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Abstract

Metal-halide perovskites have been under intense research over the past decade due to their
potential to compete with and complement silicon in solar photovoltaic devices, owing to
their affordability and better device performances. However, their commercialisation has been
hindered mainly due to their problems with stability, which requires more thorough fundamental
investigation of these materials. This thesis focuses on understanding their photophysics and
structural dynamics through various spectroscopic techniques. More specifically, metal-halide
perovskites have issues regarding halide segregation and tin oxidation, as well as intriguing
low-frequency Raman response, which are addressed in this thesis.

The effects of a hole-transport layer and defect passivation on halide segregation under
illumination in mixed-halide perovskites have been investigated using in-situ photoluminescence
and X-ray diffraction. It is demonstrated that using photoluminescence on its own may be
misleading when studying halide segregation, especially when a charge-transport layer is present.
The introduction of a hole-transport layer slows down halide segregation due to hole depletion,
but increases the photoluminescence intensity through hole back-transfer into iodide-rich regions
near the interface between the perovskite and the hole-transport layer. It is shown that defect
passivation has a profound and complex effect on halide segregation, and the nature of the
trap states determines their role in halide segregation.

The degradation mechanisms in tin-only and mixed lead-tin iodide perovskites in ambient
air have been examined. Although these two different types of perovskites both undergo severe
optoelectronic degradation in ambient air over a few hours, their degradation mechanisms
have been shown to differ; tin-only perovskites undergo heavy doping of the valence band
when exposed to ambient air, but mixed lead-tin perovskites do not undergo any significant
doping during exposure. It was concluded that tin-only perovskites degrade via introduction
of shallow defect states which contribute to hole-doping of the valence band, while mixed
lead-tin perovskites degrade via formation of deep trap states which do not significantly dope
either of the electronic bands. Possible degradation products during ambient air exposure
of these perovskites have also been identified.

Finally, low-frequency vibrational properties of metal-halide perovskites were investigated.
Metal-halide perovskites have been reported to have intriguing responses in low-frequency
Raman spectra, where the response is extremely broad. However, this is not the case for IR
spectra, where only well-defined contribution from phonon modes are visible. The origin of the
broad Raman response, as well as the discrepancy between Raman and IR spectra, has been
an actively debated topic in the literature, with various hypotheses being presented. Through
Raman and IR spectra of various metal-halide semiconductors and literature data, a number
of hypotheses have been ruled out as the main cause of such Raman response. Those that
are ruled out include: extrinsic defects, octahedral tilting, cation lone pairs, and ‘liquid-like’
Boson peaks. Instead, an alternative explanation for such broad Raman response and the
discrepancy with IR spectra was presented: the broad Raman response is a result of an interplay
of significant broadening of Raman-active vibrational modes and a Bose-Einstein population
factor, while IR-active vibrational modes are subject to different and slower decay channels,
and such Bose-Einstein population factor is not applicable to IR spectra.
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Introduction

Greenhouse gas emissions from human activities have led to rising global surface temperatures.’
This phenomenon, known as climate change, has already caused extreme weather
conditions, irreversible damage to ecosystems, and reduced water and food security.' In
order to slow down and eventually stop climate change, a worldwide energy transition
from fossil fuels to renewable energy is paramount. Solar photovoltaics have been the
fastest-growing source of renewable energy in recent years,” and are expected to be a
major contributor to global renewable energy production over the next decade.’

The power conversion efficiency of crystalline silicon, currently the dominant semicon-
ductor for solar photovoltaics, has slowed down in recent years.” However, novel materials
have emerged and been subject to intense research over the past few decades, including
organic, kesterite and quantum dot materials.*” Of those novel emerging materials,
metal-halide perovskites (MHPs) are particularly promising, and their power conversion
efficiencies when implemented in solar cells have overtaken that of crystalline silicon.*

This thesis focuses on MHPs, especially on their fundamental photophysics and

structural dynamics.
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Thesis Overview

In Chapter 2, I briefly outline the concepts in fundamental physics relevant to the work
presented in this thesis, and provide a literature summary of MHPs. 1 first explain
the fundamental semiconductor physics concepts using a tight-binding model, where
electronic bands are derived. Similarly, concepts in lattice vibrations using monatomic and
diatomic chains are also explained. Later, I present a literature review of metal-halide
perovskites, focusing on their structure and photophysics.

Chapter 3 introduces and explains different experimental techniques that were
used in the work presented in this thesis. The working principles and experimental
implementation are discussed. The techniques covered are absorption spectroscopy,
photoluminescence (PL), X-ray diffraction (XRD), terahertz spectroscopies, and ultra-
low frequency Raman spectroscopy.

Chapter 4 is the first chapter with experimental results in this thesis. In this chapter,
XRD and PL were used in-situ to understand the halide anion segregation phenomenon in
mixed-halide MHPs under illumination. More specifically, the effects of a hole-transport
layer, as well as an ionic additive passivation agent, on such halide segregation were
investigated. This work revealed that PL cannot be reliably used on its own to study
halide segregation, especially with the presence of a charge-transport layer.

Chapter 5 investigates the degradation mechanisms of tin-only and mixed lead-tin
iodide perovskites in ambient air. Photophysical, as well as structural, changes occurring
during degradation in these materials were studied. It was revealed that these MHPs
with different B-site metal cation compositions undergo degradation through contrasting
mechanisms. Namely, tin-only iodide perovskites suffer from heavy p-doping from shallow
defect state formation, but mixed lead-tin perovskites do not exhibit any significant

doping during degradation. Instead, mixed lead-tin perovskites undergo degradation
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through deep defect state formation. To conclude this study, I suggest that different and
more specific passivation techniques might be needed for mixed lead-tin perovskites.

Chapter 6 studies low-frequency vibrational properties of MHPs. MHPs exhibit a
very broad response towards zero frequency in Raman spectra, but such broad response
is not visible in the IR spectra. The exact origin of this phenomenon is still under
debate in literature, positing numerous hypotheses. In this chapter, I systematically
reviewed and assessed different hypotheses by contrasting the Raman and IR spectra
of different metal-halides. I was able to rule out many hypotheses, and I suggested an
alternate explanation for this phenomenon and for the apparent discrepancy between
Raman and IR spectra of these materials.

In Chapter 7, I summarise the work presented earlier in the thesis, and outline
its implication for future research. Additionally, Appendices A, B and C provide

supplementary discussions and data for Chapters 4, 5 and 6, respectively.



Background and Fundamentals
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This chapter outlines some the fundamental physics concepts relevant to the work
presented in this thesis, as well as the background and motivation for the studies. I
will outline the fundamental concepts of semiconductor physics in Section 2.1, and that
of lattice vibrations in Section 2.2. The background of the metal-halide perovskite
research field is summarised in Section 2.3, and charge-carrier dynamics of metal-halide

perovskites are discussed in Section 2.4.
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2.1 Band Theory of Solids

I briefly outline the theory behind the electronic structure of a solid state material,
especially of a semiconductor. Different approaches can be taken to derive the formation
of electronic bands, for example the nearly-free electron model, but I take the tight-

binding model approach in this chapter as a demonstration.
Tight-Binding Model

First, consider a chain of atoms, each with a single orbital, with periodic boundary
conditions. The orbital of the atom n can be written as |n), and orthonormality
of these orbital wavefunctions can be assumed, namely (n|m) = d,,. A general

wavefunction can be taken as:

1) =D énln), (2.1)
which is a Linear Combination of Atomic Orbitals (LCAO).
The Hamiltonian can be written as:

H:K+Z% (2.2)

J

where K = p?/2m is the kinetic energy term, p and m are the momentum and the
mass of the electron, and V} is the potential term from Coulombic interaction between
the electron at r and the ;' nucleus. Therefore,

H=(K+Vy,)+ > Vi = Huomic + AU (2.3)

JFm

where H,iomic is the Hamiltonian of an isolated atom, and AU is the correction deriving
from the Coulombic interactions, which is assumed to be small. Bloch’s theorem dictates

6-8

that the wavefunction in a crystal is:

Y(r+ Ry) = e Fry(r) (2.4)
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where k is the wavevector, and R,, is a translational vector of the lattice. Requiring

normalisation conditions, the wavefunction can be shown to be:"™

1 ik-r; r—r,
w(r>=ﬁ;e or — 1) (2.5)

where N is the number of atoms in the chain, and ¢ is the atomic orbital. Using this wave-

function and the Schrodinger’s equation, the dispersion of the band can be shown to be:
E = Ey — 2tcoska (2.6)

where Ey = Fatomic + Vo- Fatomic 18 the energy of an electron on an isolated atom, i.e.
Hagomic|m) = Eagomic|m) (2.7)

and Vj and t are given by matrix elements of V;

Vo n=m
S (n|Vjm) =< -t n=m=+1 (2.8)
#m 0  otherwise

In summary, the tight binding model can successfully describe the electronic states
of an array of atoms each with a discrete energy level transitioning into a continuous
energy band. This can be extended to include multiple energy levels within an atom,

which would then result in multiple energy bands, separated by energy gaps.’™

2.2 Lattice Vibration of Solids

In this section, I briefly outline the lattice vibration using a model system of a one-
dimensional monatomic chain, and generalise it to a one-dimensional diatomic chain.
Consider a model system of an infinite one-dimensional diatomic chain of mass
m with spring constant k& between them, and the unit cell length a, as illustrated
in Figure 2.1 (a). If the displacement of the nth atom is written as u,, the force

exerted on the n'" atom is given by:

Fo = k(upe1 — un) + k(up_1 — uy) (2.9)
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(a)

(b)

(c) (d)

-m/a 0 m/a -1/2a 0 m/2a
q q

Figure 2.1: (a) One-dimensional monatomic chain, each particle of mass m; and spring in
between with spring constant k. (b) One-dimensional diatomic chain of particles of alternating
m1 and mg masses with springs with spring constant k. (c¢) Dispersion relation of a monatomic
chain. (d) Dispersion relation of a diatomic chain.
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Using Newton’s second law of motion,

d?u,,
M d:; = Fn = k(un+1 — Un) + k?(un—l - Un) - _k<2un — Up4+1 — un—l) (210>

This can be solved using an ansatz of the form:
u, = Aexpi(qr, — wt), (2.11)

where z,, is the equilibrium position of the n'" atom, so z,, = na. This ansatz represents
a travelling wave with an angular frequency of w with an amplitude of A and wavevector

q. The solution of this equation of motion gives us the dispersion relation:

()
sin | —
2

which is plotted in Figure 2.1 (c¢). For a diatomic chain of alternating masses m; and

k
w=24/—
m

: (2.12)

msy (Figure 2.1 (b)), the dispersion relation can be shown to be:%’

2 2
w2:k(1+1> ik\/(lJrl) _ 4sin"qa/2 (2.13)

my mo ma mo mims

which is plotted in Figure 2.1 (d). Transitioning from a monatomic chain to a diatomic
chain, an introduction of different branches can be observed. The upper branch is called
the optical branch, and the lower the acoustic branch. Only the optical branch, defined
as a branch having non-zero frequency at zero wavenumber (Brillouin zone center),
can directly couple to the electric field of a light wave due to momentum and energy
conservation laws. This approach can be further extended into three dimensional crystals,
giving multiple branches in different directions. In three dimensions, optical modes can
also be divided into transverse optical (TO) and longitudinal optical (LO) phonon modes,
depending on the relative direction of vibration and propagation.

