertical planes of oppositely-charged ions is changed in a manner analogous to pulling apart the
plates of a parallel-plate capacitor. This results in a longitudinal electric field which causes the
Frohlich interaction between LO phonons and electrons.
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Despite the importance of electron-phonon interactions to the optoelectronic properties
of these materials, currently no clear picture has emerged of which mechanisms are active.
To address this issue, a number of studies have examined the temperature-dependence
of the charge-carrier mobility . Charge-carrier scattering with low-energy acoustic
phonons can relatively easily be quantified by considering the distribution function of
a nondegenerate electron gas approximated by a Boltzmann distribution, which gives
the probability that a particular state with energy FEj is occupied at any temperature
T. Such calculations result in predicted variations in mobility following u oc T73/2 for
acoustic phonon deformation potential scattering [98, 99], and p oc T~'/2 for acoustic
phonon piezoelectric scattering [17]. For Frohlich interactions between charges and LO
phonons analytical solutions are harder to establish [100], but the reduction in LO phonon
occupancy with decreasing temperature similarly leads to an increase in charge-carrier
mobility in polar semiconductors [17]. Even for non-polar semiconductors such as silicon,
electron-phonon interactions are found to be complex, for example involving higher order
phonon terms and intervalley scattering [101]. In MAPDI;3, 1 has been found [58,
102(104] to scale with 7™ with m in the range between —1.4 and —1.6. Several groups
[64, 96, 104] therefore proposed that electron-phonon coupling at room temperature
is almost solely governed by deformation potential scattering with acoustic phonons,
which is known [17, 98] to theoretically result in g oc 7732, While such behaviour
may be adopted by non-polar inorganic semiconductors such as silicon or germanium
[17,199], it would be extremely unusual for perovskites that exhibit polar [105] [106]
lead-iodide bonds. These findings have therefore raised the puzzling question of why
such hybrid perovskites appear to evade the Frohlich interactions between charge-carriers
and polar longitudinal optical (LO) phonon modes that normally govern polar inorganic

semiconductors, such as GaAs [17, (107, at room temperature.
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2.7 Traps in MHPs

MHPs are most renowned for their successful implementation in solar cells, but perovskite
light-emitting diodes [108, /109 and lasers [69] are also attracting intense research attention.
In order to operate efficiently, these devices all require high rates of radiative recombination
compared with non-radiative recombination. Therefore, future development will require
the understanding and reduction of competing processes [110], such as the trap-mediated
recombination of charge carriers. Sub-bandgap trap states limit the open-circuit voltage
in perovskite solar cells [111], and can act as non-radiative recombination centres, leading
to shorter charge-carrier lifetimes [112] and will limit device efficiencies to below the
Shockley-Queisser limit [113] [114]. For example, the relatively low open-circuit voltage of
CuyZnSnS, (CZTS) solar cells has been attributed to the presence of deep traps [115].

Despite a wide range of experimental [58, 68, |77, [112} 16|, 117] and theoretical [115,
118, [119] evidence for the presence of trap states in hybrid perovskites, their causes
and nature are still largely unknown [111} 120]. In particular, it is unclear whether
such traps form energetically discrete crystallographic defect levels [68| 77, [121], or
instead comprise a distribution of states arising e.g. from structural disorder [122 123].
Computational simulations have predicted the energies of point defects, and their presence
has been inferred from the fluence-dependence of photoluminescence (PL) decays [68,
117]. However, the observation of an exponential onset (Urbach tail) in the absorption
spectrum of methylammonium lead triiodide perovskite (MAPDI;) [122, 124, |125] is
indicative of a disordered system in which the position of the band edges varies spatially
or temporally, resulting in potential minima which form a tail of trap states [126], as shown
in Fig.[2.7] It has been suggested that the manifestation of traps in hybrid perovskites

is influenced by their composition [72, [127] and fabrication method [128, [129]. Thus,
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knowledge of the physical origin of the traps would aid efforts to reduce their density

and depth in order to improve device performance.
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Figure 2.7: Schematic of a band tail of excitonic trap states. (a) shows the density
of states, with the band tail of localised states approximated by an exponential function up to
the mobility edge EW,e, above which excitons may transition to extended states, approximating
free excitons. Under low excitation, mostly the localised states are occupied, and this is where
PL emission is observed from, as shown by the red spectrum. In (b), the localised band tail
states are shown in space coordinates. Local fluctuations in the band edge potential can trap
electrons and holes to form localised excitons. Taken from Ref. |[123], used under a Creative
Commons Attribution 4.0 International License.

2.8 Double perovskites

Double perovskites (also known as elpasolites or ordered perovskites) are class of perovskite
in which neighbouring B sites in the perovskite lattice are occupied by alternately
monovalent (B’) and trivalent (B”) metal cations, such that their general formula is
AyB’B”Xg and their crystal structure (known as rock salt ordering [130]) is as shown in
Fig.[2.8 [131] [132]. Attempts to homovalently replace the lead in ABXj perovskites in
order to avoid the environmental and health risks associated with lead (which is toxic, bio-

accumulative and carcinogenic, as mentioned above) have been faced with issues of poor
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thermal- and air-stability, and low PCEs . Metal halide double perovskites open
up a relatively large compositional space, and so have recently attracted research attention
as possible lead-free alternative MHPs, . Volonakis et al. computationally screened
hypothetical metal halide double perovskites CssB'B”Xg compounds with B* = Cu, Ag or
Au, B =Bior Sh,and X = Cl, Bror 1 . They predicted that these compounds would
have low carrier effective masses (a predictor of high carrier mobility ), and have
band gaps in the visible range: both desirable characteristics for solar cells. Unfortunately,

the compounds were all predicted to be indirect bandgap semiconductors [135].

Figure 2.8: Structure of the double perovskite, Cs2 AgBiBrg. Cs is shown in yelllow,
Br is pale pink, BiBrg octahedra are dark red and AgBrg octahedra are grey. Taken from
Ref. with the permission of the American Chemical Society, to whom further permissions
related to the material excerpted should be directed.

Indirect bandgaps imply weak oscillator strengths for light absorption and radiative
recombination, and hence require a thicker absorber layer (as with silicon solar cells [47])
to sustain a given photocurrent, which is undesirable for thin film solar cell application,
especially if the charge-carrier mobilities are low . When synthesis has proven
possible (Cu does not crystallise in the correct coordination for a double perovskite [130])
or desirable (Au is significantly more expensive than Ag ), experiments have tended

to confirm the presence of an indirect bandgap, e.g. in Cs;AgBiBrg and Csy AgBiClg
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[139, [140] and only modest PCEs, not exceeding 2.5 % in the case of CsyAgBiBrg [141].
Notably, CsyAgInClg has been synthesised and found to have a direct gap, but at 3.3 eV
it is too large for single junction solar cell applications [130, |138]. Nonetheless, it may
be possible to shift this material’s bandgap into the visible range by substituting some
Br for CI [138]. The direct-gap materials (MA);T1BiBrg [142] and Csy(Agy oBii ;) Tl Brg
[143] have also been synthesised, with suitable bandgap energy of 2.16 €V and 1.5 eV
respectively. However, thallium is even more toxic than lead [144]. Alternatively, it has
been proposed that non-toxic direct gap metal halide double perovskites could be achieved
by breaking crystal symmetry to permit an otherwise forbidden direct transition [135].
Even without a direct bandgap, metal halide double perovskites have shown promise

as X-ray detectors with a low detection limit [145| |146].

2.9 Summary

The topics covered above are revisited in the following chapters. Firstly, the technique
of PL spectroscopy, described in Chapter [3] is used to obtain information about the
factors which influence electronic motion and recombination in MHPs through the theory
and fitting techniques explored in Sections and [2.4] Chapter [] investigates how the
electron-phonon coupling interactions discussed in Section [2.0] vary with the chemical
composition of the MHP, as detailed in Section 2.1} Meanwhile Chapter [f] is heavily
concerned with the identification of traps in FAPbI3, and draws on the existing literature
knowledge of traps in MHPs from Section and the PL fitting methods in Section [2.4]
to do so. Finally, Chapter [6] uses the introduction to double perovskites in Section [2.8] as

a foundation for elucidating the optoelectronic and structural properties of Csy AgBiBrg.
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Experimental methods

Most of the results in this thesis were obtained using photoluminescence (PL) spectroscopy
techniques. In these experiments, the sample is excited by a laser and the resultant
emitted light is observed either spectrally or temporally, here mostly using a gated
intensified (ICCD) CCD camera. In an iCCD, the PL signal is amplified by an intensifier
before being detected by a charge-coupled device (CCD). Switching the intensifier on and
off allows temporal sampling of the signal. For shorter time scales, time-correlated single
photon counting (TCSPC) can be used: this technique detects one photon at a time and

reconstructs the time dependence of the PL from a histogram of the photon arrival times.

This chapter discusses both techniques in detail: first detailing their operating
principles, then the set-ups used for the experiments in this study, and lastly the means
by which they were calibrated. A Fourier-transform infrared (FTIR) spectrometer was
used to obtain absorption spectra for the samples used in Chapter [0 and so this chapter
also outlines this supplementary technique. Finally, the techniques used by collaborators

to produce samples are summarised.
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3.1 Photoluminescence spectroscopy

Photoluminescence spectroscopy is the study of the non-equilibrium electromagnetic
radiation emitted by a material after it has been excited by light [147]. Electrons in
the material are excited to higher energy states upon absorbing this light, and return to
their ground states via recombination processes, which may be radiative or non-radiative.
Thus, photoluminescence (PL) provides information about the electronic energy states
in the material and the electronic processes competing with PL emission. Although
PL does not directly contribute to current generation in solar cells, it can be used to
indicate photovoltaic efficiency because radiative recombination is the reverse process of
light absorption [13]. For these reasons, PL spectroscopy is well-suited to investigating
the factors which influence electronic motion and recombination in MHPs, and was the
principal experimental technique used to obtain results in this thesis.

In these experiments, the excitation was provided by a laser which delivers a continuous
or pulsed beam. Continuous excitation is the more analogous to solar illumination, and
allows the measurement of steady-state PL spectra, while pulsed excitation allows
the PL to be time-resolved. Since the electronic processes of interest to this study
(diffusion, trapping and recombination) occur over timescales ranging from picoseconds
to milliseconds, it was necessary to employ two different techniques for measuring the PL
with different degrees of temporal resolution: TCSPC up to the nanosecond timescale,
and iCCD spectroscopy beyond this. Both techniques allow the PL to be mapped
in time by varying the timing of the detection window with respect to the arrival of

the excitation pulse at the sample.

3.1.1 Gated intensified iCCD spectroscopy

The charge-coupled device is the basis for the digital imaging systems widely used

in telescopes and digital cameras today, but cannot achieve a frame rate faster than
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around ~ 10° frames per second (fps) alone [148]. The frame rate of an imaging system
is the inverse of the time taken for an image to be acquired and read out |149]. In
order to obtain higher temporal resolution, gated intensified CCD (iCCD) cameras
utilise an image intensifier in front of a CCD to amplify the light signal, so reducing
the acquisition time. Furthermore, the intensifier may be operated by a fast optical
shutter, bypassing the limit imposed by the readout time of the CCD to sample light
on timescales as low as two nanoseconds [150].

The operation of an iCCD is depicted in Fig.[3.1} photons are converted to electrons,
which are easier to multiply, before being converted back to photons before arriving at the
CCD. Incident photons enter the image intensifier tube and land on the photocathode,
causing a photoelectron to be released. When the intensifier is ‘gated’ on, the photo-
electrons are attracted to the microchannel plate (MCP) by an electric field. The MCP
may also be gated “off” by being held at a negative voltage relative to the photocathode,
in which case photoelectrons cannot reach the MCP and no signal is observed. The
MCP consists of a honeycomb of glass channels around 10 pm across, with a resistive
coating, through which the photoelectrons are accelerated by a large electric field [150].
Photoelectrons of sufficient energy will generate secondary electrons from collisions with
the channel walls, which are also accelerated across the MCP. In this way, an electron
gain is produced which is dependent on the voltage across the MCP. Upon exiting the
MCP, the resultant electron cloud is further accelerated towards a phosphor by a high
voltage, whereupon photons are released: many more than were initially incident on the
photocathode. These photons are coupled by a fibre optic to the CCD, where they land
on an array of capacitive bins which accumulate charge in proportion to the number of
photons that were incident on them. At the end of the exposure time, the accumulated
charge is sequentially shifted along the array and read out as a voltage, which digitally

encodes the image that was incident on the CCD [151].



34 3.1. Photoluminescence spectroscopy

applied CCD
photocathode voltage ~ phosphor array

input >
window H —L_
electron photon
gain gain
— —-
incident photo- — —
photons electrons
— = > —
— —
— —-
= N T 1
U u _
| fibre optic
applied output
voltage
microchannel

~ plate (MCP)

Figure 3.1: Schematic diagram of the operation of the image intensifier tube in an
iCCD. Photons generate photoelectrons, which are multiplied before generating photons, thus
amplifying the signal. The intensifier may be gated “off” by reversing the voltage of the MCP
with respect to the photocathode, allowing for temporal sampling of the signal.
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The principal advantages of iCCDs therefore lie in their light sensitivity and gateability.
Due to signal amplification in the intensifier, the noise of the camera is no longer dominated
by the readout noise inherent to the CCD, allowing detection of single photons. Meanwhile,
by varying the gate timing and duration, the time-dependence of an optical signal may
be measured at a resolution dependent on the gating rate. By repetitively gating the
intensifier, the amplified signal may further be enhanced by being cumulatively detected
on the CCD over many gating cycles before being read out. However, the possible number
of accumulations is limited by the charge capacity of individual CCD pixels, which will
eventually saturate and spill over into neighbouring pixels (‘blooming’), resulting in
image artefacts. The benefits conferred by coupling an intensifier to a CCD do however

come at the cost of lower spatial resolution [150].

3.1.2 Time-correlated single photon counting

TCSPC is a spectroscopic technique capable of measuring weak light signals with a time
resolution as low as tens of picoseconds, under pulsed excitation [152]. Whereas the
temporal resolution of ordinary transient electronic recorders (such as iCCD cameras)
is determined by how often they can sample the signal within a single excitation cycle,
and thus is limited by factors such as the rise-time of the detector or the electronic
sampling rate of the analogue-to-digital converter [61], TCSPC depends only on timing
the detection of a single photon per excitation cycle [153]. The time resolution of TCSPC
is then limited by only by the spread of the transit times of the photon pulses in the
detector, rather than the rise-time of the detector, since single-photon detection relies only
on the detector registering a signal above a specific threshold value [152]. Furthermore,
single photon detection greatly reduces the computational processing effort required per
excitation cycle, with the added benefit of avoiding gain noise (random variations in the

amplification of analogue photodetectors) and reducing the electronic noise to the level of
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shot noise |152]. Using TCSPC, the decay profile of a weak signal may be reconstructed

from single-photon detection events over multiple excitation cycles [153].
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Figure 3.2: Schematic diagram of the principles of TCSPC. The arrival time of a
PL photon t; is referenced against an initial trigger pulse at time ty. The technique requires
that at most one photon be detected per excitation period, which may require PL signal
attenuation. After many excitation periods, a histogram of PL photon time delays t1 — tg is
built up, reproducing the true PL decay profile.