Lattice vibration described so far can also be quantised to introduce a quasiparticle
called a phonon, which is the quantum of vibration. Out of the optical phonons, which

can interact with photons, only a subset will be active in infrared (IR) measurements
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(experimental implementation described in Section 3.2) and/or Raman measurements
(described in Section 3.3), depending on the symmetry of the phonon modes; if the
vibration changes the dipole moment of the lattice, it is IR-active, and if it changes

the polarisability, it is Raman-active.

2.3 Metal-Halide Perovskites

Metal-halide perovskites (MHP) are a promising class of semiconductors for the next-
generation solar cells and light-emitting devices applications. These materials have made
rapid progress over the last decade, with current record power conversion efficiency (PCE)
and external quantum efficiency exceeding 26% and 20% respectively.”’ What make
MHPs such a promising class of materials are their optoelectronic performance and
flexibility, as well as their low cost and facile fabrication methods.!” Particularly, the
bandgap of MHPs can be easily tuned by modifying the chemical composition, which is
ideal for LED applications for tuning the emission wavelength, and for tandem solar cells
where the overall PCE is highly dependent on the bandgap, E,, of each layer.'"'* The
absorption coefficient of MHPs are also very high,'® due to their bandgap being direct,
which does not require phonon interaction for interband excitation. However, there still
are challenges to be overcome before a commercial success for MHPs, the biggest one
being their instability under oxygen, humidity or light.'*'¢

The perovskite structure is defined by the chemical formula ABX5. For MHPs, the A
cation is usually methylammonium (MA, CH;NH;"), formamidinium (FA, CH(NH,)5"),
or caesium (Cs™), the metal B cation lead (Pb*") or tin (Sn®"), and the halide X anion
bromide (Br), iodide (I') or chloride (Cl), or a mixture thereof."® The perovskite
structure is shown as a unit cell in Figure 2.2; the idealised crystal structure is cubic,

with the smaller B cation at the centre, surrounded by an octahedra formed by the

halide X ions, and the larger A cations lie on the corners of the unit cell. Each of the
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a Perovskite ABX;

(4 A: Organic cation

B: Metal cation
b X:Halide anion

Figure 2.2: (a) Perovskite unit cell. (b) Representation of the perovskite structure in terms
of corner-sharing octahedra. Figure reprinted with permission from Reference [13]. Copyright
(2016) Annual Reviews.

A-B- or X-sites of the perovskite ABX3 can be varied in composition, including mixing

of two or more species. Different sites have different effects on the properties of the

MHPs, with particular interests on stability and bandgap tuning.'” For a given choice
" . _ __Ra+Rp

of the composition, the Goldschmidt tolerance factor ¢t = okt Em) where R4, Rp and

Ry are the ionic radii of the A-B- and X-sites, can be used to estimate whether the

material will form a stable (pseudo-)cubic perovskite structure.'”

2.3.1 Band Structure

In MHPs, the valence band maximum (VBM) is mostly consisted of the anti-bonding
of p-orbitals of the X-site halide ions and the s-orbitals of the B-site metal ions.'*'®%!”
The conduction band minimum (CBM) is dominated by the p-orbital of the B-site
metal ion.'*'* Both VBM and CBM occur at the I'-point in the momentum space,

resulting in a direct bandgap.'®?" As mentioned above, MHPs have higher absorption

coefficients compared to materials like silicon with an indirect bandgap, but its absorption
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coefficients are higher than other ITI-V semiconductors with a direct bandgap too.'®""
This is because of the band-to-band optical transitions in MHPs being a p-p transition,
while the transition being p-s transition in III-V semiconductors, leading to a higher
joint density of states for MHPs.'®! Also, the heavy nature of the B-sit metal ions,

there is a strong spin-orbit coupling in MHPs, leading to a reduction in the bandgap,

as well as a splitting in the conduction band.'*!
2.3.2 A-site Cation Variation

MAPDI; has been initially used as the benchmark composition for perovskites, but
MA-only perovskites has been less popular for device fabrication due to its thermal
instability.”’ The bandgap can be affected by the composition of the A-site via distorting
the lattice structure,”” but the A-site is usually used to optimise for stability. Alloy-
ing two or even three A-site cations has been shown to improve device performance,

crystallinity and stability.”* >
2.3.3 B-site Metal Cation Variation

Pb-based perovskite devices have been best performing regarding B-site choice, but there
are health and environmental concerns over the usage of toxic Pb, which encourages total
or partial replacement of Pb.”® Potential candidates include germanium based halide
perovskites, double perovskites, and Sn-based perovskites, but the former two have shown
worse solar cell performances compared to the last.”’

Sn-based perovskites are the most promising class of Pb-free perovskite, with the
highest demonstrated PCE of over 14%.”® However, Sn-based perovskites suffer from
severe air instability, and undergoes Sn vacancy formation and Sn** oxidation to Sn**

12,2930 As a way to mitigate

when exposed to air, resulting in p-doping of the material.
such self p-doping, SnF, additives have been routinely used in the literature.”'* SnF,

passivates Sn defects and suppresses Sn vacancy hole formation by creating a tin-rich
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environment, resulting in reduced background hole density.*' **Accordingly, the use of
SnF, has been linked to improved the optoelectronic properties, including longer PL

lifetimes, decreased energy disorder and higher charge carrier mobilities.***

Pb-Sn Perovskites

Mixed Pb-Sn perovskites exhibit a bandgap bowing behaviour, where the bandgap of the
alloy is lower than that of all-Pb or all-Sn parent materials; this makes Pb-Sn perovskites
an ideal candidate for the bottom subcell in all-perovskite tandem solar cells.***"~*" This

bowing behaviour is expressed in the following equation:

E(z) = Eyx + Ey(1 — x) + bx(1l — x), (2.14)

where E(x) is the bandgap of the alloy between tin- or lead-only materials of bandgaps
E; and FEj, and z is the mixing ratio between the two. The first two terms are a

linear interpolation between the two materials, known as the Vegard’s law, and the last

term represents a quadratic bowing behaviour, where b is the bowing parameter.’***

Such bandgap bowing behaviour has been attributed to bond bending.”**" Mixed Pb-Sn

perovskites have been reported to exhibit superior device performances compared to

39,40

Sn-only perovskites, with the PCE exceeding 23%, as well as better stability.*’*!

2.3.4 X-site Halide Anion Variation

X-site alteration has a significant impact on the bandgap of perovskite, due to the different

energies of the halide orbital involved in the B-X bond.** Cl-Br and Br-I alloying is

possible, with the latter providing a more attractive bandgap for tandem applications.'*'"

By altering the X-site composition, the bandgap of MHPs can be tuned across the entire

visible spectrum by altering the X-site composition.****
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2.3.4.1 Halide Segregation

Despite Br-I mixed halide perovskites offering an attractive bandgap for photovoltaic
application, they possess a compositional instability known as halide segregation, where
the perovskite material segregates into spatially separated iodide-rich and bromide-
rich regions under illumination.'”'% Since the iodide-rich regions possess lower bandgap

sy A2 A7 . .
16,4395 excited charge carriers

compared to the original mixed iodide-bromide material,
funnel into the low-bandgap iodide-rich regions to minimise energy, and therefore halide
segregation results in a red-shift of the photoluminescence spectra.'® These iodide-rich
regions possess a higher VBM and a similar CBM compared to the mixed phase, therefore
holes are more susceptible to funneling, after which electrons follow because of Coulomb

40719 Halide segregation is reversible, such that the material mixes back

interaction.
into its original homogeneous distribution when left in the dark.'® It is now widely
believed that excited charge carriers initiate halide segregation, given halide segregation
is still observed under charge-carrier injection without any photoexcitation, but the
exact explanation remains under debate.'”°""? Halide segregation has a detrimental
effect on the performance of perovskite solar cells; charge-carrier funnelling causes the

56

radiative recombination to be accelerated, lowering the open-circuit voltage’ "% and
current extraction efficiency.””” X-ray diffraction (XRD) measurements suggest that
only a small fraction undergoes halide segregation, but PL measurements are affected
more dramatically, also due to charge-carrier funnelling.''%>7

There have been various attempts to suppress halide segregation in perovskites.
Certain compositions of the perovskites have proven to be more resistant to halide
segregation; for example, perovskites with FA and Cs at the A-sites have been observed to
undergo halide segregation over much longer timescales than MA-only counterparts,”°"

and the FA to Cs ratio is also observed to affect the stability.”* The stability is also

influenced by the X-site composition, and the compositions near the central range (i.e.
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50% of each halide) are particularly unstable.'™'% This limits the range of stable X-site
composition, and therefore the bandgap, which does not exhibit halide segregation,
without further suppression techniques.

58,59

Low energetic barriers against halide ion movement in MHPs, especially along

grain boundaries,”’"%” have been reported to promote halide segregation. Stabilising
against halide segregation was achieved by different trap passivation techniques in various
studies.”” " The amount of trap-mediated charge-carrier recombination has also been
correlated to the rate of halide segregation.”” "% The electric field generated by charge
carriers localised in trap states has therefore been suggested as a cause of halide segregation
as an explanation.”” Consequently, suitable trap passivation has been suggested as a viable
way to stabilise MHPs against halide segregation.'” There are other explanations in the

literature for the possible mechanisms of halide segregation, namely thermodynamic,*% ™"

71,72 73-75

polaronic and redox models.

2.3.5 Solar Cell Operation

Initially, MHP solar cells used the sensitised architecture where MHP-coated mesoporous
TiO, was used as the photoactive layer,”® but thin-film based architecture has become
more popular.'”'*"" In a thin-film MHP solar cell, the MHP absorber layer is positioned
between an electron-transport layer (ETL) and a hole-transport layer (HTL), which are
then connected to metal contact layers.'»™ After photoabsorption of the MHP layer,
photoexcited electrons and holes are separated and are transported respectively into

the ETL and HTL.'"*™ The band alignment of ETL and HTL with respect to the
MHP prevents the unwanted charge-carrier species from entering the transport layers.™

These charge carriers are then transported into the contacts, before being extracted

out of the device for electrical power output.
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a Trap-mediated b Bimolecular C Auger

Figure 2.3: Schematic band diagrams denoting different charge-carrier recombination
mechanisms. Figure reprinted with permission from Reference [13]. Copyright (2016) Annual
Reviews.

2.4 Charge-Carrier Dynamics

Charge-carrier dynamics and their lifetimes are fundamental to optoelectronic device
operation. The charge-carrier lifetime limits the time available for charge extraction for
solar cell applications. MHPs are shown to have low charge-carrier recombination rates,
ideal for solar cell applications.” A general rate equation for charge-carrier recombination
describing changes in the free charge-carrier density n(t) that has been shown to be

applicable to MHPs is:"?

dn

E = —k3n3 — k2n2 - k:ln, (215)

where ki, ks and ks are the monomolecular, bimolecular and Auger recombination rates,

respectively. These recombination processes are schematically shown in Figure 2.3.

Monomolecular Recombination

First-order recombination can occur via two different pathways: recombination of an

exciton, and by a trap-mediated process. The former is considered monomolecular if the
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excitonic quasiparticle state is already formed. However, most excitons are dissociated in
MHPs at room temperature because their exciton binding energy is comparable to or
lower than the thermal energy at room temperature,'® making the latter the dominant
process. This is also known as Shockley-Read-Hall recombination, which is usually
non-radiative.'® However, if there is a high background density of charge carriers from

doping, pseudo-monomolecular recombination can occur, which may be radiative.®’

Bimolecular Recombination

Bimolecular recombination occurs when a free electron in the conduction band recombines
with a free hole in the valence band, and is the primary radiative recombination pathway.
Since band-to-band bimolecular recombination is the inverse process of photoexcitation
through photon absorption, ks can be accurately from the principle of detailed balance.””
Although k5 is a fundamental intrinsic material property, there are variations within
the literature for the reported values. The variation may be due to reabsorption effects,

masking the true intrinsic value, and lowering the apparent values.®!
Auger Recombination

In Auger recombination, a conduction band electron recombines with a valence band hole,
but excess energy and momentum are transferred to another electron or hole in order to
comply with energy and momentum conservation laws. This is a non-radiative process,
and only observable at very high excitation fluences.'® Therefore, this process is irrelevant
for normal solar cell operation, but it may be important for solar concentrators™ or LED

applications where charge-carrier densities are necessarily high.*’

Trap states and Defects

Trap states and defects give rise to monomolecular recombination, but k; may be

spatially or temporally varying, due to its dependence on the density of unfilled traps
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and inhomogeneous distribution of defects, which can result in stretched exponential
decays.*>*% Frenkel defects, where an ion leaves its site to become an interstitial and
create a vacancy, are the main type of defects in MHPs, and this type of defects can
introduce sub-bandgap trap states.®* Defect densities are also shown to be higher near
grain boundaries and surfaces.*”** MHPs are defect tolerant, possessing mostly shallow
trap states, which helps to maintain excellent device performances even with high defect
densities.®"*® However, trap states do have adverse effects, including increased k; and
decreased open-circuit voltage.” The sub-bandgap states formed due to defects and
disorder can be quantified by Urbach energy, Ey, at the band edge, where a high Urbach
energy indicates high energetic disorder:”":"!

o = agelFE)/ By (2.16)

where « is the absorbance, E' the photon energy, and E, the bandgap.
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In this chapter, I explain the details and working principles of the experimental techniques

and analysis carried out for the work presented in this thesis.

3.1 Absorption Spectroscopy

Absorption spectroscopy can give insights into the electronic structure of the material
under investigation. Absorption of electromagnetic waves, or photons, can cause different

transitions within the material, depending on the energy of the excitation. Most of

18
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the absorption measurements presented in this thesis focus on the visible and near-
infrared regime. For the semiconductors under investigation, excitation in this range
can cause electrons in the valence band to be photoexcited to the conduction band,
and information about the electronic bandgap (E,) and exciton binding energy (E},)
can be extracted from the absorption spectra.

Experimentally, absorption spectra are acquired through a technique called Fourier-
Transform Infrared spectroscopy (FTIR) - for the absorption spectra presented in this
thesis, a Bruker Vertex 80v FTIR spectrometer was used. A schematic diagram is depicted
in Figure 3.1, where the light source is split by a beamsplitter, and one branch reflects off a
stationary mirror, and the other off a movable mirror. These two branches then recombine
and interfere, and the combined path goes through the sample under investigation. After
the light has passed through the sample, the intensity of the transmitted light is measured
by a detector. The apparatus used in this thesis was set up such that the transmission
through the sample and the reflection off the sample can both be measured by a simple
change in configuration. By measuring both transmission and reflection, the absorption
of the sample can be better determined. The transmission and reflection spectra have
to be calibrated, so a metallic mirror and the sample substrate were used as references
for reflection and transmission measurements, respectively.

This apparatus can be used to determine the absorption spectrum across different
spectral ranges by changing the source, detector, beamsplitter and the reference mirror
accordingly. Namely, for the near-infrared and visible range used in the thesis, a tungsten
filament lamp was used as the source, CaFy as the beamsplitter, a silicon photodiode
as the detector, and a silver mirror as the reflection reference mirror.

Absorbance was then calculated using:

T

A= —1
"R

(3.1)

where A is the absorbance, T' is the transmission, and R is the reflectance.
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Figure 3.1: A schematic of a Fourier-Transform Infrared (FTIR) absorption experiment.

3.1.1 Elliott Fitting

Absorbance spectra can be fitted with an expression derived from Elliott theory describing
the absorption of a semiconductor in the presence of Coulomb correlations.’” This has been
done for Chapter 5, in a similar manner to previous reports.”’*>% This fitting allowed
me to attribute the changes in the absorbance observed during degradation to both the
blueshift of bandgap arising from the Burstein-Moss effect, and the decrease of the exciton
binding energy caused by screening resulting from unintentional electrical doping.

The absorption given by the Elliott model is:
Oé(E) = Oéx(E) + ac(E) (32)

where ax is the exciton and a¢ is the continuum contribution to the absorbance. The

exciton contribution is given by:

ax(E) = 23 S 4”E§5 (E - [Eg - Eb]) (3.3)

n=1
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where the electric dipole transition matrix element between the conduction and the
valence bands is incorporated in the proportionality constant by. FEj, is the exciton
binding energy, F, is the bandgap, and n is the quantum number of the exciton. The

electron-hole continuum contribution is given by:

bO 2 EEbE -1
ac(E) = £ ¢y JDoS( 3.4
o(8) =2 1_exp(v2ﬁ | 51D (3.4

E—E,

where the joint density of states JDoS = ,/ — E, for £ > E,, and 0 otherwise,
C 3 .

where b is the band non-parabolicity factor,')4 and ¢y = # (i—‘;) , where p is the

reduced effective mass of the electron-hole system. A Gaussian broadening was also

introduced by convolving a(E) with a normal distribution N(0,T?).

3.2 Photoluminescence

Photoluminescence (PL) measures the radiative recombination of excited charge carriers
after photoexcitation. Electrons in the conduction band relax down to the conduction
band minimum (CBM) after photoexcitation, and they can recombine with holes at the
valence band maximum (VBM), emitting photons; there are other processes through
which they recombine, as explained in Section 2.4. These emitted photons can have a
distribution of energy, giving a spectrum, which can be investigated using steady-state

L (SSPL) (Section 3.2.1), or the temporal dynamics of how the PL intensity changes
in time can be investigated in time-resolved PL (TRPL) (Section 3.2.2). TRPL can
therefore give information about photoexcited charge-carrier dynamics, including their
lifetimes. Time-dependent PL with wavelength resolution can also be acquired, and this

is called time-resolved emission spectra (TRES) measurements.
3.2.1 Steady-State Photoluminescence

For a steady-state photoluminescence (SSPL) experiment, typically a continuous-wave

(CW) laser is used as the excitation source, which is focused onto the sample. The
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excitation source should have an energy higher than the bandgap in order to photoexcite
the semiconductor sample under investigation. The sample will then photoluminesce,
and this signal is collected with collection optics. Not all of the light is absorbed by
the sample and some of the excitation source light is scattered, so a spectral filter
is used to block the excitation light and only collect and measure the PL from the
sample. After collection, the PL signal is spectrally resolved using a spectrometer with
a diffraction grating. Typically, once the signal is resolved, a charge-coupled device

(CCD) is used to detect the PL spectrum.

3.2.2 Time-Resolved Photoluminescence

There are a number of ways to detect the photoluminescence signal with time resolution,

% or upconversion technique’’. In the

namely with a fast photodiode,” streak camera,
work carried out in this thesis, I employed the time-correlated single-photon counting
(TCSPC) method. In this method, the time between the generation of the light pulse
(typically pulsed laser) from the source, and the detection of light (PL) is electronically
measured. An electronic signal is split in two, and one generates a laser pulse that
photoexcite the sample, and the other a precise timer, which is stopped once a photon
is detected. This measurement takes place over multiple pulses, and it results in a
histogram, which is representative of how long it takes for charge carriers to recombine
and emit photons, i.e. PL. dynamics. There are a number of considerations to be taken
into account. Wrap-around is a phenomenon where charge carriers do not fully decay
until the next excitation pulse arrives, and therefore increase the background of the
signal. Pile-up is where the probability of multiple photons arriving in one cycle is too

high; since the detector has a down-time, it can only detect the photon arriving first,

so pile-up can artificially decrease the apparent charge-carrier lifetime.
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For the work presented in this thesis, a pulsed diode laser (LDH-D-C-470, PicoQuant)
was used as the excitation source, set at 1IMHz repetition rate. The beam radius at the
sample position was &~ 0.1 mm. The PL emission was collected in a reflection geometry
and was coupled into a spectrometer (SP-2558, Princeton Instruments), before being
detected by a single-photon avalanche-diode device (PDM, MPD). The excitation fluence
was controlled with neutral density filters. The timing was electronically controlled

using a PicoHarp300 event timer.

3.3 X-Ray Diffraction

X-ray diffraction (XRD) is an experimental technique that can be used to extract
structural information about a crystal. The interference between different lattice planes
result in interference patterns at specific geometries. In the simplest case, the Bragg

equation dictates the condition under which the X-ray will be scattered:
2dsin 20 = n, (3.5)

where d is the distance between neighbouring lattice planes, 26 is the angle between the
incoming and scattered beams, n is an integer, and X is the wavelength of the incoming
X-ray. When this condition is satisfied, the diffracted X-ray interferes constructively,
giving a maximum in the intensity of the measured signal. This can be generalised
to three-dimensional crystals, so a full XRD pattern can be analysed to understand
the crystallographic phase of the sample.

For all the wide-angle XRD measurements presented in this thesis, PANalytical
X'Pert powder X-ray diffractometer with a Cu-K,; source was used. Minor sample tilt
was corrected by applying a constant offset in 20 by using a reference z-cut quartz

substrate peak at 20 = 16.43°
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3.3.1 In Situ XRD/PL

A custom-built insert was employed, as reported previously by Knight et al.,”” to measure
concurrent, in situ XRD patterns and PL spectra, in order to observe both electronic
and structural changes during halide segregation simultaneously. The setup consisted
of an optical insert to a Rigaku SmartLab X-ray diffractometer, which consisted of
illumination and PL collection optics. A fiber-coupled 470 nm diode laser (PicoQuant
LDH-D-C-470, 190 mW cm~2 intensity, CW, beam radius ~ 2mm) was used as the
illumination source, which was attached to the illumination optics of the insert using
an optical fiber. The laser illumination was then launched into free space, directed at
the sample. The beam was expanded with a lens, which was ensured to be larger than
and overlap with the X-ray beam (beam radius ~ 0.2mm) from the X-ray diffractometer.
The collected PL was coupled into a fibre, which was led out of the Rigaku SmartLab,
and analysed using an Ocean Optics USB2000 spectrometer. The XRD measurements
were taken with a HyPix-3000 2D X-ray detector, while the aforementioned optical
insert was mounted into the Rigaku SmartLab diffractometer. The incident radiation
used was the Cu-K, line. The 2D detection sensor of the X-ray detector was used to
capture a range of 26 continuously without having to move any of the components,

including the X-ray source, sample, or detector.