The operating principles of TCSPC are illustrated in Fig.[3.2 A repetitive electrical
signal is split into two: one part triggers a laser pulse, which photoexcites the sample,
while the other is passed to a constant fraction discriminator (CFD) within the processor.
The arrival of the electrical pulse at time ¢y is measured by the CFD, which starts a
time-to-amplitude converter (TAC): this generates a voltage which increases linearly
with time [154]. Meanwhile, the arrival of the first photon of the PL is registered by a
detector such as a MCP, photomultiplier tube (PMT) or single photon avalanche diode
(SPAD), and the timing of detection ¢; is sent to the processor. This time is referenced
against the time of arrival of the initial trigger pulse by stopping the voltage ramp of the
TAC, producing a voltage proportional to the time delay t; — ty between the detection

of the photon and the trigger pulse. A histogram of PL photon arrival time per time
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bin is thus built up as more excitation cycles occur. Critically, TCSPC relies on the PL
light intensity being sufficiently low at the detector that it is negligibly unlikely that
more than one photon is detected per excitation cycle; if necessary, this condition can be
ensured by attenuating the PL. Consequently, after a large number of excitation cycles,
the histogram accurately represents the true photon distribution of the PL signal with
time. If more than one photon were to arrive at the detector per cycle, only the first
would be registered and so the histogram would suffer from a bias towards photons with
shorter arrival times, which is known as ‘pile-up’ [153]. Therefore, the probability of a
photon being detected per cycle is usually kept below 1 % [153].

The timing precision of a TCSPC system is characterised by its Instrument Response
Function (IRF), which is the function the system records if detecting the laser pulse
directly [152]. In an ideal system, this would be infinitely thin, with deviations from
ideality resulting in a broader IRF. Usually, the main source of IRF broadening is the
uncertainty in the photon registration time introduced by the detector as it converts
the photon into an electrical pulse, followed by jitter in the synchronisation signal at
the excitation source |153]. The PL signal recorded by the TCSPC system is in fact
the convolution of the true PL decay with the IRF [152]. Deconvolution can recover PL
lifetimes down to a tenth of the IRF full-width at half-maximum (FWHM) [153] but
is not necessary when considering timescales far in excess of this.

One disadvantage of TCSPC is that the requirement of a low photon detection rate
per cycle means that it can be a slow technique. Increasing the trigger repetition rate
increases the speed of measurement, at the cost of reducing the time window available for
detection between laser pulses. Measurement of PL at long delay times after excitation

may therefore lead to long acquisition times.
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3.1.3 PL experimental details

The PL spectroscopy experiments for this thesis were conducted on a single bench, with
different detectors used for the iCCD and TCSPC measurements, as shown in Fig.[3.3
The samples were photo-excited by a 398 nm picosecond pulsed diode laser (PicoHarp,
LDH-D-C-405M). A 400 nm bandpass filter was placed after the laser to cut off longer-
wavelength parasitic emissions. The laser beam was attenuated as necessary by neutral
density (ND) filters and focused onto the sample by a convex lens with focal length 250
mm, with an iris diaphragm used to control the laser spot size (measured to be 5.8 x1074
cm?) and maintain a circular beam profile. Between measurements, the laser was blocked
by an electronic shutter. The resultant PL from the sample was collected by a collimating
lens with focal length 250 mm and passed through a linear polariser to avoid Wood’s
anomalies from the diffraction gratings later in the beam path, followed by a longpass
interference filter to prevent laser scatter from reaching the detectors. Further ND filters
were placed in the path of the PL if necessary to attenuate the signal to avoid saturation
at the detector, or to ensure the low photon detection probability required for TCSPC.
Depending on the position of a retractable mirror, the PL signal was then coupled
into a grating spectrometer (Princeton Instruments, SP-2558), which either directed
the spectrally dispersed PL onto an iCCD (PI-MAX4, Princeton Instruments) or to a
photon-counting detector (a PDM series Single Photon Avalanche Diode (SPAD) from

MPD), whose timing was controlled with a PicoHarp300 TCSPC event timing processor.
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Figure 3.3: Schematic diagram of photoluminescence spectroscopy setup. The PL is
collimated and focused by lenses into the spectrometer, which spatially separates the wavelengths
in the PL. The spectrally separated PL may be directed onto the iCCD or SPAD depending on
the position of a retractable mirror.

For the temperature dependent measurements in Chapters [ and [f] each sample was
mounted under vacuum (P < 1078 mbar) in a cold-finger liquid helium cryostat (Oxford
Instruments, MicrostatHe). An associated temperature controller (Oxford Instruments,
ITC503) monitored the temperature at two sensors mounted on the heat exchanger of the
cryostat and the end of the sample holder, respectively; the reading from the latter was
taken as the sample temperature. Meanwhile the data in Chapter [6] was obtained with the
sample mounted in a gas-exchange helium cryostat (Oxford Instruments, OptistatCF2).
The bandgap of MHPs has been found to shift with illumination during other PL studies
in which a single sample spot was exposed to a laser for an extended period of time
[155]. In between measurements at successive temperatures for this thesis, the sample
was moved such that a fresh spot was illuminated each time, with the aim of avoiding
such effects. Repeated experiments in which the PL was measured from low to high
temperatures reproduced consistent temperature-dependent trends of the PL spectra

for a given material, regardless of whether a sample was re-measured or a fresh sample
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was used. In particular, discontinuities were not apparent in the data in Fig.
and ¢, which were obtained by varying the excitation fluence at each temperature step
during a single experiment. Drifts in the PL signal with exposure time were thus not
apparent. Such shifts have been proposed to result from mechanisms involving the
diffusion of molecules or ions [155], in which case they would not be significant for
the experiments on the time- and power-dependence of PL in this thesis, which were
all performed at cryogenic temperatures.

The iCCD was used to capture PL spectra. Under continuous-wave laser excitation,
the iCCD recorded steady-state PL spectra. Under pulsed laser excitation, the iCCD
could either record time-integrated PL spectra over many excitation cycles, or the time
evolution of the PL spectra by varying the time delay at which the intensifier was
gated on relative to the arrival of the laser pulse at the sample. At longer delay times,
the PL signal decreased in intensity and so the intensifier was concomitantly gated
on for longer. Meanwhile TCSPC was used to capture PL transients, particularly at
the wavelength of peak PL emission as determined by the iCCD. However, by varying
the central wavelength of the diffraction gratings, it was also possible to measure the

time-evolution of the PL spectral profile using TCSPC.

3.1.4 System calibration

Ahead of performing spectral and time-dependent measurements, a number of calibrations
had to be made. Firstly, the spectrometer had to undergo wavelength calibration with
respect to what was detected by the iCCD and SPAD. The response of the iCCD to
an Ocean Optics HG-1 Mercury Argon Calibration Source was used to calibrate the
wavelength of light incident on each CCD pixel under the diffraction grating settings
used in the experiments. Meanwhile, the response of the SPAD was calibrated against a

Spectra-Physics 155 Helium Neon laser emitting at a wavelength of 632.8 nm.



3. Experimental methods 41

Secondly, the spectral response of the detectors in the experimental setup was
determined by comparing their measured response to a Gooch & Housego OL 254U
Lamp with known emission spectrum. Thus, where the measured lamp spectrum was
relatively higher than the true emission spectrum, the measured PL spectra had to

be reduced, such that

"™ (N)

IPEON) = 1PM () x 22
) = 1) X G

(3.1)

where ITL is the spectrally corrected PL spectrum, IYY is the measured PL spectrum,
I}*™ is the true lamp spectrum and ™ is the measured lamp spectrum.

The effect of the post-sample ND filters on the PL was determined separately by meas-
urement of their transmission spectra using a PerkinElmer Lambda 1050 UV /NIS/NIR
spectrometer. By dividing the measured PL spectrum by the transmittance(s) of the
ND filter(s) in the beam path, the shape and intensity of the spectrum without the
effect of the ND filter(s) could be restored.

Finally, the instrument response function of the SPAD was determined by placing
a roughened quartz disc in the sample position and measuring the detector response
to the scattered light from the incident laser. Since the FWHM of the IRF was less
than 0.5 ns, it was judged that deconvolution of the measured PL signals would not

produce a significantly more accurate PL trace over the timescales of the PL decays,

which typically had lifetimes over 10 ns.

3.2 Absorption spectroscopy

As mentioned above, absorption is a closely related process to emission and so absorption
spectroscopy provides complementary information to PL spectroscopy. Whereas PL
spectroscopy gives information about charge-carrier energy levels and lifetimes in a

material based on the timing and energy of the photons emitted by recombining
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charge-carriers, absorption spectroscopy measures the wavelength-dependent absorption
characteristics of a material. Energetic transitions ranging from lattice vibrations to
core-shell electrons can be detected in absorption spectra, and it is often used to identify
substances by their unique absorption characteristics. In this study however, absorption
spectroscopy is used in a limited capacity to find the energies associated with excitonic,
direct gap and indirect gap transitions in bismuth-silver double perovskites, as detailed
in Chapter [6] Notably, the peak energy of absorption is typically higher than that of
emission, by an energy known as the Stokes shift [154], which arises from the relaxation of
photoexcited electrons to the conduction band minima by phonon emission, before

recombining radiatively.

3.2.1 Determining the absorbance

The absorption of a material can be quantified by its absorbance, also known as ‘optical

density’. The absorbance, A is defined by

A= —log,, (;0) (3.2)

where [ is the transmitted light intensity and [ is the light intensity at the sample surface
[156]. Therefore, the most simplistic method of measuring the absorbance spectrum of
a sample would be to measure the spectrum of a light source before and after having
placed the sample between the source and detector, the former and latter measurements
giving approximations to Iy and I respectively. This is known as dispersive spectroscopy.
However, a more sophisticated approach requires accounting for the light reflected by
the sample surface: the absorbance is only meaningful if calculated from the internal
transmittance, i.e. the light intensity which passes through the sample as a fraction of

that which first started propagating through the sample. Since the internal transmittance
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cannot be directly measured, the (external) transmittance 7" and reflectance R spectra of

the sample must be measured instead, where T' = ltransmitted /1y and R = Irefiected /T,. Then,

A = —logy, <1TR> (3.3)

In order to determine the true 7" and R of a sample, the measured spectra must be
referenced against the source spectra. For transmission, the reference spectrum is Tijank,
the measured transmittance with no sample in the beam path, while for reflection a
mirror of known reflectance is put in place of the sample, to obtain Ryiror- Tirror and

Ryanx meanwhile serve as transmittance and reflectance backgrounds respectively, so that

Tmeasure - Tmirror
T = d (3.4)

Tblank - Tmirror
R— Rmeasured — Rblank

X Pmirror 3.5
Rrnirror - Rblank P ( )

where pumiror 1S the reflectance of the mirror. While this approach does not account
for scattering or inhomogeneities in the sample, nor multiple reflections, it provides

a first-order route to the absorbance.

3.2.2 Fourier-transform infrared spectroscopy

Whereas dispersive spectrometers operate by measuring the absorbance of a sample at
individual frequencies sequentially, Fourier Transform Infrared (FTIR) spectrometers
shine light of many frequency components through the sample. By tracking the effect of
the sample on the incident light as the intensity distribution of the frequency components
of the light is varied, the absorbance spectrum of the light can be deduced.

In detail, an FTIR spectrometer consists of an infrared source, an interferometer,

and a detector. Typically, the interferometer is a Michelson interferometer, as shown in

Fig.

157], which consists of a beamsplitter, and two mirrors, one of which can be
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precisely translated. The source radiation is divided into two beams by the beamsplitter:
one half is transmitted, the other half is reflected. The moving and fixed mirrors
respectively reflect the two beams back towards the beamsplitter, whereupon half of
each beam continues on through the sample and then to the detector. Depending on
the optical path difference (the difference in the distance travelled, accounting for the
refractive index of the propagation medium) between the two beams, the light intensity
measured by the detector will change due to variation in the interference between the
two beams. The distribution of intensities measured by the detector as the movable
mirror is translated is known as the interferogram.

A monochromatic light source would result in a simple sinusoidal interferogram, but for
the broadband light source used in FTIR spectroscopy, each frequency component in the
source contributes a sinusoid to the interferogram. By applying a Fourier transform to the
interferogram, its frequency components can be extracted to produce its spectrum. The
absorption of a sample will modulate the frequency components found in the interferogram
and hence the spectrum it produces. Thus, just as in dispersive spectroscopy, the
absorbance of the sample can be deduced by measuring its transmittance and reflectance,
albeit via the effect of the sample on the interferogram of transmitted and reflected
light (as shown in Fig.|3.4b). A Helium-Neon laser may be directed along the same
path as the infrared source in order to act as a reference, from which the position and

velocity of the movable mirror may be determined.
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Figure 3.4: Schematic diagram of the operation of an FTIR spetcrometer. In (a),
the operation of a Michelson interferometer is shown, taken from Ref. . A beamsplitter
divides light from an input source into two beams, which are both reflected back towards
the beamsplitter and interfere with each other. Moving one mirror changes the path length
difference between the two beams, changing the light intensity at the output detector. (b)
(taken from Ref. [55], used under a Creative Commons Attribution 4.0 International License)
depicts the FTIR setup used in the absorbance spectroscopy experiments in Chapter [6] with
the sample mounted inside a gas exchange cryostat within the spectrometer.

FTIR spectrometers have several advantages over dispersive spectrometers. Firstly,
FTIR spectrometers collect all wavelengths simultaneously, whereas dispersive spectromet-
ers record each wavelength sequentially. This is called the multiplex or Fellgett advantage,
and results in an improvement to the signal-to-noise ratio. A further improvement in
signal-to-noise ratio arises from the use of a circular aperture to direct the beam in an
FTIR spectrometer, rather than narrow entrance and exit slits in the monochromator of
a dispersive instrument. This is known as the Jacquinot or throughput advantage, since
for a given resolution and wavelength a circular aperture will transmit more light than a
slit. Thirdly, the reference laser in FTIR spectrometers allows them to achieve higher
wavelength precision (known as the Connes advantage) than allowed by the mechanical
movement of diffraction gratings in dispersive instruments. Thus, FTIR spectrometers
requires shorter measurement times and achieve a higher signal-to-noise ratio and higher

spectral accuracy than dispersive spectrometers [157].
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3.2.3 FTIR experimental details

For the absorbance measurements used in Chapter [0 a Bruker Vertex 80 FTIR spec-
trometer was used, as shown in Fig.[3.4p, configured with a tungsten halogen lamp
illumination source, a CaF,; beamsplitter and a silicon detector. The incident light
was angled at 11 degrees to the normal of the sample. The samples were mounted in
a gas-exchange helium cryostat (Oxford Instruments, OptistatCF2) and heated over

temperatures from 5 to 295 K in increments of 5 K.

3.3 Sample preparation

3.3.1 MA and FA perovskite thin films

[performed by G. E. Eperon, Department of Physics, University of Oxford]

All materials unless otherwise stated were purchased from Sigma-Aldrich and used
as received. Methylammonium iodide (MAI), methylammonium bromide (MABr),
formamidinium iodide (FAI) and formamidinium bromide (FABr) were purchased from
Dyesol. Thin films were prepared on Z-cut quartz substrates. These were initially
cleaned sequentially with acetone followed by propan-2-ol, then treated with oxygen
plasma for 10 minutes.

MA perovskite films were deposited in a nitrogen-filled glovebox using a ‘solvent
quenching” method wherein an excess of antisolvent is deposited onto the wet substrate
while spin-coating [158]. A 1:1 molar ratio solution of MAX and PbX, (X = I, Br) was
dissolved in anhydrous N,N-dimethylformamide (DMF) at 1 M. This was then spin-coated
onto the quartz substrates at 5000 rpm for 25 seconds. During spin-coating, after 7
seconds an excess of anhydrous chlorobenzene was rapidly deposited onto the spinning
film. After spin-coating, films were annealed at 100 °C for 10 minutes.