3.4 Terahertz Spectroscopy

Terahertz (THz) radiation can be very useful in investigating the electronic properties
of a material. Free charge carriers, either photoexcited or doped, and IR-active phonon
modes can absorb THz radiation. In order to study these, THz spectroscopy is used as a
non-contact optical method of determining the THz conductivity of a material, either
a spectrum without time resolution (Section 3.4.1), or a spectrum-averaged intensity

with time resolution (Section 3.4.2). A schematic of the setup is shown in Figure
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Figure 3.2: A schematic of the optical-pump terahertz-probe (OPTP) setup.

3.2. A titanium:sapphire regenerative amplified system was used in this setup. The
oscillator (Maitai, SpectraPhysics) was amplified through a regenerative amplifier (Spitfire,
SpectraPhysics) and a seed laser (Nd:YAG, Ascend, SpectraPhysics). The output of the
system was pulsed at 5kHz with a central wavelength of 800 nm and a pulse duration of
~ 35 fs. The laser output is split into three beamlines, gate, pump and THz-generation
lines. Two optical delay stages were used to independently delay the pump and THz
generation beam with respect to the gate beam by mechanically adjusting the physical
beam path length. The pump and the THz generation pulses were modulated to 1.25kHz
and 2.5 kHz respectively, using mechanical choppers.

THz pulses were generated using a spintronic emitter with a tri-layer structure (2 nm
tungsten, 1.8nm CoygFe 0By, 2nm platinum on a quartz substrate), in between two
permanent magnets.”> When an ultrafast laser pulse is incident on the emitter, a net

current flows from the ferromagnetic layer (CoyoFe oBog, already under a magnetic field)
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to a non-magnetic layer (tungsten or platinum), and this current is also spin-polarised.
This current undergoes inverse spin Hall effect originating from spin-orbit coupling,
resulting in a deflection and therefore a current in a perpendicular direction to the laser
propagation direction. This current is sufficiently short-lived, hence generating a THz
pulse. The THz pulses propagate in a vacuum box, to avoid absorption by water molecules
in the THz range. After THz generation, the THz pulses are then focused onto the
sample using gold off-axis parabolic mirrors (OAPs), and the transmitted THz pulses are
collected using another set of gold OAPs. The THz transmission is then focused onto a
1 mm-thick (110) ZnTe crystal for electro-optic sampling; this THz beam is overlapped
with the gate beam both spatially and temporally within the crystal. The intensity of
electric field of the THz radiation changes the birefringence of the ZnTe crystal due
to Pockels effect, which changes the polarisation of the gate beam. Such change can
be measured using a quarter-wave plate and a Wollaston prism, which separates the
incoming light into two linearly polarised beams. The separated beams are detected
using two balanced photodiodes. A home-made FPGA (field-programmable gate array)

based data acquisition board was used to collect the data.

3.4.1 Time-Domain Spectroscopy

In THz Time-domain spectroscopy (TDS), THz pulses are used to probe the sample,
and the amplitude and phase of the THz pulses are measured as a function of time
using an optical delay stage, controlling the relative delay between the THz and gate
beams. In this setup, the gate beam had a fixed beam path, while the beam path
of the THz beam was modified. The measured time-domain transmission through
the thin film was Fourier transformed, Tsample, and is compared to the transmission
through the bare substrate, Teubsteate. The following equation is used to calculate the

dark conductivity spectrum of the thin film:""'"”



3. Experimental Theory and Methods 27

~ Tsubstrate - T‘sample 606(1 + nsubstrate)
Odark = = X d ) (36)

Tsample

where ngupstrate 1S the refractive index of the substrate (2.1 for z-cut quartz)'’””, d is
the thickness of the thin film, and ¢ and ¢y are the speed of light in vacuum and
vacuum permittivity, respectively. The thickness of the samples was measured using

Dektak 150 Surface profiler.

3.4.2 Optical-Pump Terahertz-Probe

The terahertz transmission of thin films was measured at the peak of the electric field
of the THz pulse for different delays of the pump beam for optical-pump terahertz-
probe (OPTP) measurements, mapping the THz transmission as a function of time
after photoexcitation. The pump beam was frequency-doubled from 800 nm to 400 nm
with a 1 mm-thick beta barium borate (BBO) crystal (type 1). The pump beam radius
was =~ 2mm, the radius of the THz beam was ~ 0.3 mm at the sample position. The
THz stage was first scanned in time with respect to the fixed gate beam to find the
maximum THz transmission, before scanning with the delay stage for the pump beam.

The photoconductivity of the thin-film sample is given by:™

€0C AT
0 = 30%(1 + nsubstrate)i (37)

T ?
where ¢ is the photon-to-charge branching ratio, the fraction of photons being converted
to free charge carriers, d is the thickness of the thin film, ngustrate = 2.1 is the refractive
index of the substrate (z-cut quartz) at THz frequencies,'” T is the THz transmission
through the sample in the dark, AT is the difference in THz transmission between the

photoexcited sample and the sample without any photoexcitation. ey and ¢ are the

vacuum permittivity and speed of light in vacuum, respectively.
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However, the high dark conductivity of tin-only MHPs investigated in Section 5
means that Equation 3.7 is no longer valid, and has to be modified by adding a higher

order term.*>"" " The modified expression is:

606(1 + nsubstrate) AT
d T’

0 = |Odark +

(3.8)

where 044, is the DC Drude conductivity of the thin-film sample in the dark. oga
was extracted from THz-TDS measurements in Section 3.4.1.

Photoconductivity transients can be fitted with equations discussed in Section 2.4.
However, in the study presented in Section 5, the fluences were low, and together
with relatively large amounts of trap- or doping-assisted recombination in tin-iodide
perovskites meant that I could assume that the recombination of photoexcited charge

carriers is mostly monomolecular:

n(t) = Ae ™t (3.9)

where n(t) is the charge-carrier density at time ¢ after photoexcitation, k; is the
monomolecular recombination rate, and A is a constant. Equation 3.9 was fitted to
photoconductivity transients to extract k.

The charge-carrier sum mobility p in the THz region can also be estimated with

photoconductivity transients:
o(t) = n(t)eu, (3.10)

where o can be substituted in from Equation 3.8, and e is the elementary charge. The

charge-carrier density n at time = 0 can be estimated by:

EX
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assuming perfect absorption of the photoexcitation by the sample, where A.g is the
effective overlap area between the pump and THz probe pulses, E is the energy of
the photoexcitation pulse, A\ is the wavelength of the photoexcitation, and A is the
Plank constant. The effective overlap area was calculated using scanning knife edge
measurements and fitting an error function to the transmission intensity of the THz

and pump beams separately.

3.5 Ultra-Low Frequency Raman

When investigating the vibrational properties, absorption measurements described in
Section 3.1 and 3.4.1 are only sensitive to IR-active modes. Therefore, in order to gain a
more comprehensive understanding of the vibrational characteristics of a material, having
complementary information from Raman-active modes is crucial. Ultra-low frequency
Raman spectroscopy is also called THz-Raman spectroscopy since it measures the Raman
response in the THz regime. This is particularly useful, given that the IR response in
the same regime can be probed with THz-TDS (Section 3.4.1).

As part of my DPhil work, I built a new ultra-low frequency Raman setup, designing
and ordering as well as setting up all components. A schematic of the setup is presented
in Figure 3.3. This setup was built around a pre-existing PL setup, sharing the sample
holder and the spectrometer, and hence the use of flip mirrors just before the sample
and the spectrometer. All the filters were custom made by OptiGrate, with their central
wavelength 900 nm. These filters are reflective volume-Bragg gratings, where there is
a periodic modulation of the refractive index within the volume of the filter, and the
reflection from this filter can be customised to have a very narrow linewidth at a specific
wavelength.'”" The spectral bandwidth (FWHM) of the notch filters used is 5ecm™! ~
0.15THz, which determines the lowest Raman frequency accessible with these filters.

The central wavelength of 900 nm was chosen as a compromise between the sensitivity of
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Figure 3.3: A schematic of the Raman setup, built around a pre-existing PL setup.

silicon CCDs, which decreases towards longer wavelengths, and the ability to perform
below-bandgap Raman spectroscopy on MHPs, for which a longer wavelength is desirable.
A SpectraPhysics 3900S titanium:sapphire tuneable CW laser was used as the excitation
source, which was pumped with SpectraPhysics Millenia (532 nm). The central wavelength
of the laser was set to 900 nm. The beam first goes through two bandpass filters to
suppress spontaneous emission from the laser, in order to narrow the laser bandwidth,
before being spatially filtered with a pinhole, to improve the spatial profile and to collimate
the beam. Then, the beam is directed into a beamsplitter and reflected off it, then into a
microscopic objective (Olympus LMPLFLN50x, 0.5 numerical aperture). The beam is
focused onto the sample, and the Raman signal is collected in a back-scatter geometry.
The collimated signal beam passes through the beamsplitter, and the Rayleigh elastic
scatter is filtered out by two notch filters, before being spatially filtered. After this, the
beam is focused into the spectrometer (Horiba iHR320), and detected with a 600 gmm ™!

grating (central wavelength 750 nm) and a nitrogen-cooled silicon CCD.
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Figure 3.4: Raman spectrum of a z-cut quartz substrate, measured with the ULF Raman
setup.

For analysing and presenting Raman scattering data, the recorded Raman spectrum
was first background corrected using a background spectrum acquired by performing
the same measurement procedure but without the sample in place. The spectrum
was further intensity corrected using a tungsten-filament reference lamp with a known
emissivity spectrum. Finally, the fourth-power dependence of Raman scattering intensity
on the frequency was corrected.'”” For reference, a Raman spectrum of the substrate,

z-cut quartz, is presented in Figure 3.4
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4.1 Introduction

While halide segregation has clear impact on MHP tandem device development, most
investigations to date have investigated the phenomenon through relatively straightforward
observation of the evolution of photoluminescence spectra of standalone MHP films under
illumination.'™'% However, this approach ignores the influence of charge-transport layers
(CTLs) interfacing MHP layers, which are fundamental to the architecture of real-world
MHP photovoltaic devices.'""'" Knowledge of how charge-transport layers affect halide
segregation is particularly crucial because it is well known that MHP/CTL interfaces

09-111

exhibit high trap densities,’ and also that electronic trap states can be important

15,52,63,65,69

instigators of halide segregation. ' Tt is noted that while there are previous studies

of halide segregation in device stacks,”’:""''? only a few studies have methodologically

investigated the impact of charge-transport layers on halide segregation,’*™ and an
understanding of how trap states affect such segregation is still lacking. In particular, it
has been proposed that only a subset of electronic traps appear to be associated with
halide segregation,” ™ therefore a distinction is beneficial between the impact of traps
present in the MHP bulk and those introduced at the MHP/CTL interface. In addition,
the prominent use of photoluminescence techniques to reflect the extent to which halide
segregation has occurred has been shown to be misleading at times,”” because the spectra
collected not only represent the fraction of the material present in the phase-segregated
state, but also the extent to which charge carriers diffuse to iodide-enriched, low-energy
domains. In the presence of a CTL competing with iodide-rich domains for charge-carrier
collection, any changes in PL spectra over time may therefore be potentially unable to
capture accurately the true extent to which halide segregation has occurred.

In this study, I have investigated the effects of a hole-transport layer (HTL) and trap

passivation on halide segregation in the lead mixed-halide perovskite FAgg3Csg 17Pb(Brg 4
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Ip.6)3 whose bandgap of 1.79¢€V is optimised for use in all-perovskite tandem photovoltaic
devices.'"? Compared to the mixed wide-bandgap phase, the iodide-rich regions formed
during halide segregation are known to have a higher valence band edge but relatively
unchanged conduction band edge.*>*’ I thus expect halide segregation to affect charge-
carrier dynamics mostly in the presence of a HTL, and therefore focus on such effects
here. Through a combined approach of in-situ, simultaneous X-ray diffraction (XRD)
and photoluminescence (PL) spectroscopy, I am able to disentangle the structural
effects of halide segregation from its impact on optoelectronic properties, showing
that in the presence of hole-transport layers, an assessment of halide segregation from
photoluminescence measurements alone can be highly misleading. My analysis reveals
that the presence of a typical poly(triaryl amine) (PTAA) hole-transport layer surprisingly
lowers the extent to which halide segregation occurs. This effect primarily results from
the removal of holes from the bulk of the MHP, as a result of them being trapped at the
MHP/PTAA interface and holes drifting into the PTAA. I show that the highly abundant
interfacial trap states at the MHP/PTAA interface do not drive halide segregation,
and are efficiently passivated by a piperidinium salt. Interestingly, the removal of trap
states at the MHP/PTAA interface leads to more halide segregation being observed,
as determined from XRD measurements. This is because charge carriers are no longer
populating these interfacial states, and instead accumulate in bulk trap states that do
drive the segregation process. These findings thus demonstrate the effect of an HTL on
the halide segregation process and underline the need for passivation strategies tuned

to eliminate the specific type of trap states that drive halide segregation.

4.2 Results and Discussion

FA(.53Cs0.17Pb(Brg 4l )3 is relevant to all-perovskite and perovskite/silicon tandem cell

12,114,115

applications as the top (wide bandgap) subcell, owing to its superior stability,
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compared to MA-based MHPs,?"*>'1% and its ideal bandgap.”® Samples were fabricated
on z-cut quartz substrates, as detailed in Section A.1, with one set of MHP films being
over-coated with a poly(triaryl amine) (PTAA) hole-transport layer,”” and another with
an inert layer of poly(methyl methacrylate) (PMMA) to act as a control system. Ambient
air is known to interact with MHPs and affect their PL transients''™'' and halide

09,120 therefore the PMMA coating was chosen to eliminate such

segregation dynamics,
interactions with ambient gas by providing encapsulation in the absence of electronic
interactions with the MHP.°” Each set of MHP samples were further fabricated either with
or without a piperidinium ionic additive (1-butyl-1-methylpiperidinium tetrafluoroborate
([BMP]*[BF,] ™)) which has recently been reported to effectively passivate traps occurring
near the boundary between the perovskite photoactive layer and the hole-transport
layer.'?"'%? Tt has been proposed that this piperidinium ionic additive reduces the density
of iodine Frenkel defects by adsorbing to them at the surface.'”’ The addition of the
piperidinium salt to the MHP layer enabled us to investigate halide segregation in real-
world conditions, for which effective passivation strategies are likely to have been deployed.
Moreover, the piperidinium additive enabled us to distinguish the electronic effects of
adding a PTAA layer from those arising solely from the introduction of interfacial trap
states at the MHP /PTAA boundary. Absorption spectra measured for these four thin-film
combinations (either with PTAA or PMMA coating, with or without piperidinium salt), as
well as two further MHP films without any coating, show that neither the coating nor the
addition of piperidinium affected the absorption spectra of the FAgg3Csg17Pb(Bro4loe)s
perovskite in the wavelength region of interest, as presented in Figure 4.1, and this is in
agreement with the observations of Oliver et al., who showed such piperidinium additive

had negligible effect on the fundamental electronic structure of the MHP.'*?
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Figure 4.1: Absorbance spectra for FAjg3Csg17Pb(Brg4lp6)s thin films, top-coated with
PMMA or PTAA, or uncoated, and with or without piperidinium ionic additive to the MHP,
measured before any halide segregation may have occurred. The peaks at 632.8 nm are from
He-Ne laser used for alignment within the FTIR.

4.2.1 Effects of HTL

To explore halide segregation in FAqg3Csg17Pb(Brg4log)s in the presence of a HTL, I
employed an in-situ, concurrent XRD and PL measurement approach described previously
elsewhere”” and in Section 3.3.1. XRD and PL have commonly been used as two separate
techniques to characterize the extent to which halide segregation has occurred in a

mixed-halide MHP.'%°0:°16%123.124 However, their in-situ combination presents distinct
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Figure 4.2: In situ, simultaneously recorded PL spectra and XRD patterns, recorded in
ambient air for FA(g3Csp17Pb(Broalpe)s thin films coated with either PMMA or PTAA

under 470 nm continuous wave (CW) illumination with 190 mW cm~2 intensity for ~ 5 hours.

(a) PL spectra, normalized to the maximum value of the spectrum at time = 0, for an
FA(.83Cs0.17Pb(Brg.4lp6)s thin film coated with PMMA. (b) PL spectra, normalized to the
spectrum at time = 0, for an FA( g3Cs.17Pb(Brg4lp¢)s thin film coated with PTAA. (inset)
An enlarged view of the PL spectra with finer time steps between consecutive spectra, with
those for earliest illumination times shown in blue. (c¢) Evolution of the (220) X-ray diffraction
peak of an FA(g3Csg17Pb(Brp4loe)s thin film coated with PMMA, recorded in situ and
simultaneously with PL measurements shown in (a). (d) Evolution of the (220) XRD peak of
an FA( g3Csp.17Pb(Bro.4lp6)s thin film coated with PTAA, recorded in situ and simultaneously
with (b). Cu-K,1 line was used as the incident radiation for (c¢) and (d).

PL Intensity (Norm.)

XRD Intensity (Norm.)
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advantages because the two techniques probe different aspects of the material. While
XRD probes structural properties evenly across the bulk material, PL spectra reflect
the optoelectronic properties of the MHP, and specifically the material regions where
radiative recombination of charge carriers is prevalent. For the specific case of monitoring
halide segregation, XRD will accurately reflect the extent to which the materials have
structurally segregated in the bulk, while PL will in addition be highly influenced
by charge-carrier funnelling into iodide-rich regions.”® The combination of these two
measurement techniques is particularly important for this study, since the presence
of the PTAA layer will lead to charge extraction from the MHP by equilibrating the
quasi-Fermi levels.'”” The optoelectronic and structural properties reflected in the PL
and XRD may therefore be affected in different ways depending on the presence of
PTAA, as well as the piperidinium additive.

I begin the analysis by contrasting halide segregation during illumination for FA( g3Csg 17
Pb(Brg4lg6)s thin films top-coated with either a PTAA hole-extraction layer or an inert
PMMA layer. It is noted that MHP thin films in absence of any coating layers were
also examined (see Figure A.1), however, these exhibit qualitative behavior similar to
that of the PMMA-coated MHP films. Those without any coating layers do exhibit
some fluctuations in the PL spectra, which have previously been shown to be caused by
interactions with ambient air.®” This observation implies that the PMMA and PTAA
top layers are sufficiently effective encapsulants to prevent such fluctuations arising from
the interactions between ambient air and the MHP layer.”” Figure 4.2 contrasts the PL
spectra (top) and (220) X-ray diffraction peak (bottom) of FA(g3Csg17Pb(Brg.4lo6)s films
without piperidinium additive, coated with either a PMMA (left) or PTTA (right) top
layer, recorded concurrently in situ over ~ 5 hours of illumination with a continuous-

wave, 470 nm wavelength laser at 190 mW cm~2 intensity, ~ 3.5 sun equivalent photon

flux at this bandgap. The XRD peak selected for investigation was the (220) peak,



4. Impact of Hole-Transport Layer and Interface Passivation on Halide Segregation 39

comparable to earlier measurements.”” This choice aimed to maximise the XRD signal,
and a second-order peak was selected (as oppose to the first order (110) peak) to
improve the angular resolution.

The first striking observation to be made from these measurements is that the
introduction of a PTAA hole-extraction layer leads to significantly enhanced radiative
recombination of charge carriers from iodide-rich domains formed by halide segregation in
FA.83Cs0.17Pb(Brg 4lo¢)s. Figures 4.2(a) and (b) display the PL spectra of PMMA- and
PTAA-coated MHP, respectively, scaled by equating the peak intensity values of their
respective initial spectra at the beginning of illumination (time = 0). For both cases, the
initial photoluminescence spectra reflect the entropically mixed state (peak at 720 nm),
but under laser illumination, a secondary PL peak at a higher wavelength (at 780 nm)
grows with time. This low-energy PL peak corresponds to photoemission from iodide-rich

15,16,

regions with a lower bandgap, reflecting progressing halide segregation. 123 However,
the two top layers clearly induce a different extent of low-energy PL enhancement:
while the PTAA-coated MHP exhibits much more substantial growth in low-energy
(high-wavelength) PL intensity with respect to the initial mixed-phase PL, by a factor
of ~ 32, the PMMA-coated MHP only exhibits a = six-fold increase. Another way
in which the qualitative behavior differs between the two scenarios is that the initial
mixed-phase emission peak is always present to some extent for the PMMA-coated MHP
(Figure 4.2(a), blue line, consistent with previous reports”’), whereas this peak quickly
disappears entirely for the PTAA-coated MHP (see inset in Figure 4.2(b)). I stress that
at this point, these results solely reveal that the addition of a PTAA top layer results in
substantially increased radiative charge-carrier recombination from iodide-rich domains in
the phase-segregated MHP (compared to the case of adding an inert PMMA top-layer).

Such enhanced emission from phase-segregated domains in PTAA-coated FA( g3Csg.17Pb

(Bro4lps)s may at a cursory glance suggest that the addition of a HTL layer leads to
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increased phase segregation in the MHP. However, my analysis of the evolution of the
MHP’s XRD peak shows this conclusion to be erroneous, with the illuminated bulk MHP
film actually showing a far lower extent of structural re-organisation for PTAA-coating
(Figure 4.2(d)) than for PMMA-coating (Figure 4.2(c)). It is noted that XRD is a far
more accurate measure of the extent to which halide segregation has occurred compared to
PL measurements, owing to its sensitivity to structural changes occurring across the full
material volume. Because bromide and iodide ions have different radii and bond lengths,
the lattice parameters of the MHP shift with the local average composition of the halide

0,23,44,45,120 Rearrangement of these halide ions will therefore affect the local lattice

site.’
parameter, which will alter the overall distribution of lattice parameters reflected in the
XRD pattern. After halide segregation, the XRD patterns will reflect the changes in the
lattice parameters from the presence of additional iodide- and bromide-enriched material,
as well as remnants of the original well-mixed phase.”” It is noted that other factors,
including lattice strain, atomic form factor and crystallinity, and material degradation
may also potentially affect the XRD response. However, I find, through angle-integration
across the (220) XRD peak (Figure 4.3), that the XRD signal is constant with illumination
time, indicating that the overall perovskite structure is maintained. In addition, full
XRD patterns recorded after halide segregation (Figure 4.4) reveal an absence of chemical
degradation e.g. to crystalline Pbl,, therefore halide segregation is the dominant process
occurring under illumination. Knight et al. investigated degradation of related samples
under similar conditions and observed negligible degradation.””