FA perovskite films were deposited using an acid-addition method to produce smooth

and uniform pinhole-free films [80]. FAX and PbX; (X = I, Br) were dissolved in
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anhydrous N,N-dimethylformamide (DMF) in a 1:1 molar ratio at 0.55 M. Immediately
prior to film formation, small amounts of acid were added to the precursor solutions to
enhance the solubility of the precursors and allow smooth and uniform film formation.
38 nl of hydroiodic acid (57% w/w) was added to 1 ml of the 0.55 M FAPbI3 precursor
solution, and 32 pl of hydrobromic acid (48% w/w) was added to 1 ml of the 0.55 M
FAPDbBr3 precursor solution. Films were then spin-coated from the precursor plus acid
solution on warm (85 °C) oxygen plasma-cleaned substrates at 2000 rpm in a nitrogen-
filled glovebox, and subsequently annealed in air at 170 °C for 10 minutes. This heat
treatment ensured that films were in the black perovskite phase of FAPbI;, rather than
the yellow hexagonal nonperovskite phase. Films continued to appear black throughout

the study and showed no signs of yellowing, or a reduction in emission.

3.3.2 Cs;AgBiBrg perovskites
3.3.2.1 Single crystals

[performed by L. Schade, Department of Physics, University of Ozford]
Single-crystal samples of Cs; AgBiBrg were grown following the crystallization process
reported by Slavney et al. [21]. The crystals had a thickness of around 1 mm in each direc-

tion.

3.3.2.2 Thin films

[performed by G. Longo, Department of Physics, University of Oxford]
Thin films of Cs;AgBiBrg were prepared by vapour deposition, using a novel method

[159]. They were grown on z-cut quartz substrates to a thickness of 300 nm.

3.4 Ab initio calculations

[carried out by C. Verdi, Department of Materials, University of Oxford]



48 3.4. Ab initio calculations

Ab initio calculations were carried out on MAPbDI3 in the orthorhombic phase using the
crystallographic data in Ref. [160]. The ground-state electronic structure was computed
within the local density approximation to density functional theory (DFT) including spin-
orbit coupling, as implemented in the Quantum ESPRESSO package [161]. The electronic
quasiparticle energies were calculated with the SS-GW method described in Ref. [162]
using the Yambo code [163], and interpolated by means of Wannier functions as in
Ref. [164], using wannier90 [165]. This yields bandgap and effective masses in good
agreement with experiment, which is crucial for electron-phonon calculations. In fact,
the electron-phonon self-energy at the band edges is very sensitive to the curvature of
the bands. The lattice dynamical properties were computed within density functional
perturbation theory at the I' point, as in Ref. [166]. All calculations were performed for
the low-temperature orthorhombic structure of MAPDI3, since the vibrational frequencies
are relatively insensitive to the structure [166], and the measured PL broadening does
not change across the orthorhombic/tetragonal phase transition. In the case of MAPbBr;
the vibrational properties were calculated for the orthorhombic structure, starting from
the lattice parameters and atomic coordinates given by Swainson et al.[167].

The LO-TO splitting was included through the evaluation of the nonanalytic con-
tribution to the dynamical matrix. The electron-phonon coupling was calculated using
the EPW code [168, 169], v.4. The electron-phonon self-energy, X was evaluated by
calculating the electron-phonon matrix elements using the ab initio Frohlich vertex [170]
in its simplified form. The calculated Born effective charges and dielectric constants

are reported in Table [4.3



Electron-phonon coupling in hybrid lead
halide perovskites

Initially published in Ref. [72].

This study clarifies the relative activity of different charge-carrier scattering mechan-
isms in hybrid lead halide perovskites by investigating charge-carrier scattering through
an analysis of the photoluminescence (PL) linewidth as a function of temperature between
10K and 370 K. By carefully examining the low-temperature regime in which thermal
energies fall below those of high-energy LLO phonon modes, the competing contributions
from charge-carrier interactions with acoustic and optical phonons can be clearly separated.
It is therefore possible to show unambiguously that Frohlich coupling to LO phonons is the
predominant cause of linewidth broadening in these materials at room temperature, with
scattering from acoustic phonons and impurities being a minor component. Furthermore,
excellent agreement is demonstrated between the experimentally determined temperature
dependence of the PL linewidth and theoretical values derived from ab initio calculations
(performed by collaborators) for MAPbI3. To elucidate how charge-carrier—phonon
interaction strengths depend on perovskite composition, FAPbl3, FAPbBr3, MAPbI; and

MAPDBBr; were examined, which represent a comprehensive set of the most commonly

49
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implemented organic and halide ingredients in hybrid perovskites. High performing
devices have used formulations containing both FA and MA cations in order to counteract
the thermodynamic instability of FAPbI; in its perovskite phase at room temperature
[171H173|. Meanwhile, mixed-halide perovskites incorporating both I~ and Br~ have been
investigated for use in tandem solar cells [18| 80} [174] as these systems allow for bandgap
optimization across a wide tuning range. It is shown that while the choice of organic
cation has relatively little effect on the Frohlich interactions, bromide perovskites exhibit
higher Frohlich coupling than iodide perovskites as a result of their smaller high-frequency
values of the dielectric function. Overall, these results conclusively demonstrate that
electron-phonon coupling in hybrid lead halide perovskites follows a classic bandstructure
picture for polar inorganic semiconductors which are dominated by Frohlich coupling

between charge-carriers and LO phonon modes in the high-temperature regime.

4.1 Experimental details

Thin film samples of MAPbI;, FAPbl;, MAPbBr; and FAPbBr; were spin-coated
according to the procedure described in Subsection [3.3.1] The samples were mounted
under vacuum (P < 107% mbar) in a cold-finger liquid helium cryostat, and were
excited by the laser in pulsed mode with a repetition rate of 10 kHz and a fluence of
490 nJ cm™. PL measurements were taken using the setup described in Subsection
[3.1.3l First-principles calculations of the electron-phonon coupling in MAPbI; were

performed as described in Section [3.4]
4.2 Results

4.2.1 Temperature-dependent photoluminescence spectra

To conduct an analysis of electron-phonon coupling in hybrid lead halide perovskites time-

integrated PL spectra of solution-processed FAPbl3, FAPbBr3, MAPbI3 and MAPbBr;
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thin films were recorded over temperatures from 10 K to 370 K in increments of 5 K
(Fig. . As discussed in Subsection , these spectra likely represent recombination
of free carriers, except at the very lowest temperatures. The observed PL peak positions
at room temperature are consistent with those reported previously for these materials
[63) 173, 80, (175, |176]. The colour plots in Fig. exhibit abrupt shifts in PL peak
energies at various temperatures that are associated with phase transitions commonly
found in these relatively soft materials. For example, MAPbls, MAPbBr; and FAPDbI;
have been reported to undergo a phase transition from an orthorhombic to a tetragonal
structure between 130 and 160 K [63, [176] |[177]. A further phase transition to the cubic
phase follows at higher temperatures for the MA perovskites (at approximately 330 K
for MAPbDI; [63, 177] and 240 K for MAPbBrs [177]), while a transition to a trigonal
phase occurs at around 200 K for FAPbI3 [63]. The lower-temperature phase transition
to the orthorhombic phase below 130—160 K is generally associated with larger energetic
shifts as it marks a strong reduction in the extent of rotational freedom of the organic
cation [160, 177, |178|. Higher-temperature structural changes are more subtle in this
regard and therefore much harder to discern [58]. Apart from these discontinuities, the
PL peak in all four materials shifts continuously towards higher energy with increasing
temperature. This general trend is in contrast to that of typical semiconductors such
as Si, Ge and GaAs, for which the bandgap decreases with temperature as a result
of lattice dilation [99, 179]. The atypical positive bandgap deformation potential of
hybrid lead halide perovskites has been attributed to a stabilisation of out-of-phase

band-edge states as the lattice expands [180].
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Figure 4.1: Temperature-dependence of time-integrated PL. Colour plots of normalised
time-integrated photoluminescence spectra of (a) FAPbIs, (b) FAPbBrs, (c) MAPDI3, and
(d) MAPDbBr;3 thin films at temperatures between 10 K and 370 K.
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Figure 4.2: PL spectra at selected temperatures. Time-integrated PL spectra at selected
temperatures for (a) FAPbIs, (b) FAPbBrs, (c) MAPbI3 and (d) MAPbBrs. The y-direction
represents the normalised PL intensity.
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In addition to these well-understood temperature trends, the PL spectra of MA-
containing perovskites exhibit strong inhomogeneous broadening and multi-peak emission
in the low-temperature orthorhombic phase. Such behaviour has been reported on many
occasions [58, |73} 104}, [181-183|, yet a precise explanation is still outstanding. For example,
the PL spectra of MAPbI3 develop additional peaks at temperatures below 150 K, as can
be seen clearly in Fig. [1.2] which shows spectra from the colour plots in Fig. at selected
temperatures. The emerging consensus is that these are caused by additional charge or
exciton trap states that are only active in the low-temperature orthorhombic phase [58, 73|
104, [181+183|. It has been proposed that these traps could derive from a small fraction of
inclusions of the room-temperature tetragonal phase that are populated through charge or
exciton transfer from the majority orthorhombic phase [181]. These inclusions could be a
result of strain or the proposed impossibility of a continuous structural transition from the
tetragonal to orthorhombic phase in MA perovskites, as reported by Baikie et al. [160].
It is noteworthy that since these complicating features do not appear in the PL spectra
of the equivalent FA perovskites, they are probably not intrinsic to hybrid lead halide
perovskites, which re-affirms the prevailing view that they originate from trap states.
Importantly, the lack of uncomplicated low-temperature spectra has to date prevented
proper analysis of the linewidth broadening of MA perovskites and the associated phonon
coupling to charge-carriers. As shown below, such analysis requires access to a low-
temperature range over which PL spectra are dominated by intrinsic phonon broadening,
rather than trap-related PL, in order for the contributions from acoustic and optical
phonons to the clearly separated. The discovery that the equivalent FA lead halide
perovskites do not exhibit extrinsic defect-related PL in the low temperature range,

therefore allows such analysis to be carried out unhindered.
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Figure 4.3: Temperature dependence of linewidth. Full width at half maximum
(FWHM) of the time-integrated PL spectra as a function of temperature for (a) FAPbIs,
(b) FAPbBr3, (c) MAPbDI3, and (d) MAPDbBr3 thin films plotted as black dots. The solid
red lines are fits of I'(T") = I'y + I'Lo, which account for contributions from inhomogeneous
broadening and Froéhlich coupling with LO phonons. For the perovskites containing MA, the fits
are extrapolated into the low-temperature region in which the model does not hold, as indicated
by dashed red lines (actual fits were carried out between 150 K — 370 K for MAPbI3 and 100 K
— 370K for MAPbBr3). The inset shows the functional form of the temperature dependence
of the contributions to PL linewidth in semiconductors from inhomogeneous broadening (17,
magenta), Frohlich coupling between charge-carriers and LO phonons (11,0, red) and acoustic
phonons ([, blue), and scattering from ionised impurities (Iimp, green), as given by the terms

of Equation .
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4.2.2 Analysis of PL linewidth broadening

Analysis of temperature-dependent emission broadening has long been used to assess the
mechanisms of electron-phonon coupling in a wide range of inorganic semiconductors [184]
(see Table for a literature overview of the results). These methods are here applied to
hybrid lead halide perovskites by first extracting the full width at half-maximum (FWHM)
of the PL spectra shown in Fig. and then analyzing its temperature-dependence
(plotted in Fig. . For most inorganic semiconductors, different mechanisms of scattering
between charge-carriers and phonons or impurities are associated with different functional
dependencies of the PL linewidth I'(T") on temperature, which can be expressed as the
sum over the various contributions [184) |185]:
I'T)=1To+ L+ o + Limp
(4.1)
= I+ YaeT + Yo NLo(T) + Yimpe ™ E0/*e T

Here, I} is a temperature-independent inhomogeneous broadening term, which arises from
scattering due to disorder and imperfections [184} |186]. The second and third terms (I
and I',0) are homogeneous broadening terms which result from acoustic and LO phonon
(Frohlich) scattering [106] (184} |186] with charge-carrier—phonon coupling strengths of
Yac and 7o, respectively. Electron-phonon coupling is in general proportional to the
occupation numbers of the respective phonons, as given by the product of the phonon
density of states (incorporated into the o term) and the Bose-Einstein distribution
function [187, [188], taken as Nyo(T) = 1/[efro/*sT — 1] for LO phonons, where Erg is
an energy representative of the frequency for the weakly dispersive LO phonon branch
[17,1189]. For acoustic phonons whose energy is much smaller than kgT over the typical
observation range, a linear dependence on temperature is generally assumed [188,(190]. Ab
initio calculations of the relevant phonon energies and occupation numbers are shown in
Figurel4.4]confirm that the linear approximation to the acoustic phonon population used in

Eqn. is appropriate. The final term, [}, phenomenologically accounts for scattering
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from ionised impurities with an average binding energy Ej, [185]. These impurities

contribute iy, of inhomogeneous broadening to the width when fully ionised [185] |187].
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Figure 4.4: Phonon dispersion and population relations from ab initio calculations.
The calculated phonon dispersion relation for MAPbI3 is shown in (a), with the acoustic
modes (bottom) and the polar optical modes (top) highlighted in orange. Here we see that the
frequency of the acoustic modes is always smaller than 2.5 meV, while the polar optical modes
are centred on 13 meV. On the right, the phonon population according to the Bose-Einstein
function, N (T), is plotted in red as a function of temperature for (b) the acoustic modes and
(c) the polar optical modes. The Bose-Einstein phonon population is offset vertically by +1/2
to allow direct comparison with linear approximations to the phonon population, which are
plotted as dotted black lines. The linear temperature dependence used in Eqn. ] in the main
text for the linewidth broadening due to acoustic phonons is therefore very accurate in the case
of MAPDI3 for all temperatures above 10 K, while the Bose-Einstein function is necessary to
model the broadening due to optical phonons.

[produced by C. Verdi, Department of Materials, University of Oxford]
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Table 4.1: Linewidth parameters for perovskites and inorganic semiconductors. Collated
values of linewidth parameters for inorganic semiconductors reported by other experimental studies,
along with those obtained from this one . The FWHM definition of linewidth is used here, but some
papers, indicated by an asterisk (*) in the materials column, define it as the HWHM (Half Width at Half
Maximum); the values of T'g, Yac, YLo and vimp values from these papers are multiplied by two. Blank
cells indicate parameters which were not considered in a paper. When a parameter used in a fit was
fixed, that value is underlined in the table. Materials were studied in the bulk, except for those at the
bottom of the table, which were studied as quantum wells (indicated by §), or epilayers ().

Material Technique Source (nl:gV) (pe{/ya(i{'l) (rlz%) (rﬁz%) (r’ﬁrg{’/) (rribV)
FAPbI; PL | 1941 4045 11.541.2
FAPbBr3 PL | 20+1 61+7 15.341.4
MAPDbDI; PL | 2642 40+2 115
MAPbBrs PL | 3242 58+2 153
CdS A [1o1* |  0.32 29.0 212 38
CdSe E [192] 1% | 4.6+0.6 46+2  25.9
CdTe R [184]* | 34414
GaAs PL (193] 0.32 1343 30.444
A [194]* 14 174 36.6
R [195]* 40+2 36
ZnO PL [196] | 10.3 962.7 71 138 9.2
ZnSe R [184])* 60414
FWM [197] 1.3 11 81

CdTe/CdyxMnyTe FWM [198]§ ‘ 0.89£0.05 13.7£1.8

CdTe/Cd;.xZnyTe PL [199]§ ‘ 75 400 22 500 92
GaAs/Al,Gaj < As PL |185)§HH * 0.9 2.94 8 36 1.5 10
PL |185)§LH * 0.6 2.38 4.9 36 0.4 10
GaN PL [106]11* ‘ 5.6 42 1050  91.5
Zng 56Cdo.445e R [186] T * ‘ 1244 2.2 34+12 28.8
ZnSe R [186]1* | 135 4.0 48416 31
A Absorption
E Ellipsometry

FWM  Four-wave mixing
PL Photoluminescence
R Reflectance
* Original linewidth stated in terms of HWHM
T Linewidth of exciton A
HH Heavy hole exciton
LH Light hole exciton
§ Quantum well
I Epilayer
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In general (as detailed in Section , the two major mechanisms governing the
electron-phonon coupling in inorganic semiconductors are deformation potential scattering,
in which distortions of the lattice change the electronic bandstructure, and electromech-
anical or piezoelectric interactions, in which lattice-related electric fields modify the
electronic Hamiltonian [17]. Specifically, the LO phonon term in Equation accounts
for the Frohlich interaction between LO phonons and electrons, which arises from the
Coulomb interaction between the electrons and the macroscopic electric field induced by
the out-of-phase displacements of oppositely-charged atoms caused by the LO phonon
mode [17]. While both transverse optical and LO phonons interact with electrons via
nonpolar deformation potentials, Equation (4.1)) only accounts for LO phonons because
of the dominant influence of their Frohlich interaction with electrons in polar crystals
at higher temperatures [200]. Since optical phonons in semiconductors typically have
energies of the order of tens of meV [17], their population at low temperatures (7' < 100 K)
is very small, so homogeneous broadening in this regime predominantly results from
acoustic phonons |17, 200]. Therefore, careful examination of the low-temperature regime
allows separation of the contributions from optical and acoustic modes. Long-wavelength
acoustic phonons induce atomic displacements, which can correspond to macroscopic
crystal deformation, affecting electronic energies via either the resultant deformation
potential or a piezoelectrically induced electric field [17].

To establish qualitatively which electron-phonon scattering mechanisms contribute
in hybrid lead halide perovskites, the temperature-dependent PL linewidths plotted
in Fig. are compared with the functional form of the terms in Eqn. [£.I To aid
comparison, the inset to Fig. |4.3(a) shows example functions for the separate components.
First, the possibility is assessed of electron scattering with ionized impurities playing a
significant role. Comparison of the curves in the inset with the data in the main Fig. [4.3

makes it apparent that the shape of the ionised impurity scattering term I, could not
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produce the observed linear variation with T of the linewidths at high temperatures.
This leads to the conclusion that scattering with ionized impurities does not play any
major role here, in agreement with findings based on recent analyses of the temperature-
dependence of the charge-carrier mobility in this regime [58| |102-104]. The assumption
that Iimp ~ 0 is therefore made for the rest of this analysis.

To separate the contributions from acoustic and optical phonon modes, consideration
is first given to an analysis of the PL linewidth for perovskites containing FA as the
organic cation. As Figs. 4.3(a)&(b) show, these materials exhibit smooth variation of
the linewidth, while for MA-containing perovskites the presence of the impurity emission
discussed above leads to additional emission broadening in the low-temperature phase
(Figure [4.3(c)&(d)). Both FAPbI; and FAPbBrs approach a PL linewidth of the order of
20meV towards T=0, which can therefore be identified as the temperature-independent
inhomogeneous broadening term [ arising from disorder. To qualitatively assess the
relative importance of acoustic versus optical phonon contributions, an inspection of
the gradient of these curves in the low-temperature regime is essential. While the
optical phonon terms lead to a gradient of zero in the regime for which kgT < FEro,
the smaller energies of acoustic phonons should result in a non-zero gradient given
by 7ac here. However, visual inspection of the graphs in Figs. [£.3|a)&(b) shows that
the gradient of the FWHM versus temperature approaches zero at low temperature,
suggesting negligible acoustic phonon contribution (7,./0). Indeed, fits of Equation (4.1)
to these curves converge with ~,.—0. This result is not surprising, given that in polar
inorganic semiconductors the contribution of acoustic phonons to the broadening at room
temperature is typically dwarfed by that of the LO phonons, and indeed several studies
ignore the contribution of acoustic phonons in such systems [200]. We may however
obtain an upper limit to 7,. by careful examination of the data in the low-temperature

regime in which acoustic phonons are still expected to contribute significantly. Here we
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may fit I'(T) = Iy + Va1 to the data in the low-temperature (7' < 60K) region|194] or,
as an alternative method, obtain the gradient of the data near T=0K from differentiation.
Both methods yield upper limits around ~,. = 60420 peV K~1 for FAPbI3 and FAPbBr3,
therefore, acoustic phonons will only contribute up to approximately 18 meV to the
linewidth broadening at 300 K. This analysis hence illustrates that the majority of
broadening in the room-temperature regime arises from charge-carrier interactions with
optical phonons, as would be expected for a polar semiconductor.

To further quantify the dominant Frohlich coupling in these systems, the linewidth
data are fitted including only the mechanisms based on temperature-independent in-
homogeneous broadening and Frohlich coupling to LO phonon modes. For perovskites
containing FA cations, fits of I'(T") = I'y+ Lo to the PL linewidth data are plotted in Figs.
[.3(a) and (b) (red lines), and the extracted fitting parameters are presented in Table [1.2]
Apart from Frohlich coupling strengths, it is also possible to determine the energy of LO
phonon modes that play the dominant role in electron-LO-phonon coupling. A value of
Ero= 11.5meV is found for FAPbI;, with the value for FAPbBr3 (15.3 meV) being 1.3
times larger, which is only slightly greater than the factor of 1.2 expected from a crude
model of the frequency of a diatomic harmonic oscillator. These LO phonon energies of
hybrid lead halide perovskites are somewhat lower than those typically measured for a
range of inorganic semiconductors (see Ref. [72] for an overview), however, they agree
well with a recent combined experimental and density functional theory study assigning
LO phonon modes of the Pb-I lattice in MAPbI; with energies near 10 meV [166] and with
first-principles calculations based on many-body perturbation theory (see below).

As noted above, the situation is more complex for MA perovskites owing to the
additional trap-related emission in the low-temperature orthorhombic phase that gives
rise to sizeable (>100 meV) additional broadening (see Figs. [4.3|c)&(d)). However, in

the high-temperature regime, PL linewidths of the MA perovskites vary much in the
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same fashion as that of their FA counterparts, suggesting very similar mechanisms. This
may be expected, as the organic cation has relatively little influence on the vibrations
of the lead-halide lattice. Hence it is reasonable to model the linewidth broadening of
MA perovskites in the high-temperature regime again using I'(T') = Iy + [0 (solid red
lines in Figs. [4.3|(c) and (d)) using the LO phonon energies determined previously for
FA perovskites. The resultant v,o values are, as expected, very similar to those for the
corresponding FA perovskites (Table [£.2). These fits may be extrapolated down through
the low-temperature regime (dashed red lines), where they do not reflect experimental
reality, but rather show the broadening that would be present if the additional defects in
the orthorhombic phase were absent. As such, values extracted for the parameter Iy here
therefore mostly reflect inhomogeneous disorder present in the high-temperature phases

of MAPbI3 and MAPDbBr3 at temperatures above 150 K and 100 K, respectively.

Sample I'y / meV Yo / meV Ero / meV
FAPDI; 19+1 40 £ 5 115 £ 1.2
FAPDbBr; 20+ 1 61 &= 7 153 £14
MAPbI, 26 + 2 40 + 2 [11.5]
MAPbBr, 32 + 2 58 &+ 2 [15.5]

Table 4.2: Extracted linewidth parameters. Linewidth broadening parameters extracted
from fits of I'(T') = Iy + I'Lo to the PL linewidth data for the four hybrid perovskite films. I
is the inhomogeneous broadening (the linewidth at 0 K), 71,0 is the strength of the LO phonon—
charge-carrier Frohlich coupling, and FEr,o is the relevant LO phonon energy. For fits to the data
from MA-containing perovskites, the values of 1,0 extracted previously for the FA-containing
perovskites were used (hence they are italicized and enclosed in square brackets). Because of
the additional defect luminescence present in the orthorhombic phase of the MA-containing
perovskites, fits were only carried out between 150 K — 370 K for MAPbI3 and 100 K — 370 K for
MAPbDBr3 (see solid lines in Figs. [4.3(c) and (d)). Therefore the extracted parameters do not
reflect the lineshape broadening in the low-temperature phase of the MA-containing perovskites.

4.2.2.1 Excitons vs free charges

The extent to which excitonic effects may influence the coupling between charge-
carriers and phonons is worth commenting upon. While the exact values for the exciton

binding energies in these systems are still a matter of debate, most reported values
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fall into the range of a few to a few tens of milli-electronvolts (see Ref. [13] for a
review). These values are compatible with numerous studies demonstrating that at
room temperature, following non-resonant excitation, hybrid lead halide perovskites
sustain free charge-carriers as the predominant species |57, (62 201]. Excitonic effects
in the generated charge-carrier population are expected to increase as the temperature
is lowered. However, infrared photoinduced transmission spectra for methylammonium
lead iodide perovskite [58] have recently been found to be predominantly governed by
free-charge (Drude-like) features, with localization effects (e.g. from excitons) only
contributing at low temperature and not more than around 23% even at 8 K. This
suggests that over the temperature-window we examine here, emission broadening is
mostly governed by interactions between phonons and free charge-carriers, rather than
excitons. Such predominantly free-charge behaviour of the photogenerated species may
be understood for example in terms of the Saha equation or a low Mott density for
these systems, and considering that the initial highly non-resonant excitation generates
predominantly free electron-hole pairs [202]. We may further inspect in more detail the
temperature-dependent line shapes of the emission spectra and find these to exhibit
high-energy Boltzmann tails corresponding to a thermalized electron-hole density near
the lattice temperature (see Fig.. These overall observations are therefore compatible
with the presence of a thermalized free electron-hole charge-carrier density that scatters
off mostly LO phonons whose occupancy is governed by the Bose-Einstein distribution
function. Analysis of how the energies of such thermalized free electrons and holes
influence the precise lineshape of the PL spectra as a function of temperature could
provide additional insight into the scattering mechanisms for free charge carriers. Such
additional analysis is however beyond the scope of the present investigation, which is

limited to considering only the extent of linewidth broadening.
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Figure 4.5: Carrier energy distribution from PL tails. Steady-state PL spectra at
temperatures (T) for an FAPbI3 thin film, plotted as red crosses. The high-energy tails of the
band edge PL can be approximated by the dashed red lines representing the functional form
I(E) x exp [—(E — E4)/kpTy], which describes the PL lineshape expected from thermalized
charge carriers of temperature 7; following a Boltzmann energy distribution . I is the PL
intensity, £/ is the PL energy and Ej, is the bandgap energy. The solid black line indicates the
position on the curves at which the FWHM is measured, which lies above the high-energy tail
of the band edge PL. For the shown dashed red lines, the carrier temperature 7. was set as the
sample temperature T. However, slightly shallower tails (indicating T, somewhat higher than
T') are actually observed. One reason for this discrepancy may lie in the strongly non-resonant
excitation at 3.1 eV which leads to an initial thermalized “hot” charge-carrier density that
subsequently cools to the lattice temperature . Since the PL curves shown represent an
average over the charge-carrier temperature during the lifetime of charge-carriers, a temperature
slightly elevated above the lattice temperature may be found. However, the overall line shape
is also strongly governed by electron-phonon coupling, as described in the main text, whose
effects will influence the spectral shape also in the high-energy tail.
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4.2.3 First-principles calculations

[carried out by C. Verdi, Department of Materials, University of Ozford]
The above analysis of the linewidth was corroborated further by first-principles calculations
of the electron-phonon coupling in MAPbI; (see details in Section ; the full details of
the computational methods used and the results obtained are presented in Ref. [72]).
In accordance with the above discussion, the broadening arising from the interaction
of phonons with free conduction-band electrons and free valence-band holes [204] are here
separately considered. The combined broadening arising from both types of charge-carrier
is then compared to the experimentally determined emission broadening. Fig. [4.6(a)
presents a heat-map of the imaginary part of the electron-phonon self-energy, Im(X),
projected on the quasiparticle band structure of MAPbI3. 2 Im(X) represents the linewidth
of electrons and holes arising from the electron-phonon interaction before accounting for
many-body effects and is therefore directly comparable to the experimentally determined
FWHM of the PL emission linewidth. Fig. [4.6(b) shows Im(X') as a function of electron
energy, together with the density of electronic states (DOS). This figure indicates that the
increase in the linewidth is linked to the phase-space availability for electronic transitions,
that is, Im(X) increases with increasing DOS because each state can scatter into a higher
number of states by absorbing or emitting a phonon. The calculations show that the
dominant contribution to the electron-phonon self-energy arises from the coupling with
the LO mode at fwpo =~ 13 meV, which is shown schematically in Fig. 4.6(c). This
observation is compatible with the analysis of the temperature dependence of the PL
broadening, as presented in Figure [£.3] yielding similar energy for the predominantly

coupling LO phonon mode in MAPDI;.
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Figure 4.6: Ab initio calculations of electron-phonon coupling and PL broadening
in MAPDI3. (a) Electronic band structure of orthorhombic MAPDbI3, calculated within the
GW approximation as in Ref. , combined with a heat-map of the imaginary part of the
electron-phonon self-energy (Im (X)) at 7=200 K. The zero of the energy is placed in the middle
of the bandgap. In (b) the imaginary part of the electron-phonon self-energy is shown together
with the electronic density of states (DOS). 2Im(ZX) corresponds to the electron/hole linewidth
arising from electron-phonon coupling (apart from the quasiparticle renormalization factor
Z). (c) Ball-and-stick representation of the LO vibration responsible for the broadening of
the PL peaks. The blue arrows indicate the displacements of Pb and I atoms, for the phonon
wavevector g — 0 along the [100] direction. This is a Pb—I stretching mode with Bs,, symmetry
[166]. (d) Temperature dependence of the FWHM of the PL peak in MAPDI3: fit to the
experimental data (dashed black line) and theoretical calculations using Fermi’s golden rule
(blue triangles) and the more accurate Brillouin-Wigner perturbation theory (red triangles). The
theoretical broadening is obtained as the sum of 2Im(X) at the valence and conduction band
edges in the case of Fermi’s golden rule, and the sum of 2 Z Im(Y) when including many-body
quasiparticle renormalization, rigidly shifted by the FWHM at 7' = 0 K (25.72 meV) to account
for inhomogenous broadening. The lines are guides to the eye.

[produced by C. Verdi, Department of Materials, University of Oxford]
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Figure (d) shows that the calculated temperature-dependence of the PL broadening
is in good agreement with experiment. In this figure the calculations are compared
with the experimental trends obtained from the fit shown in Figure (which does
not account for the anomalous broadening below 150 K, as discussed above). The blue
triangles represent the data calculated based on Fermi’s golden rule, which is equivalent
to using the imaginary part of the electron-phonon self-energy, 2Im(Y'), while the red
triangles were obtained by using Brillouin-Wigner perturbation theory [205], which
corresponds to scaling the self-energy by the quasiparticle renormalization factor Z,
that is 27 Im(X) The comparison between calculations and experiments shows that
the experimental data are most accurately described by fully taking into account the
many-body renormalization of the electron lifetime. Taken together, the impressive
agreement between firstly the measured and calculated characteristic phonon energy scale
(11.5 and 13 meV respectively), secondly the magnitude of the measured and calculated
linewidth broadening at room temperature (90 and 75 meV respectively), and thirdly the
phonon energy scale identified here and the LO phonon identified between 10-13 meV
in our previous IR study [166], strongly support the notion that the broadening of the
PL spectra reflects the interaction between free carriers and LO phonons.