The evolution of the FAg3Csg17Pb(Brg4los)s XRD peaks, shown in Figures 4.2(c)
and (d), clearly indicates that the PMMA-coated MHP exhibits significantly stronger
halide segregation compared to the PTAA-coated MHP. The (220) XRD peak of the

PMMA-coated MHP indicates an enhancement of diffraction amplitudes at angles below

the peak of the original mixed-halide phase, caused by a growth in iodide-rich material,
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Figure 4.3: The integrals across the (220) XRD peaks for the four sample combinations under
consideration, FA( g3Cso.17Pb(Brg4lp¢)s thin films fabricated with or without piperidinium
ionic additive and with either PTAA or PMMA top coating, recorded during the ~ 5 hour

illumination period, and normalized to the initial integral before the start of the illumination
cycle. The integral range was between 40° and 42.5°.

and a rise in high-angle signal resulting from bromide-enriched phases, as can be more
clearly seen from Figure 4.5.°” In contrast, the XRD peak of the PTAA-coated MHP
only exhibits relatively minor changes with time under illumination. Taken together, the
combined PL and XRD measurements therefore demonstrate that coating the MHP with
a PTAA layer results in significant suppression of bulk halide rearrangement. However,
in spite of this suppression, a larger fraction of charge carriers recombines in iodide-rich
domains, leading to an enhancement of low-energy PL that is far greater for PTAA
coating than for the case of PMMA coating. These results therefore demonstrate that
the significantly stronger enhancement of the PL from iodide-rich domains for the PTAA-
coated MHP arises from the altered charge-carrier dynamics, rather than enhanced halide
segregation. The combined, in-situ XRD/PL technique therefore also demonstrates that
analysis of halide segregation from PL spectral evolution alone can be highly misleading,
in particular in the presence of charge-extraction layers.

To understand the differences in halide segregation and PL emission between PTAA-

and PMMA-coated FA(g3Csg17Pb(Bro4log)s, I consider the optoelectronic changes
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Figure 4.4: Extended wide-angle XRD patterns of the four sample combinations under
consideration, FA( g3Cs.17Pb(Bro4lp¢)s thin films fabricated with or without piperidinium
ionic additive and with either PTAA or PMMA top coating, recorded before and after the ~ 5
hour illumination period for which halide segregation was investigated.
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Figure 4.5: The high-angle integrals across the (220) XRD peaks between 41.5° and 42° for
the FA( g3Csp.17Pb(Brg.410.6)3 thin film fabricated without piperidinium ionic additive and with
PMMA top coating, recorded during the ~ 5 hour illumination period, and normalized to the
final integral at the end of the illumination cycle.

occurring upon halide segregation at the MHP/PTAA interface. Figure 4.6 schematically
depicts the simplified energy level scheme near the MHP/PTAA interface, based on
literature values.’®"!?° The valence band edge (or highest occupied molecular orbital) of
PTAA is higher in energy compared to the valence band edge of FA( g3Csg.17Pb(Brg.4lo6)s,
so that before halide segregation has occurred (Figure 4.6a), holes in the MHP layer
diffuse towards and are captured by the PTAA layer. The energy gap between the valence
bands of the mixed-phase MHP and the PTAA layer presents a significant energetic
barrier towards the back-transfer of holes from PTAA back into the MHP, as desirable in
a photovoltaic device. Before halide segregation commences, charge carriers are therefore
likely to recombine non-radiatively, e.g. via interfacial trap states, rather than radiatively
in the MHP following hole re-transfer to the MHP. The accumulation of holes within
the PTAA layer is likely to influence the region in which halide segregation nucleates
under prolonged illumination; hole accumulation will lead to a net positive charge within

the PTAA layer, which will attract electrons in the MHP layer Coulombically towards

the MHP/PTAA interface. The high charge-carrier density near the interface means
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Figure 4.6: Schematic diagram illustrating the dynamics of charge carriers in a MHP/PTAA
partial device before and after halide segregation. (a) Before halide segregation has occurred,
photogenerated holes in the MHP diffuse into the PTAA layer, but only a small minority is
able to transfer back into the MHP owing to the large energy offset at the interface. Such
minority back transfer allows for relatively faint radiative recombination with electrons, yielding
photoluminescence spectra representative of the mixed phase. The accumulation of holes in
the PTAA layer Coulombically attracts electrons towards the MHP /PTAA interface. (b) After
halide segregation has occurred, photoexcited holes diffuse into the PTAA layer (1), and a
more significant proportion of these holes later back-transfer preferentially into iodide-rich
regions within the MHP layer, owing to the smaller energy gap compared with the mixed
phase (2). These holes subsequently recombine radiatively with electrons, yielding red-shifted
photoluminescence characteristic of iodide-rich regions (3). Energy levels shown are relative to
the vacuum level, and were extrapolated based on previous reports.*®*’ Bromide-rich regions
formed after halide segregation are not indicated, since their wider bandgap and unfavourable
energy alignment mean that charge carriers generally cannot be injected into these from mixed-
phase or iodide-rich regions.

that any limited amount of halide segregation present in this configuration with PTAA
will be more concentrated near the interface, rather than spread throughout the bulk.
Accordingly, the charge-carrier density remaining in the bulk of the MHP layer will
be relatively depleted, lowering the propensity for halide segregation to occur far from
the interface. These considerations also explain my observation (from XRD) that the
presence of the PTAA layer reduces halide segregation, because charge carriers driving
such segregation are effectively removed from the bulk, e.g. through hole collection into
PTAA or fast charge trapping at interface states.

The prevalence of halide segregation near the MHP/PTAA interface further explains
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the observation of enhanced photoluminescence from iodide-rich regions following illumin-
ation (Figure 4.2(b)). As schematically illustrated in Figure 4.6(b), the introduction of an
iodide-rich phase near the interface alters the band alignment in this region towards more
favourable back transfer of holes into the MHP, where they may recombine radiatively.
The newly introduced iodide-rich regions are associated with an upshift in valence band

maximum compared to that of the mixed phase,*®!’

resulting in a smaller energy
difference with respect to the PTAA band edge. This altered band alignment under
illumination facilitates the back-transfer of holes from PTAA to iodide-rich regions near
the interface (compared to a back transfer into the original mixed-phase regions) leading
to substantial radiative charge-carrier recombination from the iodide-rich MHP regions
near the interface. In order to verify the better energy offset for iodide-rich regions with
PTAA, PL quantum yield (PLQY) measurements were performed (by R.D. J. Oliver) for
an iodide-rich MHP of the composition FA(g3Cso17Pb(Brg1lp9)s, which is representative
of that expected for iodide-rich regions occurring in FAg g3Csg 17Pb(Brg.4lo¢)s after halide
segregation from the PL emission wavelength, with and without a PTAA top-coating
layer. The relative PLQY quenching observed upon the introduction of a PTAA top-
coating layer was lower for the iodide-rich MHP, compared to the wide-bandgap MHP
(Section A.4). Such change in PLQY for the iodide-enriched MHP as compared to the
FA0.83Cs0.17Pb(Brg4los)s MHP further corroborates that the PL enhancement is the
direct result of improved band alignment for hole re-transfer and/or a reduction in traps
upon iodide enrichment; this is in agreement with Oliver et al. who demonstrated a
significant deviation between the quasi-fermi level splitting and open-circuit voltage
for wide-bandgap MHP devices,'”? and Stolterfoht et al. showing a smaller such offset
for a low-bandgap (iodide-rich) MHP device.'**

The dynamic processes occurring in PTAA-coated FAg3Csg17Pb(Bro4log)s after

halide segregation can therefore be summarized as follows. Photogenerated holes diffuse
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into the PTAA layer (step 1 in Figure 4.6(b)), after which holes will preferentially funnel
back into the iodide-rich regions induced by halide segregation near the interface (Figure
4.6(b) step 2). It is noted that bromide-rich regions will also form to conserve overall
halide content, but charge carriers cannot enter these regions from mixed-phase or iodide-
rich regions as they exhibit wider bandgap and unfavourable energy alignment. These
bromide-rich regions will therefore have minimal optoelectronic effects, and are neglected
accordingly in Figure 4.6(b). A fraction of charge carriers recombines radiatively in these
iodide-rich regions exhibiting lower bandgap (Figure 4.6(b) step 3), inducing intense
red-shifted photoluminescence. These back-transfer effects also explain why no emission
is observed from the original mixed-phase MHP: holes may diffuse rapidly from this phase
into PTAA from which they will only transfer back effectively into iodide-rich regions.*”
In contrast, the PMMA-coated MHP still features remnant emission from the mixed
phase, even after substantial halide segregation has occurred (Figure 4.2(a)), since holes
neither drifted out, nor selectively reinjected into segregated phases, but rather diffuse
into iodide-rich domains throughout the whole MHP layer. I therefore conclude that the
significant enhancement of PL emission from iodide-rich domains in the presence of the
hole-extraction layer is solely the result of charge-carrier dynamics occurring at and across
the interface. The selective back-transfer of holes from PTAA to the MHP also explains
the dramatic overall increase in PL intensity: concentration of charge carriers in a narrow
iodide-enriched region near the interface leads to particularly rapid radiative electron-hole

bimolecular recombination, resulting in higher overall photoluminescence intensity.'*”% %"

4.2.2 Effects of Interfacial Passivation

I continue the investigation by exploring the reasons why halide segregation scarcely occurs

when the MHP is top coated with PTAA. Given that halide segregation is triggered by the

5,50,52

presence of excited charge carriers,’ their rapid removal soon after photoexcitation
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could effectively limit halide segregation. The presence of a PTAA hole-transport layer
may lead to holes either drifting from the MHP into the PTAA, or being trapped at
defect states introduced at the interface, neither of which would occur in the presence
of the inert PMMA layer. The interface between MHPs and typical charge-transport
layer is known to possess an especially high density of trap states in general,'’%!10:12°
and this has been shown to be also true for the MHP /PTAA interface for wide-bandgap
MHPs.'* As a hydrophobic polymer, PTAA does not have any suitable bond to form
with perovskites, resulting in a very poor MHP/PTAA interface.'”" It is further noted
that while some types of traps have been shown to aid halide segregation, others may
not, but simply act to localize charge carriers.”” In order to understand why the addition
of PTAA reduces halide segregation, it is therefore needed to distinguish the effects of
hole extraction into PTAA from those of charge trapping at the MHP /PTAA interface.
For this purpose, I employ a recently reported piperidinium additive that has been shown
to be particularly effective in passivating trap states at MHP/CTL interfaces.'”"'**
As a first step, I ascertained the extent to which the piperidinium ionic additive
reduces charge-carrier trap state densities. For this purpose, I recorded time-resolved
photoluminescence transients for FAqg3Cso.17Pb(Brg4lo6)s thin films before halide se-
gregation had occurred, for the four combinations of the MHP having been coated with
PTAA or PMMA layers, and with and without piperidinium ionic additive having been
added. As shown in Figure 4.7, the piperidinium additive increases the lifetimes of the
PL transients, implying an effective reduction in trap state density. The transients also
confirm the high density of trap states introduced by the MHP /PTAA interface, given
that the PTAA-coated MHPs exhibit significantly shorter charge-carrier lifetimes than

the those coated with inert PMMA coating, in particular in the absence of piperidinium

additive (see Table 4.1 for extracted lifetimes from monoexponential fitting, whose fits
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Figure 4.7: PL decay transients for FA( g3Csg 17Pb(Br.4lo6)s thin films coated with either
PMMA or PTAA, with and without piperidinium salt having been added to the perovskite
during processing. Films were excited with a pulsed laser (1 MHz repetition rate) at 470 nm
with fluence of 15nJ cm™2 and PL was detected at a wavelength of 700 nm corresponding to
emission from the high-energy mixed phase of the perovskite, before any phase segregation had
occurred under illumination. The black lines indicate monoexponential fits after an initial fast
decay due to trap filling and bimolecular recombination.

are shown in Figure 4.7). Meanwhile, the long charge-carrier lifetimes for the PMMA-
coated MHPs further corroborates that the boundary between inert PMMA and MHP
layer is relatively benign. Trap state passivation upon the addition of piperidinium
salt is evidently highly effective, with passivated films showing strikingly similar PL
transients, regardless of the top-layer coating. It should also be noted that most likely, the
piperidinium additive not only passivates interfacial trap states, but also bulk trap states
to an extent, given the observed rise in charge-carrier lifetimes for the PMMA-coated
MHPs upon the addition of piperidinium salt.