In addition, it is possible to use first-principle calculations to elucidate why the lead
bromide perovskites exhibit Frohlich coupling constants that are larger than those of the
lead iodide system by a factor of 1.5. In order to investigate this trend, DFT calculations
were performed for MAPDbBr3 to compare the associated Born effective charges between
the two systems. The results indicate that the electron-phonon coupling in the bromide
perovskite is 40% stronger than in the iodide perovskite, in excellent agreement with
our measurements. It was found that the increased Frohlich coupling in MAPDbBr; is
primarily connected with the smaller high-frequency value of the dielectric function

compared to MAPDI3, as presented in Table [£.3
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Table 4.3: Calculated electrical parameters. Calculated Born effective charges (Z*), high-
frequency and static dielectric constants (¢>° and € respectively) of MAPbI3 and MAPbBr3 in
the orthorhombic phase. The isotropic average of the tensors is reported, and the dielectric
constants are compared to experiment.

[obtained by C. Verdi, Department of Materials, University of Oxford]

z* €
Pb I/Br C N ‘ €> €oxp e’ €ep
MAPDI3 4.42 -1.88 0.03 -0.95 5.86 6.517 [2006] 25.3 30.518 [30]
MAPbBr; 411  -178 009  -0.8 | 471 4819207  23.9  26.218 [30]

4.3 Discussion

The combined analysis of the experimentally determined emission linewidth broadening
and first-principles calculations strongly support the notion that Frohlich coupling to
LO phonons is the predominant charge-carrier scattering mechanism in hybrid lead
halide perovskites. As already discussed above, such behaviour is in many ways to
be expected for these materials because the lead-halide bond is sufficiently polar (see
the calculated Born effective charges in Table to lead to macroscopic polarizations
from LO phonon modes that modify the electronic energies, causing electron-phonon
scattering. Coupling of charge-carriers to phonons with energies in the meV range has
also been postulated from the signature of such modes in the room- and low-temperature
photoconductivity spectra [58, [208].

However, the predominance of Frohlich coupling appears at first sight to contradict
the measured [58, [102-104] temperature-dependence of the charge-carrier mobility which
has been stated [64} 96| [104] to approach the expected form for acoustic deformation
potential scattering (p oc T~%/2). Nonetheless, while electron-phonon coupling generally
leads to charge-carrier mobilities that increase with decreasing temperature, the exact
functional dependence is usually a composite of many different scattering mechanisms
that can be hard to attribute uniquely [17]. Thus, while acoustic phonon deformation

potential scattering may result in p oc 7-3/2, the converse may not necessarily also hold.
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In addition, the rapid energy loss of electrons observed following non-resonant excitation
[97, |203] can only sensibly be explained by a succession of high-energy optical phonon
emissions [209], as is typically observed in inorganic semiconductors |13, 210].

It is therefore concluded that Frohlich coupling to LO phonons, rather than acous-
tic phonon deformation potential coupling, is the dominant charge-carrier scattering
mechanism at room temperature in these hybrid lead halide perovskites. While our
findings themselves do not explain the temperature dependence of the charge-carrier
mobility in these materials, they support the hypothesis that the observed o oc 773/
relationship is not wholly attributable to acoustic deformation potential scattering. It is
also clear that for these high-quality materials, scattering from ionized impurities is a
negligible component at room temperature, with both the PL linewidth data presented
here and earlier charge-carrier mobility measurements [58, 102, [103] indicating a complete
absence of such contributions.

In addition, these findings give early answers to the question of how perovskite
composition affects Frohlich interactions between charge-carriers and phonons. Such
interactions determine the maximum charge-carrier mobilities intrinsically attainable
which in turn affects charge-carrier extraction in solar cells. It is shown here that
Frohlich coupling in hybrid lead bromide perovskites appears to be stronger because of
the lower dielectric function in the high-frequency regime. Indeed, the THz charge-carrier
mobility for FAPbBr3 thin films has recently been shown to be somewhat lower than
that for FAPDbI3 films [18|, which could be related to decreased momentum scattering
time resulting from increased scattering with LO phonons. However, it may also be
partly related to a higher propensity towards disorder in the bromide perovskites as the
inhomogeneous broadening parameter Iy appears to be somewhat higher for bromide than
iodide perovskites here. Similarly, higher Urbach energies have previously been reported

for MAPbBr3 compared to MAPDI3 in accordance with larger energetic disorder in the
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former [124]. It is also shown here that Iy tends to be lower for the perovskites containing
FA as the organic cation, which points to larger material uniformity as one reason behind
this material’s recent success in the highest efficiency perovskite solar cells [51, |171].
It is also possible to compare these findings with those of other polar inorganic
semiconductors for which Frohlich coupling is known to be active. Table provides a
detailed literature survey of values established for 71,0 in other inorganic semiconductors.
It has been pointed out [64] that charge-carrier mobilities established for lead-halide
perovskites (typically <100 cm? (Vs)™1) [19] 64] are relatively modest compared with those
achieved in high-quality GaAs despite the effective charge-carrier masses in perovskites
being only slightly elevated above those in GaAs. The values of v,0 ~ 40 meV and
Yoo ~ 60 meV extracted from the data in this study for the respective iodide and bromide
perovskites (see Table are somewhat higher than the range reported for GaAs (see
comparison in Table [4.1)) which may partly explain these discrepancies. However, they
are significantly lower than those typically found in highly polar materials such as GaN
and ZnO where they can be over an order of magnitude higher [106]. Further theoretical
modelling of charge-carrier mobility in these systems based on our findings will most

likely allow more quantitative explanations and predictions to be made.



Band-tail recombination in hybrid lead
iodide perovskite

Initially published in Ref. [71)].

This study investigates the distribution of sub-bandgap trap states in formamidinium
lead triiodide (FAPDI3), a perovskite material used in some of the most efficient and stable
perovskite solar cells |51, 211]. By judicious measurement of the low-temperature PL over
six decades of time and intensity, it was possible to identify for the first time a power-
law intensity decay, which is a known signature of band-tail mediated recombination.
This analysis is supported by the observation of a Stokes-shifted emission peak at low
temperatures that exhibits an anomalous temperature-dependence, in accordance with
the temperature-activated movement of charge within a distribution of localized states.
The anomalous relative Stokes shift was qualitatively reproduced using both a rate-
equation model and a Monte Carlo simulation, demonstrating the presence of a band
tail with characteristic energy ~3 meV. It is further shown that this distribution of
sub-bandgap states can yield emission several tens of meV below the bandgap energy
when it originates from states deep in the tail. The possibility is suggested that these

band tail states result from variations in local structure or electrostatic potential caused

71
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e.g. by difference in orientation of the FA cation dipole. Altogether, these results provide
new insight into the fundamental cause and nature of trap states in FAPbIs, which
are demonstrated to be governed by a continuous energy distribution of trap states
that may arise e.g. from structural disorder. As a result, it is shown that trap states
associated with a discrete energetic origin, such as elemental vacancies, substitutions
or interstitials, or an indirect energy gap with well-defined single gap energy, cannot

be a dominant cause of charge-carrier trapping in FAPbI;.

5.1 Experimental details

Thin film samples of FAPbI3 were spin-coated according to the procedure described in
Subsection The samples were mounted under vacuum (P < 107% mbar) in a cold-
finger liquid helium cryostat. For the temperature-dependent measurements PL spectra
were taken with the iCCD as the sample was heated in increments of 2 K between 10 and
50 K. A pulse repetition rate of 10 kHz was used for the 390 nJ cm™ measurements, and
1kHz for the 110 and 10 nJ cm™ measurements. For the time-dependent measurements,
TCSPC data from 1 to 100 ns after excitation was meshed with iCCD data from 3ns to
1ms after excitation. A repetition rate of 1 kHz and a fluence of 390 nJ cm™ were used.
For the power-dependence measurements, the laser was used in continuous wave mode, and
attenuated with a combination of neutral density filters, resulting in excitation intensities
from 260 W cm™ to 10 uW cm™. Monte Carlo simulations were carried out in MATLAB

according to the algorithm described in Ref.[212] and summarized in Subsection |5.2.4.2

5.2 Results

5.2.1 Time dependence of PL

To explore the nature of trap states in hybrid lead halide perovskites, the time-dependent

PL spectra of solution-processed FAPbI3 thin films were first recorded between 1 ns and
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1 ms after excitation and over temperatures from 10 to 100 K. At these low temperatures,
the charge carriers have relaxed to the bottom of any trap distribution and non-radiative
recombination pathways are suppressed [58| 69|, allowing PL to provide a probe of the
full energetic distribution. Over most of this temperature range, these charge carriers
most likely exist as excitons since the thermal energies for these temperatures are below
the exciton binding energy (14 meV) [213] for the low temperature phase of FAPbI;,
though towards the upper end of the range (i.e. the data at 100 K shown in Fig.
free carrier recombination will play a larger role. Transients of the spectrally-integrated
PL intensity at 10 K, 20 K and 30 K are shown in Fig. [5.Th. These transients appear
straight on the log-log scale, i.e. the decay remarkably seems to follow a power law

over six decades of time after excitation.

5.2.1.1 Attempts to fit the PL transients

Previously, PL transients from hybrid lead halide perovskites have generally been recorded
over much shorter time intervals, over which they are often fitted with monoexponential
[75, [76] or biexponential [41} |77] functions, representing one or two monomolecularly
decaying charge-carrier ensembles, respectively [58]. For example, biexponential fits have
been applied to PL transients with both an initial fast and subsequent slow component,
which have been respectively attributed to recombination at defects at the surface and in
the bulk of the material |77, 214]. Alternatively, stretched exponentials and functions
including the bimolecular band-to-band recombination of charge carriers have been used
[79, 83|, as detailed in Section In order to confirm that the transients in Fig.
were best described by power-law decays, the following procedures were used to obtain

the fits to the 10 K PL transient depicted in Fig.[5.Ip of the main text:

o I (t) in Equation was fitted between 20 and 100 ns, over which the data

appeared to follow a roughly linear trend when depicted on a logarithmic intensity
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scale, resulting in k; = 1.96 x 106 s'.

I (t) in Equation was fitted between 1 and 100 ns, beyond which the fit did

not converge well. The resultant decay lifetimes were 7= 2.22 ns and 7 = 39.8 ns.

I (t) in Equation was fitted to the data up to 1 us, beyond which the fit did

not converge well. The fit converged with $=0.1939 and 7.=1.51x 10-2 ns.

With &y fixed at 10719 cm? s [19], Equation [2.7] was fitted between 1 ns and 100 ys,
beyond which the fit did not converge well. The fit converged with k; = 2.21 x 10*

s' and ng at its upper bound of 10*® cm™ .

I, (t) from Equation was fitted to the data over the entire time range, with
a=-1.027£0.003. For the 20 and 30 K data, o« =-1.0714+0.004 and -1.194+0.01

respectively.

As shown in Fig. [5.1p, other than I (¢) these functions are unable to describe adequately

the power-law PL decay at 10 K over the six decays of time, despite appearing to fit

credibly on a semi-logarithmic scale over a shorter temporal range (as shown in the inset).

Hence this novel measurement of the PL dynamics for a hybrid perovskite over six decades

of time reveals the power-law nature of the charge-carrier recombination dynamics.
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Figure 5.1: Power-law time dependence of PL intensity. (a) Spectrally integrated PL
intensity transients of FAPbI3 at 10 K, 20 K and 30 K over six decades of time after excitation,
measured for an excitation fluence of 390 nJ/cm?. The curves are displaced vertically by factors
of 100 for clarity. (b) Comparison of power-law fit to PL transient recorded at 10 K with fits of
the other functions commonly used to describe PL time decay in hybrid perovskites (combined
mono- & bi-molecular decay, blue; stretched exponential decay, green; bi-exponential decay,
black; mono-exponential decay, cyan). Details of the fits are given in Section The inset
shows the difficulty in distinguishing between these fitting functions on a semi-logarithmic scale
over shorter timescales, where I is the spectrally integrated PL intensity.
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Figure 5.2: Colour plots of the normalized time-dependent PL spectra of FAPbI3 at times
between 1 ns and 1 ms and under an excitation fluence of 390 nJ/cm?, with selected spectra, at
temperatures of (a,b) 10 K, (c,d) 20 K and (e,f) 30 K. The spectra were fitted with one or
two Gaussian peaks, whose central energies are indicated by the solid black and white lines.
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Power-law luminescence decays have previously been identified in a wide range of
materials other than hybrid perovskites [89] and are indicative of the involvement of
localized trap states in charge-carrier recombination [91]. Such decays mathematically
arise from the superposition of many exponentially decaying components [85], which
can physically result from the dependence of the depopulation rate of traps on their
energetic depth or spatial separation [85, 87, 91]. Whereas a biexponential fit may
account for two decay components, a power law expresses the limit if there is a continuous

distribution of recombination rates.

As detailed in Section[2.5], models in which the distribution of traps is either exponential
in energy or spatially random analytically yield a power-law PL intensity decay to a very
good approximation over several decades of time [85, 87]. The presence of an energetic
distribution of traps is also validated by the observation of a redshift of the PL spectrum
with time (Fig., which is consistent with the relaxation and thermalization of charge-
carriers within a tail of sub-bandgap trap states [215]. Thus, the time-dependence of the
PL intensity and spectra at 10 K suggests that the traps in these materials form a band
tail (as depicted in Fig., rather than energetically discrete levels. Such band tails
have been shown to be a common feature in a wide range of other semiconductors [216],
217, where they result from structural disorder due to defects, doping or non-uniformity
of composition. This disorder causes local potential minima in the conduction or valence
bands, which form a density of band tail states [123] that is typically modelled as either
Gaussian or exponential [212]. The observation of Urbach tails [122| 123| [125] in the
absorption spectrum of MAPDI3 suggests that sub-bandgap states may be best described

by an exponential distribution for hybrid lead iodide perovskites.
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5.2.2 Temperature dependence of PL

To establish the energy landscape of the trap distribution, the temperature dependence
of the time-integrated PL spectra of FAPbI; was investigated for a range of excitation
fluences (Fig.. At higher temperatures, the PL spectra display a single dominant
peak (black line, F ig. whose energy is independent of excitation fluence. This peak
shifts monotonically upwards in energy from about 1.475 eV at 10 K to 1.495 eV at 50
K in accordance with the intrinsic behaviour of the bandgap energy, which is known to
blueshift with increasing temperature in hybrid lead halide perovskites [72,|180]. This
blueshift is the opposite of that expected for typical semiconductors such as Si, Ge and
GaAs |179], and has been attributed to the stabilization of band-edge states during
thermal expansion of the lattice [114} [180]. Indeed, the same atypical trend has been
observed in the bandgaps of lead chalcogenides [218]. The blueshift of the higher-energy
peak with temperature and its absence of saturation behaviour suggest that this emission
arises from the recombination of charge-carrier pairs delocalized in the band states of the
semiconductor. These charge pairs most likely exist as free excitons since the thermal
energies for the data shown in Fig.[5.3 are below the exciton binding energy (14 meV)
[213] for the low temperature phase of FAPbI;.

A second, very apparent feature in the PL at very low temperatures is a broad,
lower-energy peak (white line, Fig. which exhibits saturation behaviour, appearing
less intense and higher in emission energy as the excitation fluence is increased (see
also Fig.. The appearance of low-energy PL emission peaks in hybrid lead halide
perovskites has been ascribed in previous studies to charge-carrier recombination at
localized states [73, [176] 208, 219-222]. Remarkably, it is here found that such trap-
mediated emission exhibits an anomalous energy shift with increasing temperature: while
the peak energy of the band-edge emission from hybrid lead halide perovskites (black line)

blue-shifts with increasing temperature [114], that of the trap-related emission (white
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Figure 5.3: Temperature dependence of PL at different excitation fluences. Colour
plots of the normalized time-integrated PL spectra of FAPbI3 at temperatures between 10
and 50 K, under excitation fluences of (a) 390 nJ/cm?, (b) 110 nJ/cm? and (c) 10 nJ/cm?.
The spectra were fitted with two Gaussian peaks, whose central energies are indicated by the
solid black and white lines. The position of the higher energy peak at the lower fluences is
inferred from the highest fluence data and plotted as dotted black lines. PL spectra at selected
temperatures from these colour plots are presented in Fig.@
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line) initially exhibits a clear red-shift. With increasing temperature, this effect leads
to a widening energy gap, or relative Stokes shift, of the trap-mediated emission with
respect to the free-exciton emission, which begins to reverse again for temperatures above
~25 K. The relative Stokes shift differs from the conventional Stokes shift in its use of
the energy of the free exciton emission rather than the absorption onset as the reference
point for the redshift [223]. Nonetheless, the fluence-independence of the free exciton
PL peak over the measured range of fluences (as shown in Fig., combined with the
temperature-independence of the exciton binding energy, ensure that changes in the
energy of the free exciton PL peak with temperature reflect those of the band edge. The
observed trend in the relative Stokes shift is at odds with the expected behaviour of PL
from discrete trap states or a well-defined indirect energy gap situated just below the
band gap. In both cases, the fixed energetic offset of the trap or indirect transition from
the direct band edge would be equal to the (temperature-independent) relative Stokes

shift as well as the thermal energy kg7 at which the peak disappeared.
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Figure 5.5: Color plots of the normalized steady-state PL spectra of FAPbI3 at excitation
powers between 10 nW and 100 mW, with selected spectra, at temperatures of (a,b) 10 K,
(c,d) 20 K and (e,f) 30 K. The spectra were fitted with one or two Gaussian peaks, whose
central energies are indicated by the solid black and white lines.
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5.2.3 Relative Stokes shift

Here, the proposal is instead advanced that the initial anomalous redshift (increased
relative Stokes shift) arises from the presence of an energetic distribution of trap levels in
the hybrid perovskite. At zero temperature, charge-carriers have no thermal energy to
move between sites and are therefore distributed randomly across the density of traps.
With increasing temperature, sufficient thermal energy becomes available to activate the
charge carriers over shallow barriers, allowing them to relax to deeper localized states
before they recombine [224] thus decreasing the PL energy and increasing the relative
Stokes shift. With further increase in temperature, the rate of hopping between states and
phonon population both increase, resulting in the charge carriers becoming thermalized
across the trap density of states (DOS) [212, 225]. The charge carriers therefore occupy a
broader distribution of states with a higher average energy as the temperature increases,
resulting in a blueshift [212] (decreased relative Stokes shift) and broadening [72] of the
PL emission. Such phenomena have also been observed in inorganic semiconductors such
as AlGaN, InGaN and AllnGaN, [224] where they have similarly been attributed to the
motion of charge carriers within a band tails [212, 224, 225]. Here, this study reveals that
hybrid perovskites exhibit very similar trap-mediated emission with anomalous Stokes
shifts. Importantly, shown below, a quantitative analysis of this behaviour allows the
direct extraction of the characteristic energy of the trap DOS that gives rise to these effects.

To enable such quantitative analysis, the relative Stokes shifts from the data in Fig.[5.3]
were extracted. The free exciton and band tail PL peaks were fitted with Gaussian
functions to determine the peak energies, which are indicated in Fig.[5.3 by the black
and white lines, respectively. The relative Stokes shift is given by the energy difference
between the peaks (i.e. the energetic separation between the black and white lines). When
the free exciton peak was not visible at low temperatures and fluences, the aforementioned

fluence independence of the peak allowed its position to be inferred from the spectra
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taken at the highest fluence. The extracted relative Stokes shift is plotted in Fig.[5.0]
as a function of temperature for three different excitation fluences. Under the lowest
excitation fluence of 10 nJ cm™ implemented in this study, the largest relative Stokes
shift of ~37meV is reached at a temperature of 25 K. This is a consequence of the low
charge-carrier density, which allows a majority of photo-excited carriers to relax deep
into the band tail before they recombine. As the excitation fluence is increased, the
higher initial charge-carrier density results in the filling of trap states, and the band-tail

emission originates predominantly from higher-energy states closer to the band edge.

5.2.4 Quantitative modelling of anomalous relative Stokes shift

This interpretation of the anomalous relative Stokes shift can be verified by use of
quantitative models, which allow the determination of the characteristic energy scale
of the trap distribution. Unlike trap states associated with energetically well-defined
defects, such as vacancies, substitutions or interstitials |68, (117, 226], the energy scales
at which band tail PL emission occurs is not determined by a single energetic offset
from the band edge but rather the charge-carrier occupation within a broader density
of trap states. Here, two different approaches are explored that have in the past been
successfully used to describe the mechanisms of charge-carrier relaxation within band
tails [95]. These are, first, a multiple-trapping model in which energetic relaxation occurs
by thermal excitation to a shallower state followed by subsequent recapture (see Fig.
for a schematic) and, second, a hopping model in which charge-carriers tunnel directly
between states (Fig.). The two mechanisms, respectively, represent the limits of
low and high overlap between band-tail states [95], and therefore to assess properly the
validity of the energy distribution extracted, one model of each type is considered: an
elementary multiple-trapping model which produces an analytic function describing the

relative Stokes shift, and a more sophisticated Monte Carlo model, which is a more
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Figure 5.6: Models replicating the anomalous relative Stokes shift. (a) and (c) show
schematics of the Multiple Trapping (Rate Equation) and Hopping (Monte Carlo) models of
the anomalous relative Stokes shift respectively. In (b), the relative Stokes shift observed in
FAPDI; is plotted, for excitation fluences of 390 nJ/cm? (red), 110 nJ/cm? (green) and 10
nJ/cm? (blue). Fits to these data using the rate equation model are plotted as the matching
coloured lines. The inset shows the trap distributions corresponding to these fits, with the
dotted lines showing the E, values. The anomalous temperature dependence of the relative
Stokes shifts can also be reproduced by Monte Carlo simulation of the hopping of charges in an
exponential band tail, as shown in (d) for a range of trap state densities (represented by Na?).
Here, the simulated relative Stokes shift and temperature are normalized against €y and €p/kp
respectively, where ¢q is the inverse slope of the band tail. Simulated PL spectra at selected
temperatures are presented in Fig.@

physically accurate mechanism but requires more intense computational effort to model
the data. In both cases, it is considered that approximating the trap density of states by
exponential tails is the most realistic scenario for hybrid lead iodide perovskites. These
models return a value of the characteristic energy € corresponding to the inverse slope of
the trap density of states p (¢) oc e”/, which is defined for trap energies below the band

edge at £ = 0. Although 63 % of the traps in the tail lie above ¢g, the tail naturally
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extends to energies much deeper into the band gap, from where emission can still occur.
As mentioned above, over the temperature range modelled in Fig. [5.6] the charge carriers
are likely to be predominantly be excitons since the thermal energy below 40 K is less
than the exciton binding energy in FAPbI3 in this phase. Nonetheless, the two models
discussed below may apply generally to either excitons, or electrons and holes, moving and
recombining within a localised density of states. In the latter case, only one sign of charge
carrier may be considered to be mobile (cf. Subection and Ref. [85]) such that only

its motion is modelled until recombination occurs when oppositely-charged carriers meet.
5.2.4.1 Multiple-trapping model

As a first approach, the multiple-trapping model [227] considers the mechanisms by which
charge-carriers may arrive at and leave states in the band tail to yield a rate equation
describing the carrier dynamics (see schematic in Fig.[5.6h).

This model assumes that charge-carriers may only escape traps by thermal activation
(with attempt-to-escape rate 1,) to unoccupied states above energy E,, from which
they may be recaptured before eventually recombining radiatively (with lifetime 7).
The non-monotonic temperature dependence of the relative Stokes shift results from
upward redistribution of charge-carriers within the band tail by thermal escape coming

to dominate over the downward retrapping rate at higher temperatures.

5.2.4.1.1 Rate equation model for anomalous relative Stokes shift

Li et al. [227-229] describe the rate of change of carrier population density n(FE,T\t)
in localized states of energy FE, at time t after excitation and at temperature 1" by

the following rate equation [227]:

p(E)

dn(E,T, t E. Tt _E
BT Y _ gy BT g 1iye e g,

— T ). 1
dt T P Aa( 7t) (5 )
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The first term on the right is the carrier generation rate, given by G (E) = x p(E),
where k is a constant of proportionality and p(F) is the band tail density of states. The
second term on the right describes the depopulation due to radiative recombination, which
the carriers undergo with typical lifetime 7, (higher-order recombination processes are
neglected in this treatment). The third term on the right gives the rate of thermal escape
to the unoccupied states above energy F,, where v, is the attempt-to-escape rate. The
final term represents the rate of carrier recapture at localized states, where ), is the rate

at which carriers are thermally activated away from all the localized states, as given by

A(T) = / T (B, TYvee” B P TdE (5.2)

—00

Some proportion (given by the recapture coefficient, 7.) are recaptured by localized
states, of which a fraction @ are at energy F, where P = [*_p(F') dF'. E, is an
energy below which the localized states are all occupied by carriers, analogous to the
quasi-Fiermi level of the localized state distribution [229].

Li et al. consider steady state (% = O) conditions involving continuous carrier
generation in order to derive the peak position of n (E,T) at different temperatures,
which represents the peak PL energy from the localized states. However, here the PL was
measured under pulsed excitation conditions. The following treatment shows that the
time-integrated PL peak has the same temperature dependence as in the steady-state case.

Under pulsed excitation, the time between pulses can be divided into two periods: dt,
during which the excitation occurs, and At, which represents the rest of the pulsation
period. It is assumed that 0t is sufficiently short that all carrier generation occurs
during this period, while the processes of recombination, thermal escape and recapture

are confined to At. The net result of the three processes occurring during At is to

remove all of the carriers generated in the localized states at energy F during ¢, which
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can be expressed in the following equality:
Ngenerated(Ea T) = Nradiated(Ea T) + Nescaped(Ea T) - Ncaptured(E7 T) (53)

where N, is the absolute value of the carrier population density added or removed from
localized states of energy E by process x during the course of an excitation cycle.

Considering each term in Equation in turn:

Ngenerated (E,T) = | G (E)dt = pp(E), where 1 is a constant of proportionality. (5.4)
5t
1
Nuwdiowed (B, T) = — [ n(E, T, t)at (5.5)
T Jat
Nuscaped (B, T) = e~ &~ Do / n(E, T, t)dt (5.6)
At
E
Ncaptured (Ea T) = / 7C>\a(T7 t)Mdt (57)
At P
E e E, — E'
_ B / Voo~ B / n(E, T, t)dtdE’ (5.8)
P —00 At

Now let m (E,T) = [5,n(E,T,t)dt, which is the mean charge-carrier distribution

over the period At, so Equation becomes

]_ —(E, — E E o0 — (B, — E
wp(E)= ( + e )/"'BT) m(E,T) — vcw/ vee T T (B T)AE

Tr [e)
(5.9)
1 _(E._E 1)
= (7— + vee (Ea >/kBT) m(E,T) B 'VCP(P )X(T) (5.10)

Where N(T') represents the total number of carriers which escaped from localized

states over the course of At. Therefore, m (E,T) = A(T) B (E,T), where

A(T) = p+ (1) (5.11)

B(E,T) = p(E) (5.12)

T T e
Tr

Since A (T) is a function of T only, B (E,T) describes the shape of the PL spectrum.
This is the same result obtained for the steady-state, continuous excitation case by Li

et al.. The peak of the spectrum occurs when 9B(E.T)/oE = o.
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Li et al. consider the more involved case of a Gaussian density of states, but here
an expression is derived for the peak energy for an exponential density of states (DOS)
of the form p(E) o e/, where €, represents the energy scale for the depth of the

trap DOS. In this case, when 9B(E.T)/oE = o:

1 — (Ba = B) iy 1 ) 1 = (Ba = B) iy
- B - — I B 513
€0 (e * VeTy kBTe ( )
(B, — 1
(Ba = B) [kyT 1 — €0 ) — _ 5.14
¢ ( kBT VeTr ( )

(5.15)

1 kgT
Epeak = By + ksT'In [ B]

VeTy €0 — kpT

The model is divergent for ¢y < kgT.

5.2.4.1.2 Application of the multiple-trapping model

In Fig.[5.6b, Equation [5.15]is fitted to the relative Stokes shifts derived from Fig.[5.3]
with fitting parameters presented in Table [5.1} As shown in the inset to Fig.[5.6b, the
lower charge-carrier concentration at lower fluence results in more traps deep in the band
tail being left empty, corresponding to a deeper effective band tail energy scale ¢y and
deeper energy E, up to which state-filling occurs. The value of ¢y = 2.5 meV under the
lowest excitation fluence provides the best estimate of the characteristic energy scale of
the band tail, though as can be seen from the inset to Fig.[5.6b the occupied states below
the dotted line are in fact located far deeper. Indeed, it is not unusual for the deepest
states in a band tail to exert a disproportionate influence on charge-carrier behaviour
[230], since the tail theoretically descends indefinitely, allowing for broad PL emission
from deep states even in a ‘shallow’ tail. However, as expressed in Equation [5.15] €
quantifies the thermal energy above which escape from the band tail states becomes
dramatically easier, such that charge-carriers spend most of their time as free excitons

and the trap emission fades [231]. Thus, a multiple-trapping model of charge-carrier
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recombination within a band tail is able to rationalize the disparity between the energy
scales of the maximum relative Stokes shift observed here at the lowest fluences (/40
meV) and the disappearance of the band-tail PL peak at temperatures corresponding
to thermal energies kgr &~ 3 meV. Such a shallow band tail is also consistent with the
fading of clear power-law decay dynamics and trap-related emission peaks at an increased
temperature of 100 K (Fig., when charge-carriers (likely free carriers rather than

excitons at this temperature) are thermally elevated to the upper levels of the DOS.

Fluence €0 E, Ve Ty
[J cm™] [meV] [meV]
390 2.0 -0.7 [10°]
110 2.0 8.3 [10°]
10 2.5 165 [10°)

Table 5.1: Extracted band tail parameters for rate equation model. Fitted values of
band tail depth (o), filling level (E,) and ratio of charge-carrier transfer and recombination
timescales (ve7;). VeTy is assumed to be is independent of excitation fluence and is fixed at
10° in the fits here, based on estimates of v, and 7, being of the order of the Debye frequency
[232](~ 102 57! for MAPbI3) [177], and inverse of the monomolecular rate constant (k3 ~ 107 st
for FAPDbI3) [18] respectively.