It is found that once interfacial trap states have been removed through piperidinium
ionic additive, both PMMA and PTAA-coated FA(g3Csg17Pb(Brg4lp6)s films undergo
halide segregation to an almost identical extent. Figure 4.8(a) and (b) show that following
5 hours of illumination with 190 mW cm~? intensity, the observed changes in the XRD

patterns of the passivated MHP are very similar for both PMMA and PTAA coatings.
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Figure 4.8: (a, b) Second-order (220) XRD peak of FA(g3Csp.17Pb(Bro4los)s films with
piperidinium ionic additive, coated with either (a) PMMA or (b) PTAA, shown before and after
illumination with a 470 nm laser at 190 mW cm~? intensity for ~ 5 hours. (c) Evolution of the
(220) XRD peak amplitude under the same illumination conditions for FAy g3Cso.17Pb(Bro.4lo6)s
thin films with or without the addition of piperidinium salt, and with either PMMA and PTAA
top coatings. (d) Final PL spectra recorded in situ at the end of the 5-hour illumination period,
each normalized to the respective maximum value of the corresponding initial spectrum recorded
before illumination had commenced. The raw data of the two films with piperidinium ionic
additive can be found in Figure A.2.
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Sample Charge-carrier lifetime (ns)
MHP without piperidinium additive, PMMA-coated 122
MHP with piperidinium additive, PMMA-coated 157
MHP without piperidinium additive, PTAA-coated 85
MHP with piperidinium additive, PTAA-coated 142

Table 4.1: Extracted charge-carrier lifetimes of the four samples under consideration,
FA(.83Csp.17Pb(Brg 41p.6)3 thin MHP films with or without piperidinium additive, coated with
either PMMA or PTAA, extracted from fits assuming monomolecular recombination.
Therefore, the suppression of halide segregation in PTA A-coated, unpassivated MHPs is
simply caused by the unintentional introduction of a large density of interfacial traps,
rather than hole collection into PTAA. As discussed in more detail in Section A.3, the
minor changes occurring in the XRD pattern under illumination for the unpassivated,
PTAA-coated MHP film are also qualitatively different from those occurring in the rest
of the MHPs (the XRD peak angle does not change with illumination time) which is
attributed to halide segregation occurring predominantly at the MHP /PTAA interface.
Thus for PTAA top coating, the extent of halide segregation is almost fully governed
by the density of trap states at the MHP/PTAA interface.

It is noted that for PMMA coating, which does not introduce significant interfacial
trap states, the introduction of the piperidinium salt to the MHP has a very different
effect. Figure 4.8(c) exhibits the XRD amplitude evolution during illumination for the
four combinations of MHP films with either PMMA or PTAA coating, with or without
piperidinium additive. It is found that the rate of halide segregation in MHPs with the
two different coatings are affected in opposite ways by piperidinium addition: while it
accelerates halide segregation for the PTAA-coated MHPs, it slows down segregation for
the PMMA-coated MHPs. I propose that such differences in the effect of the piperidinium
additive on halide segregation stem from the different types of trap states present at
the interface and in the bulk MHP. As discussed in more detail below, some trap states

induce halide segregation, while others do not. The MHP /PTAA interface clearly presents
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a large number of trap states, but my results suggest that these do not drive halide
segregation throughout significant volume of the MHP. Therefore, the presence of such
interfacial trap states simply causes charge carriers to be trapped near the interface, as a
result of which these carriers are unable to diffuse through the MHP bulk where they
would otherwise have encountered traps that drive halide segregation. Rapid trapping of
these charge carriers at the MHP/PTAA interface therefore suppresses halide segregation.
For the case of PMMA-coated MHP films, traps exist mostly in the bulk volume of
the MHP and appear to be capable of driving halide segregation. The addition of
piperidinium salt then passivates these bulk trap states to an extent, slowing down
halide segregation, consistent with previous reports on the effects of trap passivation
on halide segregation.'”% In contrast, piperidinium passivation for the PTAA-coated
film removes trap states at the interface, allowing bulk trap states to be populated and
accelerating halide segregation. Thus, the overall extent of halide segregation is governed
by a complex interplay of competition for charge carriers between interfacial traps that do
not induce halide segregation and bulk traps that are effective drivers of halide segregation.
As a result, for PTAA-coated MHP, piperidinium mostly passivates interfacial trap states,
accelerating halide segregation, while for PMMA-coated MHPs piperidinium additive
passivates bulk traps, impeding halide segregation. It is noted that such trap passivation
effects are clearly evident through an increase of the PL intensity upon the addition of
piperidinium salt for both PMMA and PTAA-coated MHPs, shown in Figure 4.8(d), and
the increase in the charge carrier lifetimes discussed earlier (Figure 4.7).

It is noted that my conclusions are consistent with previous reports stipulating that
only specific types of trap states are responsible for inducing halide segregation, while
others are not.”>™ Such differences may, for example, be caused by local electric fields
generated by captured charge carriers in trap states driving halide segregation.”?0%0%:07-69

In this case, only initially charge-neutral defects might be responsible for halide segregation,
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as these will generate local charges once traps are filled. In addition, halide chemistry and
oxidation has been postulated to be central to the halide segregation process.” Overall,
it is therefore evident that the nature of trap states is as central to their propensity
to drive halide segregation as their density.

With regards to the specific effect of the piperidinium additive that was employed as
a passivation agent here, it is noted that Lin et al. demonstrated that it improved device
stability by inhibition of lead oxidation, and proposed this was ultimately caused by
either a reduction of iodide vacancy-interstitial pair Frenkel defects, or by reducing their
diffusivity.'?! This is in line with previous reports showing the abundance and stability
of halide defects in MHPs."*'""*0 T therefore propose that the MHP/PTAA interface
possesses a high density of charged halide interstitials and vacancies, the latter of which
is filled with electrons upon steady-state photoexcitation, owing to the high density of
electrons in the MHP layer at the interface (Figure 4.6(b)). Such halide vacancies, which
also act as electronic trap states, then become neutrally charged and therefore cannot
promote or participate in halide migration. The interface then effectively becomes a
halide-excess environment given the abundance of halide interstitials, in which halide

segregation is impeded, as observed before,'%%%%

139 hecause the lack of available
halide vacancies lowers the halide ion mobility. Upon the addition of the piperidinium
salt, these halide defects become efficiently passivated. It is noted that while there are
numerous reports demonstrating halide defects promoting halide segregation,'?"!#~14!
my results are not contradicting these, but rather proposing that the electronic nature
of halide defect trap states do not contribute to halide segregation, because of their
neutral charge upon charge-carrier capture. In order for halide segregation to occur,

the trap states that create an electric field are required, as well as halide defects to

provide low-energy halide ion migration pathways.
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I would like to comment that an enhancement of PL upon the addition of any
generic HTL is expected for different MHP compositions, since the mechanism of such
enhancement relies on the favourable energy alignment between iodide-rich regions and
HTL. However, I expect different HTL and passivation agents will affect the halide
segregation behavior differently, depending on the fundamental nature of the trap states
present at the MHP /HTL interface. Given the device-relevant FACs MHPs also exhibit a
range of trap densities and difference in overall stability against halide segregation across
the bromide-iodide ratio, I expect some variations as halide content is changed.”* The
stability of a mixed-halide perovskite in the presence of an HTM against halide segregation
therefore depends critically on the nature of the trap states present in the bulk and at the

interfaces, and the chemical and physical mechanisms of passivation techniques deployed.

4.3 Conclusion

In conclusion, I have investigated the effects of hole-transport layers and trap passivation
agents on halide segregation in a lead mixed-halide perovskite with bandgap optimized for
use in tandem in all-perovskite photovoltaic devices (FAgg3Cso17Pb(Brosloe)s). While
observation of changes in PL spectra under illumination is most commonly used to assess
the extent to which halide segregation occurs, I find here that such assessment can be
highly misleading, in particular in the presence of hole-transport layers. I show that the
combined approach — concurrently assessing the structural changes associated with halide
segregation through XRD, and the optoelectronic changes with PL spectroscopy — is able
to provide an accurate understanding of these processes. The presence of a hole-transport
layer such as PTAA slows down halide segregation, compared to the case of inert PMMA
(or absent) coating. This effect primarily results from the removal of charge carriers from

the bulk of the perovskite by their capture into interfacial trap states at the MHP/PTAA
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boundary. However, despite the observed reduction in halide segregation for the PTAA-
coated MHP, more photoluminescence is emitted from iodide-rich domains in the presence
of PTAA, which I attribute to preferential back-transfer of holes from PTAA to iodide-rich
regions formed in close proximity to the interface. I further demonstrate that electronic
traps generated near the interface between PTAA and the MHP, although present in high
density, are ineffective drivers of halide segregation, while those that are prominent in the
bulk are responsible for most of the halide segregation observed. Removal of such trap
states at the MHP /PTAA interface with a piperidinium additive thus interestingly leads
to more halide segregation occurring because, instead of channelling into interfacial states,
charge carriers now accumulate in bulk trap states which are highly effective drivers of the
segregation process. Overall, my work shows that interfacial trap states prominent at the
MHP/PTAA interface do not contribute significantly to halide segregation throughout
the bulk MHP and are efficiently passivated by a piperidinium salt. However, the presence
of a PTAA layer leads to hole back-transfer from PTAA into iodide-enriched regions
near the interface that exhibit reduced interfacial energy offsets, adversely affecting
photovoltaic performance. Such re-transferred holes may in turn exacerbate radiative
recombination losses in the MHP beyond the detailed balance limit, by generating locally
strongly enhanced electron and hole densities. Careful passivation of trap states at the
interface between MHP and charge-extraction layers therefore remains imperative for

achieving high efficiencies in wide-bandgap photovoltaics devices.
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5.1 Introduction