5.2.4.2 Hopping model

As a second approach, the anomalous relative Stokes shift is modelled as part of a charge
hopping mechanism, using a more sophisticated Monte Carlo simulation to follow the
relaxation of individual charge-carriers within the band tail [212]. In outline, the charge-
carriers are introduced independently to a volume of localized states with randomly
distributed positions and energies distributed according to the exponential band tail DOS.
When occupying a site, a charge-carrier can either recombine radiatively, or tunnel to an
empty site according to the Miller-Abrahams rate in Equation [233]. By generating
random numbers, the stochastic behaviour of each exciton is simulated, hopping between
sites until it eventually undergoes radiative recombination. A histogram of the energies

of the sites at which the excitons recombined produces the band-tail PL spectrum.
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Figure 5.7: (a) Colour plot of the normalized time-dependent PL spectra of FAPbI3 at a
temperature of 100 K and at times between 1 ns and 1 ms. (b)The corresponding spectrally
integrated PL intensity transient. (c) Colour plot of the normalized steady-state PL spectra of
FAPDI3 at a temperature of 100 K and excitation powers between 10 nW and 100 mW. In both
colour plots, the spectra were each fitted with a single Gaussian peak, whose central energies
are indicated by the solid black line. At 100 K, recombination is likely to be primarily a free
carrier process.
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5.2.4.2.1 Monte Carlo model of the anomalous relative Stokes shift

Baranovskii et al. simulate the relaxation of excitons within a distribution of localized
states using a Monte Carlo technique [212, 234]. Here, the simulation algorithm described
in Ref. [212] is used, adapted for a three-dimensional material.

Within the simulation algorithm, the excitons are modelled as single particles moving
between localized states, which are randomly distributed in a cube with sides of length
NS/ ® containing Ny sites. The energies of the states are distributed according to the DOS

of the band tail, which for an exponential density of states is

p(F)= N exp (E) (5.16)

€o €0

where ¢ is the characteristic energy scale for the depth of the trap DOS, E is the
trap energy (on a scale where the band edge is at £ = 0) and N is the concentration
of localized states (1 per unit volume).

An exciton occupying site ¢ (with energy E;) can either recombine radiatively, with
characteristic lifetime 7, (assumed to be independent of temperature or E), or tunnel to
an empty site j (with energy Ej;) at distance r;; according to the Miller-Abrahams

tunnelling rate [233]

(5.17)

27“1'9‘ EJ—E1—|—|EJ—EZ|>

where 1, is the attempt-to-escape frequency and « is the decay length of the localized
exciton centre-of-mass wavefunction. Therefore, the total rate of escape from a given
site ¢ is v; = ?IT + 32, Vij, where the summation index j runs over all possible hopping
sites. Since v;; falls exponentially with distance and the difference in energy between
sites, only the 32 largest terms in the sum were used in the computation.

Excitons are introduced one to the grid of sites at a time, starting from a random

site. It is assumed that the charge-carrier density is sufficiently low that excitons
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relax independently. For an exciton at site ¢, a random number &; from a uniform
distribution between 0 and 1 is generated to determine the time ¢; ' = —1;In(&;) until
the exciton leaves the site. A second random number then determines whether this
is by tunnelling to another site in the band tail, or by recombining. In the former
case, t; is added to the time counter, and the process repeated. In the latter case,
the time and energy of the exciton at recombination are recorded, and a new exciton
considered, until all n excitons have recombined.

The parameters of the model can be expressed as the dimensionless quantities v,7;,
Na? and *87T/¢. v,7, describes the degree to which hopping is faster than recombination,
Na? is the fraction of the volume per site which is occupied by the exciton wavefunction,
and k8T /e, is the thermal energy normalized by the band tail depth.

For the simulations shown in Fig.[5.6d, v.7, = 10° (as justified in Table , Ny = 353
and n = 10*. The mean value of the PL energy was treated as the relative Stokes shift

[212, [223], and simulated PL spectra at selected temperatures are presented in Fig.[5.8
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Figure 5.8: Temperature dependence of simulated band-tail PL spectra. PL spectra
from Monte Carlo simulations of band-tail recombination at selected values of the normalized
temperature kg7 /ey, where T is the temperature and ¢ is the inverse slope of the band tail.
The dashed lines are a guide to the eye for the simulated spectra. The PL energy is expressed
as a relative Stokes shift, normalized against €. For these simulations, No® = 0.25, ver, = 105,
No =35%and n =5 x 10°.

5.2.4.2.2 Application of the hopping model

Simulations of the temperature-dependence of the relative Stokes shift are shown
in Fig.7 for an exponential band tail, again of the form e”/. The relative Stokes
shift and temperature are both normalized, against ¢y and ¢y/kB respectively. Each data
series represents simulations for different values of the dimensionless parameter Na?,
which quantifies the fraction of the volume per trap site that is occupied by the exciton
wavefunction. The simulations reproduce the non-monotonic temperature dependence of
the relative Stokes shift observed in Fig.[5.3] Decreasing Na? represents a reduction in
the concentration of localized states, corresponding to the lower availability of unoccupied

sites for charge-carriers to hop to when the excitation fluence is higher. Indeed, the
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experimentally observed reduction in magnitude of the anomalous relative Stokes shift
with increasing fluence is also observed at lower Na®. Notably, the maximum simulated
relative Stokes shift occurs at approximately 0.6 € /ks, independently of the choice of Na3
or other parameters [223]. Since the maximum experimental relative Stokes shift occurs
at between 20 and 25 K, this allows the band tail depth to be estimated from the Monte

Carlo model as ¢y = 3 meV, in excellent agreement with the rate equation model.

5.3 Conclusion

These results provide strong evidence that there is an exponential band tail of states in
FAPDI; with a characteristic energy of 3 meV, obtained for both models irrespective of
their opposing limits of low and high overlap between band-tail states. Power-law PL
decays and anomalous Stokes shift are both features which necessitate the presence of an
energetic distribution of trap states rather than well-defined defect levels. Band tails arise
from continuous energetic disorder, which is not entirely unexpected in hybrid perovskites
whose bandgaps are known to vary between films fabricated under different conditions 235,
236]. By drawing together previous findings, it is proposed that the origin of the band tail
states in FAPbI3 may lie in the rotational freedom of the polar organic cation [178], which
has been identified as a source of structural disorder in MAPbI; [237]. Though less polar,
the FA cation is larger than the MA cation and so distorts the perovskite lattice more
[180]. In the low-temperature orthorhombic phase [213] of these materials, the dynamic
rotational motion of the cations is frozen out, [160, 213, 238|, but there remains static
disorder and a shallow, varying potential from the long-range correlated orientations of
the otherwise randomly oriented cation dipoles [238,239]. The local band minima and
maxima resulting from these electrostatic potential fluctuations are prime candidates
for localised states which form band tails [239, [240]. Such a model can also account for

the power-law decay of the PL, since oppositely-charged carriers are spatially separated
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within localized states randomly distributed in space, and can therefore only recombine
after tunnelling [240]. The degree of the energetic disorder in this model could be tuned
by substitution for the FA cation. Notably, this analysis can rule out the dominance of
alternative trapping mechanisms that would be associated with discrete energy levels,
such as specific elemental vacancies, substitutions or interstitital, or the presence of a
specific (discrete) indirect energy gap situated energetically just below the direct gap.

This study reveals analogies with other, more established materials for photovoltaic
applications. Energetic band tails have been found to feature in several such semiconduct-
ors, including Si, GaAs and CIGS (Culn,Ga; «Ses) [122]. An analysis of the energetic
distribution of tail states is important for assessing a material’s potential for photovoltaic
applications because relaxation of charge carriers into the tail states results in a loss of
open-circuit voltage V. relative to the bandgap energy. In FAPbI; solar cells at room
temperature, the open-circuit voltage deficit relative to the bandgap was found to be ~540
meV, which is comparable to CIGS but a greater deficit than for GaAs [122]. The energy
scale of the band tail here observed in FAPbI3 is comparable to the Urbach energies
of approximately 1.5 and 10 meV calculated for GaAs and crystalline Si respectively
at cryogenic temperatures [241]. Given that the room-temperature Urbach energy (15
meV 122} |124]) of MAPbDI; is also in the same range as other common photovoltaic
materials (GaAs, 7 meV [242]; crystalline Si, 11 meV [122]: amorphous Si 40 meV [90,
243|; CIGS, 20 meV [244]), it would appear that this study’s estimate of ¢y = 3 meV is
relatively typical for an inorganic semiconductor at low temperature, where the lower
thermal disorder (which scales with kgT') results in broader band tails [122].

The relative shallowness of the band tail may also be a contributing factor to the high
charge-carrier mobility observed for FAPbI; [18]. In addition, these findings can clarify the
thermally-stimulated current peak observed by Baumann et al. at 27 K (corresponding

to 2.3 meV) [112], and they suggest that long-lived PL components observed at room



5. Band-tail recombination in hybrid lead iodide perovskite 97

temperature [214] may result from slow residual charge-carrier recombination deep within
the band tail. The value of 3 meV determined here for the characteristic energy of FAPbI;
is shallower than the typical value of 15 meV measured for the Urbach energy in thin
films of MAPDbI3, which may partly be due to these Urbach measurements being taken at
room temperature. A direct comparison at low temperature is not however possible, due
to the disorder related to the incomplete phase transition which MAPbI3 undergoes near
160 K which results in the formation of additional trap states in the low-temperature
orthorhombic phase [58, 72, |114]. These traps most likely constitute inclusions of the high-
temperature tetragonal phase |181} 221] and do not appear in FAPbI3 [221]. Additional
emission peaks due to these traps appear at energies ranging from ~85 meV [69}, (114,
181] to ~300 meV [245] below the free exciton emission, showing strong inhomogeneous
broadening [72] and precluding the observation of emission from a band tail of comparable
characteristic energy to that observed here in FAPbI;. The lower intrinsic degree of

material disorder in FAPbI3 may also contribute to the shallowness of the band tail [72].
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Optoelectronic and structural properties of
CsoAgBiBrg double perovskite

In preparation as a manuscript to be submitted as Ref. [246)].

It is clear from Section that having a direct band gap in the visible range is
important for the photovoltaic success of metal halide double perovskites, and such
a goal requires an understanding of the connection between the structure and optical
properties of these materials. Therefore, in this study the temperature dependence of
the PL and absorbance spectra of lead-free Cs;AgBiBrg single crystals and thin films
are measured, and correlated with the low-temperature structural phase transition from
cubic to tetragonal at Ts ~ 122 K [246]. For both the single crystals and thin films, time-
resolved PL measurements indicate the presence of a fast charge-carrier recombination
mechanism which disappears at the transition from the tetragonal to the cubic phase,
suggesting that it may be associated with strain at boundaries between crystalline twins
in the tetragonal phase. The temperature-dependence of the indirect bandgap of this
material is also tracked, while the novel use of high-quality evaporated thin films of
CsoAgBiBrg allows the temperature-dependence of the direct bandgap and its associated

exciton energy to be followed, which was not possible for the optically thick single crystal
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samples. The exciton energy also exhibits a distinct change that correlates with Tg.
Together, these results not only elucidate the behaviour of the electronic transitions
in CsyAgBiBrg but also indicate that consideration of the structural phase of double

perovskites will be necessary when trying to modify their electronic properties.

6.1 Experimental details

Thin film and single-crystal samples of Cso AgBiBrg were grown as described in Subsection
[3.3.2] The thin films were 300 nm thick and mounted on z-cut quartz substrates, while
the single crystals were approximately 1 mm long in each direction. The samples were
mounted in a gas-exchange helium cryostat, and PL spectra and transients were taken
as the sample was heated over temperatures from 4 to 295 K in increments of between
5 and 25 K. A laser intensity of 62 W cm™ was used when obtaining the PL spectra,
and a fluence of 210 nJ ecm™ for the PL transients. To measure the reflectance and
transmittance spectra, an FTIR spectrometer was used, configured with a tungsten
halogen lamp illumination source, a CaF,; beamsplitter and a silicon detector. The

samples were mounted in a gas-exchange helium cryostat.

6.2 Results

6.2.1 Temperature-dependent absorption and PL spectra

To characterise the optical properties of CsyAgBiBrg, the absorbance spectra of a single
crystal and a thin film of the material were measured over temperatures from 5 to 295 K
in increments of 5 K. Sample spectra at roughly 25 K intervals are shown in Fig.[6.Th
for the single crystal, and Fig.[6.1Ib for the thin film. The single-crystal data exhibit
non-zero absorbance at low energies, which can be attributed to their thickness. At
between 2.2 and 2.4 eV for the single crystal, a sharp rise in the absorbance occurs

which redshifts continuously with increasing temperature. A similar sharp rise has
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previously been observed for CsyAgBiBrg single crystals at room temperature, and has
been attributed to the indirect bandgap |21}, 139, [247]. In order to estimate the energy,
E’;, of the indirect gap, the quadratic function form A « (E — E;)Q, was fitted to the
energy-dependent absorbance data A(F) at the onset of the rise in absorbance, as shown
in Fig.[6.2h and b. This functional form is characteristic of the absorbance onset due
to an indirect bandgap [248], and output values of E; range from 1.95 eV at 4 K to 1.9
eV at room temperature. The value extracted for the indirect gap at room temperature
is in agreement with those previously reported in the literature, whose relatively large
spread has been attributed to variations both in the material synthesis conditions and

inherently imprecise fitting methods used [249].
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Figure 6.1: Temperature-dependent absorbance spectra of Csas AgBiBrg. Absorbance
spectra for (a) single crystal and (b) thin film CsyAgBiBrg are shown at roughly 25 K
temperature intervals from 4 K (magenta) to 295K (red). The high-energy cut-offs to the curves
occur at the limit of detector sensitivity to light transmitted through the sample, which occurs
at lower energies for the single crystal due to its thickness. This limited sensitivity is also
responsible for the gap in the curves for the thin films around 2.8 eV, which is attributed to

strong excitonic absorption.
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Figure 6.2: PL and absorbance measurements of single-crystal Csp AgBiBrg. Steady-
state PL (solid blue line) and absorption spectra (solid red line) at (a) 25 K and (b) 275 K
are plotted as a function of photon energy E. Quadratic fits (A (E — E;)Q) to the absorption
onsets are plotted in black, with the minimum energy (E;) indicated by dotted red lines. The
dashed blue lines indicate the energy at the maximum PL intensity. These energies provide
estimates of the indirect bandgap E;, and are plotted as a function of temperature in (c) as
white circles (absorption) and open squares (PL), overlaid on colour plots of the normalized PL
spectra at temperatures between 4 and 295 K.
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Due to being 3000 times thinner than the single crystals, the thin film absorbances
in Fig. have a much shallower baseline. Although it is not quite zero (perhaps due
to scattering), the baseline is nonetheless remarkably low due to the vapour-deposition
method used to prepare the thin film samples, which yields smooth, uniform films with
relatively low scattering [55]. Like the single crystal spectra, those of the thin film
also develop a sharp rise in absorbance which redshifts with increasing temperature.
However, in this case the sharp rise occurs at least 300 meV above that of the single
crystal, and is preceded by a more gradual rise at lower energies. Although for both
samples the transmittance drops too much for the absorbance to be determined above
the rise, in thin films the transmittance rises again at higher energies still, allowing a
sharp decrease in the absorbance to be discerned at all temperatures, before a more
gradual increase up to the limit of the detector sensitivity.

With the benefit of these data from an additional energy range, it is possible to
interpret the absorbance spectra of CsyAgBiBrg in terms of an indirect gap, an excitonic
absorption, and a direct gap (in ascending order of energy). Curves representing the
functional form of the absorbance expected from these features are shown in Fig.[6.3p
and b. The initial moderate onset may be represented by a quadratic function [24§],
as was used for the single crystal. The E; values extracted from these fits are plotted
in Fig.[6.3c and more clearly in Fig.[6.4c, lying in a similar energy range to the single
crystal data, but exhibiting a blueshift with temperature rather than a redshift. The
large error bars on the E; values are a result of the uncertainty in the range over which
the function was fitted. Meanwhile, the sharp rise and fall in the absorbance around
2.82 eV is interpreted as being the two sides of an excitonic absorption peak, whose
top is missing due to the lack of sufficient transmittance data at the energies where
the excitons are most absorbing. By phenomenologically fitting a Gaussian function to

the two visible sides of this purported peak, it is possible to estimate the energy of the
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exciton from the centre of the Gaussian, as plotted in Fig.[6.4b. Intriguingly, the trend
in the excitonic energy with temperature reverses just above Tg, implying a connection
with the structural phase transition. Finally, the highest-energy onset is fitted with a
square-root function (A ~ (E — E;l)l/z), a relationship which is characteristic of direct
transitions [248| and has previously been used to estimate the room-temperature direct
gap energy of single-crystal Cs; AgBiBrg via the Tauc method, in which a straight line
(with an expected gradient of two) is fitted to an absorption onset on a log plot. However,
these resulted in estimates of 2.21 eV [21], 2.41 eV [249] and 2.77 ¢V [139], which is
significantly lower than the 3.03 eV direct gap energy at 295 K obtained from the thin
film data in Fig.[6.Ip. A more rigorous extraction of the direct bandgap energy from
the absorbance spectra would require the use of Elliott’s theory [55, 250].

The temperature-dependent PL spectra of the single crystal and thin film samples
are plotted in Fig.[6.2k and Fig.[6.3 respectively. In both cases, the PL spectra peak at
around 1.95 eV, which is consistent with it being emission from radiative transitions across
the indirect bandgap. Unsurprisingly, such indirect bandgap PL is weak (as has been
observed before for this material [251]), so the side-shoulder features observed at higher
temperatures may be artefacts from the measurement of very dim emission, or alternatively
the result of the involvement of phonons. As shown in the figures, the PL peak energies

correlate well with the values of E; estimated from quadratic fits to the absorbance spectra.
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Figure 6.3: PL and absorbance measurements of thin film Cs3AgBiBrg. Steady-
state PL (solid blue line) and absorption spectra (solid red line) at (a) 25 K and (b) 275
K as a function of photon energy E. As in Fig.[6.2] quadratic fits to the indirect bandgap
absorption onset around 2 eV are shown as solid black lines. Additionally, Gaussian fits to the
excitonic absorption peak around 2.8 eV is plotted as a dotted black line, with its central energy
shown as a dashed black line. The solid black line at higher energies depicts a square-root fit
(A~ (E - Eg)1/2) to the direct onset. The estimates of the indirect bandgap from the quadratic
fits, By, are plotted as a function of temperature in (c) as white circles (absorption) and open
squares (PL), overlaid on colour plots of the normalized PL spectra at temperatures between 4
and 295 K.
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Figure 6.4: Temperature dependence of fitting parameters to absorbance of
Cs2AgBiBrg thin films. In Fig.[6.3] three fits are shown to features of the absorbance
spectrum: a quadratic function is fitted to the indirect gap onset, a Gaussian function to the
excitonic absorption peak, and a square root function to the direct gap onset. In (a) here, the
temperature dependence of the direct gap energy from the square root fit is plotted as black
crosses. The centre of the Gaussian fit representing the exciton energy, is shown in (b) by red
triangles, while (d) shows the FWHM of the Gaussian fit with red squares. In (c), the indirect
bandgap energy derived from the quadratic fit is plotted as blue circles, with error bars showing
the uncertainty due to the choice of the fitting range.
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6.2.2 Temperature-dependence of PL transients

To characterise the temperature dependence of charge-carrier recombination mechanisms
in Cs;AgBiBrg, the PL transients at the peak PL emission energy were measured using
TCSPC, as shown in Fig.[6.5 for the single crystal sample and Fig.[6.6] for the thin film.
The behaviour of the PL transients in both samples was very similar, which is suggestive
of charge-carrier recombination in Cs; AgBiBrg being dominated by intrinsic factors rather
than ones which depend on the processing method. At temperatures up to the phase
transition, Ts ~ 122 K [246], the transients all exhibit a very fast initial decay, followed
by a much slower one, which speeds up with increasing temperature, as shown in Fig.[6.5p
and Fig.[6.6p. The transients above T are presented in Fig.[6.5b and Fig.[6.6b: the PL
decays appear smoothly curved, and speed up with temperature.

These trends can be understood in terms of two PL decay channels: a short one
(‘S”), present in the low-temperature tetragonal phase, and a longer one (‘L’), present
throughout. By modelling S as monoexponential, and L with a stretched exponential, it
was possible to fit the PL transients faithfully across the entire temperature range, and
to extract lifetimes for the PL decay components, as shown in Fig.[6.5¢ and Fig.[6.6.

Since the distribution coefficients of the stretched exponentials tended to be very
small, the usual expression for calculating the average lifetime of a stretched exponential
function is not a very meaningful average (cf. Subsection and Ref. [82]), so the
characteristic lifetime 7. was used instead. On warming, the lifetime of L remains much
lower than that of S, while its overall intensity decreases. However, the decay of L
becomes faster on warming, as is typical for MHPs [58]. The contribution of S to the
fits in the tetragonal phase rapidly became ineffective as the tetragonal distortion was
significantly reduced. At room temperature, the short PL lifetimes may appear at odds
with the long carrier lifetimes for which CsoAgBiBrg has been lauded [21, [251]. However,

these lifetimes had been derived from a very low-intensity tail, which has been ascribed
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to recombination of charges in shallow trap states [247] and is in any case likely to be

an independent PL decay channel from those considered here
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Figure 6.5: Time-dependent photoluminescence of single-crystal Cs2sAgBiBrg. PL
transients at temperatures between 4 and 100 K (tetragonal phase) are plotted as dots in
(a). Global fits of the sum of a stretched exponential (long) and a monoexponential (short)
component, with the lifetime of the latter common between the temperatures, are shown as
solid lines. PL transients at temperatures from 125 to 295 K (cubic phase) are shown as dots in
(b), with the lines now representing solely stretched exponential fits. The overall temperature
trend of the shapes of the transients in both phases are indicated by black arrows. The lifetimes
of the long (blue) and short (red) components are shown in (c), on both sides of the phase
transition temperature indicated by the dotted line labelled T.. Below 50 K, the fitted long
component lifetimes exceed the measurement capability of the system, as indicated by the blue
arrow. The inset shows the temperature dependence of the ratio between the intensities of the
short and long components.
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Figure 6.6: Time-dependent photoluminescence of thin film Cs;AgBiBrg. PL
transients at temperatures between 4 and 110 K (tetragonal phase) are plotted as dots in
(a). Global fits of the sum of a stretched exponential (long) and a monoexponential (short)
component, with the lifetime of the latter common between the temperatures, are shown as
solid lines. PL transients at temperatures from 120 to 295 K (cubic phase) are shown as dots in
(b), with the lines now representing solely stretched exponential fits. The overall temperature
trend of the shapes of the transients in both phases are indicated by black arrows. The lifetimes
of the long (blue) and short (red) components are shown in c¢), on both sides of the phase
transition temperature indicated by the dotted line labelled T.. Below 50 K, the fitted long
component lifetimes exceed the measurement capability of the system, as indicated by the blue
arrow. The inset shows the temperature dependence of the ratio between the intensities of the
short and long components.
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6.3 Discussion

This study has characterised the indirect bandgap transition in Cs;AgBiBrg, and taken
advantage of the extended absorbance spectrum available from thin-film samples to observe
the direct exciton and direct bandgap as well. The direct gap energy obtained from
fitting a square root function to the thin-film absorbance spectrum at room temperature
is however hundreds of meV higher than estimates from other studies obtained from Tauc
plots of single-crystal CsyAgBiBrg |21} 139, [249]. This discrepancy may be rationalised
by noting that above the indirect bandgap onset in the single crystal absorption data
presented here, the absorbance spectrum rises steeply. Whereas previous studies have
attributed this rise to the direct bandgap, using a high-quality thin film sample allows
the meaningful absorbance spectrum to be extended to higher energies, at which a drop
in the absorbance and subsequent further onset are visible. If the thin film absorbance
spectra are interpreted as containing a distinct excitonic peak, this suggests that it is the
low-energy side of this which has previously been misattributed to the direct bandgap
onset. The absence of this excitonic feature from previous absorbance spectra from single
crystals [21], 139, |249] and solution-processed thin films |141} 251] is unsurprising given
that the dip in transmitivitty above the excitonic energy (which is necessary to observe
the exciton peak), is not resolvable against the overall low transmitivitty at high energies
for optically thick or disordered samples: once there are some absorbing states, any
higher-energy photons are likely to eventually be absorbed. Thus, it may be necessary
to reconsider the consensus on the optical transitions in CssAgBiBrg. Notably, this
observation of the exciton peak and true direct onset allows the exciton binding energy to
be estimated to be 300 meV, which is too large for thermal dissociation of excitons to be
possible at room temperature. However, given that the PL emission is dominated by the

indirect gap, to where the majority of carriers likely relax after photoexcitation, it may be
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that the indirect exciton needs to be considered instead. Ultrafast PL. measurements to
observe the relaxation of charge-carriers from the direct gap and more rigorous modelling
of the absorption spectrum in terms of the Elliott model [55] 250] would likely clarify
matters, as would more sensitive measurements of the absorbance at higher energies,
in order to better characterise the postulated direct gap onset.

This study has also elucidated the relationship between the structural and optical
properties of CssAgBiBrg. In addition to an intriguing discontinuity in the temperature
dependence of the excitonic energy at the tetragonal-to-cubic phase transition, the short
‘S’ PL decay channel has been identified as only occurring in the tetragonal phase. One
possible explanation is that S is associated with defects at the boundaries between twins
in the tetragonal phase, which spontaneously form on cooling through the phase transition
in crystalline materials (including MHPs [252]) as a response to applied deformation
or thermal stress [253]. Twins are regions of a crystal in which the unit cells have
different orientations: for MHPs, this corresponds to the orientations of the octahedra.
By repeating the PL measurements on a single crystal cooled under biaxial compressive
strain to promote the formation of a single tetragonal domain, this hypothesis could be

tested by observing whether the S decay channel was still present.
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Conclusions and Outlook

The work presented in this thesis has primarily been concerned with the influence of
the MHP lattice on charge-carrier motion and recombination therein. An underlying
theme has been that MHPs may be viewed through a classic inorganic semiconductor
picture, even if they contain organic components. Emission-line broadening in hybrid
MHPs was understood in terms of electron-phonon coupling, while a power-law PL time
decay and additional PL emission peak were explained by the presence of a band tail
of localised states in an otherwise delocalised bandstructure picture. Discontinuous
changes in the optical properties of CsyAgBiBrg were correlated with a structural phase
transition of the lattice. While these interpretations may seem ‘obvious’ given the parallel
phenomena which have previously been reported in the inorganic semiconductor literature,
the origins of MHP solar cells from a DSSC architecture, together with their association
with organic photovoltaics due to the organic MA moiety in the archetypal MHP MAPDbI;,
meant that they were not ‘obvious’ until after evidence had been gathered for them.
Photoluminescence spectroscopy was shown to be the ideal tool for interrogating electronic
processes in these materials in order to gather this evidence, since it permitted a large

parameter space of time, temperature and intensity to be accessed in order to build up a
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detailed picture of what factors influence charge-carrier recombination in MHPs.

Chapter 4| involved an in-depth analysis of charge-carrier—phonon interactions in
hybrid lead-halide perovskites, considering the four currently most implemented organic
and halide components in hybrid perovskite photovoltaics, which are FAPbl3, FAPbBrj,
MAPDI3 and MAPbBr;. An analysis of the temperature-dependent emission linewidth of
FAPbI3 and FAPbBr3; allowed it to be established that the Frohlich interaction between
charge-carriers and LO phonons provides the dominant contribution to the predominantly
homogeneous linewidth broadening in these hybrid perovskites at room temperature.
These findings were successfully corroborated by DFT and many-body perturbation theory
calculations, which underline the suitability of an electronic bandstructure picture for
describing charge-carriers in perovskites. Furthermore, experimentally measured energies
of LO phonon modes responsible for Frohlich interactions in these materials were obtained,
and it was shown that Frohlich interactions are higher for bromide perovskites than
iodide perovskites, providing a link between composition and electron-phonon scattering
that fundamentally limits charge-carrier motion. These results lay the groundwork for
more quantitative models of charge-carrier mobility values and cooling dynamics that
underpin photovoltaic device operation.

The overall analysis presented in Chapter [5| reveals the band-tail PL emission from
FAPDI; to be consistent with typical behaviour for an inorganic semiconductor, described
by a band-structure picture with a relatively modest degree of energetic disorder as
reflected by spatial variation of the bandgap energy. The maximum value of the anomalous
relative Stokes shift observed here for FAPbI; at low charge-carrier densities (=40 meV)
is similar to the values observed in other inorganic semiconductors such as AllnGaN
(~45 meV) [224], GaInNAs (=55 meV) [254]and CdSe/ZnSe (=20 meV) [255], while
band-tail emission has also been observed in CIGS and CZTS [256]. Despite often being

misidentified until represented on a log-log plot [89], power-law luminescence decays have
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also been identified in a range of systems, including semiconductor quantum dots [257],
dye-sensitized nanoparticle films [92] and semiconductors such as hydrogenated amorphous
Si [90], p-type GaAs [258] and GaP [259]. The observations and numerical analysis here
therefore highlight the general applicability of the classic inorganic semiconductor picture
to hybrid lead halide perovskites, despite their partly organic ingredients.

Chapter [5|established the energetic distribution of trap states in FAPbI;, a high quality
hybrid perovskite that is the active ingredient to some of the highest performing perovskite
photovoltaic cells. Its measurements of low-temperature PL over six decades of time after
excitation allowed the observation of a power-law time decay in the PL intensity, and an
additional emission peak which exhibits an anomalous temperature dependence. It is
demonstrated qualitatively and quantitatively that both effects are the direct consequence
of charge-carrier recombination in a band-tail of states. Through numerical modelling, it
was possible to identify the characteristic energy scale of the band tail, which is proposed
to arise from local variations in electrostatic potential caused by different orientations of
the polar FA cations. These discoveries provide valuable insight into the influence of trap
states on charge-carrier recombination in this highly promising photovoltaic material.

In Chapter [6] the optical properties of single crystals and thin films of Cs;AgBiBrg
were compared, with the extended available absorbance spectra from the evaporated thin
films permitting the novel identification of a distinct excitonic absorption which may
necessitate the re-interpretation of previously reported absorbance spectra from single
crystals and solution-processed thin films. Further investigation could concentrate on
more rigorously quantitatively modelling the absorbance spectra and extending their
measurement to higher energies in order to better characterise the direct bandgap. Since
the indirect bandgap is that which dominates emission, observations of how charge-
carriers funnel into this transition from the direct gap could also be fruitful. Even if

these double perovskites do not succeed in solar cells, a better understanding of their
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electronic transitions will be required to optimise them for an alternative role as X-
ray and gamma radiation detectors [249]. Meanwhile, the identification of a PL decay
channel which is only present in the low temperature tetragonal phase gives cause for
hope that structural alterations to double perovskites might be able to improve their
optoelectronic properties. Attempting this at low temperature by trying to eliminate
the aforementioned decay channel by applying strain to a single crystal across the phase

transition would be a promising proof of principle.
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