Despite their importance to the development of all-perovskite tandem cells, mixed lead-tin
halide perovskites still suffer from instabilities when exposed to oxygen and moisture
even under encapsulation,'*” which deteriorate their optoelectronic properties and hinder
their commercialization.*"'**"** However, a comprehensive evaluation of the degradation
pathways in lead-tin halide perovskites is still part of ongoing research. The degradation
mechanisms of tin-only halide perovskites have been previously investigated,®!*! 1457148
providing potential insight into the degradation pathways of their mixed lead-tin counter-
parts. Tin-only MHPs suffer from severe oxygen and moisture stability issues, which derive

30,149

from the formation of tin vacancies and iodide interstitials. The presence of these

point defects induces the oxidation of Sn?* to Sn**'°%'°! and introduces unintentional
p-type doping, leading to the presence of a large density of background holes.”” Such
oxidation of the metal in the perovskite structure is intensified by the relatively small
standard reduction potential of Sn**/Sn** when compared to Pb** /Pb** (40.15 and
+1.67 V, respectively).'>1%? SnF, additive has been commonly and successfully used to
suppress tin vacancy formation in tin-only perovskites by creating a tin-rich environment
during the fabrication process.”’ " There have been suggestions that mixed lead-tin
MHPs may undergo similar degradation pathways, involving tin vacancy formation and
oxidation. An increase in lead content is expected to result in a gradual transition toward
the defect chemistry present in lead-only perovskite, which is mostly free of trap states
located deeply in the bandgap.’’ However, full knowledge of the defect chemistry in
mixed lead-tin MHPs is still lacking, with a particular need to contrast the degradation
mechanisms of tin-only with those of mixed tin-lead iodide perovskites.

In this study, I have unraveled the differences in the degradation pathways of tin-only

and mixed lead-tin MHPs under ambient air. I examined spin-coated FAg 75Csg.25Pbg 5910513
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(mixed lead-tin) and FA( 75Csg255nl3 (tin-only) thin perovskite films (fabrication details
provided in Section B.1) which have direct relevance to all-perovskite tandem and
lead-free single-junction photovoltaics devices, respectively. Both of these compositions
were fabricated with the addition of 10 mol SnF,, which has been a frequently adopted
additive in previous studies reporting high-performing photovoltaic devices.'”* 7% 1
investigated the optoelectronic properties of the perovskites in ambient air utilizing a
combination of non-contact transient THz photoconductivity measurements and visible
absorption spectroscopy, and their structural and vibrational properties employing X-ray
diffraction (XRD) as well as infrared and THz transmission spectroscopy. It was found
that degradation in tin-only FA(75Csp.255nl3 can be explained almost exclusively by tin-
vacancy formation and self-doping effects. However, I demonstrate that for intermediate
mixed lead-tin MHPs this is not the prevalent degradation pathway. I instead propose that
degradation of lead-tin iodide perovskites in ambient air involves the formation of deep
trap states, which do not contribute to the significant doping of the MHP. The findings thus

highlight that stability improvements for mixed lead-tin perovskites likely require different

defect passivation methods to those already developed for their tin-only counterparts.

5.2 Results and Discussion

I commence the study by investigating the effect of ambient air exposure on the
optoelectronic properties of FA(75Csgo5Pb,Sn;_,I5 thin films, contrasting the mixed
lead-tin material FAg75Csg.25Pbg55n0 513 with its tin-only FA(75Csg255nl3 equivalent
(full fabrication protocols are provided in Section B.1). Assessing such changes in the
optoelectronic quality of the materials under air degradation is critical for photovoltaic
applications which rely on photo-generated charge carriers being able to travel across
the full thickness of the active layer to the respective transport layers and electrodes

for the efficient generation of electrical power. High charge-carrier diffusion lengths are
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essential to this process and depend on high electronic mobilities and low charge-carrier
recombination rates.'”” Therefore, to assess the effect of oxygen and moisture exposure
on the optoelectronic properties of the materials, I measured the changes occurring
in their photoinduced conductivity dynamics during exposure to ambient air of 45 +
10% humidity over hundreds of minutes. I employed optical-pump terahertz-probe
(OPTP) spectroscopic technique,'”’ for which the films are excited with an ultrafast
pump laser pulse, and their time-dependent photo-induced conductivity is measured by

THz probe-pulse transmission, as detailed in Section 3.4.2.

5.2.1 OPTP Measurements

Figure 5.1(a) shows examples of photoconductivity decay transients measured for a
FA¢ 75Cs0.255n13 thin film at different air-exposure times (full data sets for both FAg 75Csg 25
Snlz and FAg75Csg25PbgsSngsls are provided in Section 3.4.2. With increasing air
exposure, the photoconductivity amplitude following initial photoexcitation declines.
This trend can be understood given that the conductivity ¢ of the material depends
on the charge-carrier pair density n and the electron-hole sum mobility p according to
o = eny, where e is the elementary charge. The mobility of the charge carriers can
therefore be extracted from the THz transmission immediately after photoexcitation
(time = 0) before any charge-carrier recombination events may have occurred (full
description of data analysis provided in Section 3.4.2). The subsequent decay of the
photoconductivity over time after excitation is associated with the decline of charge-
carrier population n(t), therefore providing insight into the charge-carrier recombination
dynamics. It is found that the photoconductivity transients can be well described
by a monoexponential decay function, n(t) = ngexp(kit), with fits displayed as solid

lines on top of measured data shown in hollow hoops. The majority of charge carriers
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thus recombine through monomolecular channels, which could arise, e.g., from trap-
mediated recombination or electron recombination with a significantly larger density
of background holes, both of which depend on the dynamics of only one charge-carrier
species.” From these monoexponential fits (full data set and fits shown in Figure 5.2 and
5.3) I extracted values for the decay rate k; (shown in Figure 5.1(b)) and electron-hole
sum mobility p (Figure 5.1(c)) for both FA( 75Csg.255n]3 and FAg 75Csg 25Pbo 5500 513 thin
films and plotted them against degradation time in air. These data reveal a clear rise in
recombination rates and a decrease in charge-carrier mobility for both materials with
air exposure. As shown in Figure 5.4, the combined effect has disastrous consequences
for the charge-carrier diffusion length Lp in the two materials: for FAg75Csgo55nls,
air exposure over 5h leads to a three-fold decline of Lp from 270 to 80 nm while for
FAg75Csg.25PbgsSng 513, Lp falls from initially 910 to 220 nm.

Surprisingly, Figure 5.1(b) reveals that the relative increase in the recombination
rate with extended air exposure is far smaller for FAg75Csgo55nl3 than for its lead-
tin equivalent, even though the initial rate for the pristine thin film is significantly
higher. This observation indicates®® that as-fabricated FA(.75Csg.255n]3 is more prone
to defect formation even in the absence of sizable exposure to oxygen or moisture.
This difference arises from marked changes in the defect chemistry along the lead-tin
solid solution line, as predicted previously from theoretical calculations,”” which will be
discussed in more detail later below. Conversely, the low initial value of the decay rate
kq for FA(.75Csg.25Pbg.55n0 513 suggests inherently better resistance during fabrication to
the type of defects accelerating monomolecular recombination, however, the significant
increase in the recombination rate after air exposure highlights the clear need for highly
air-impermeable encapsulation of PV devices employing these absorbers.

Interestingly, Figure 5.1(c) shows that the air-induced acceleration of defect-related

charge-carrier recombination affects the charge-carrier mobilities of FAq 75Csg.255nl3 and
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Figure 5.1: a) Photoconductivity decay transients obtained from optical-pump THz-probe
photoconductivity measurements performed on FAg 75Csg.255nl3 with 400 nm photoexcitation
and fluence of 3.6 nJ cm~2 at discrete air-exposure (degradation) times in ambient air (full data
set shown in Figure 5.2) and 5.3. b) Monomolecular charge-carrier recombination rates (ki,
shown in solid circles) and c) charge-carrier mobilities (solid triangles) of FAg 75Csg.25Snl3 (blue)
and FA( 75Csg.25Pbg 5500 513 (orange) thin films were extracted from THz photoconductivity
measurements shown in (a) and Figure 5.2 and 5.3.
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Figure 5.2: Photoconductivity decay transients of a FA( 75Csp.255nl3 thin film at different
degradation times with monoexponential fits (black solid lines) shown on top of the data
(empty hoops). The samples were excited with a 400 nm wavelength laser pulse with fluence of
3.6pJcm™!

FAg75Cs0.25Pbg 5Sng 515 to different extents. In general, defect formation is expected to
be accompanied by a decrease in charge-carrier mobility because of the introduction
of scattering centers. However, while FAg75Csg25Pbgs5ng 513 exhibits the strongest
increase in recombination rate (Figure 5.1(b)), its decline of mobilities (Figure 5.1(c))
with air exposure is much more gradual than that observed for FA(75Csg259nl3. The
tin-only FAq 75Csg.255nl3 initially exhibits higher mobility prior to air exposure, which
intrinsically results from fundamentally lower effective masses of charge carriers, and
higher energies of the optical phonon mode in tin halide perovskites compared to lead-

33,15

halide perovskites.*>'® However, the charge-carrier mobility for FA 75Csg.255nl5 decreases
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Figure 5.3: Photoconductivity decay transients of a FAg 75Csg.25Pbg 5910 513 thin film measured
for different fluences of the photoexcitation beam of 400 nm wavelength, as indicated in the
legend. Transients are shown at different air exposure times indicated by the captions of
sub-figures, with monoexponential fits in solid black line shown on top of the data (empty

hoops).

drastically to only ~ 20 % of its initial value over the first ~ 300 min of air exposure,
while for FA 75Csg.25Pbg 5510 515, this decline is much less severe, to ~ 80 % its initial
value after the same degradation time. This finding suggests that although both materials
experience significant defect formation during air-induced degradation, the types of

defects forming in tin-only MHPs are more detrimental to the charge-carrier mobility

than those formed in mixed Pb-Sn perovskites.
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Figure 5.4: Charge-carrier diffusion lengths at different ambient air exposure times, derived
from OPTP measurements of charge-carrier mobilities and recombination rates for thin films of
tin-only FAg.75Csg.255nl3 and mixed lead-tin FAq 75Csg.25Pbg 55100 513 perovskites.

These observations provide clues to the differences in the defect chemistry of tin-rich
and intermediate lead-tin halide perovskites. Tin-rich perovskites are prone to tin vacancy
formation, which may be accompanied by tin oxidation and iodine interstitial formation.*"
Tin vacancies are known to cause background p-doping of the MHP material by introducing
defect states within the valence band that capture electrons and therefore effectively release
free holes into the semiconductor.”” Such p-doping deteriorates optoelectronic properties of
the material by increasing the charge-carrier recombination rates through the introduction
of additional recombination pathways, for example through radiative recombination of
photogenerated electrons with background holes that are present in high density.*"
Concurrently, such effects will reduce charge-carrier mobility because tin vacancies will
be negatively charged following free hole release, making them particularly effective

scattering centers to mobile charge carriers.”>** In addition, charge-carrier scattering

with rates in the femtosecond regime® may reduce their mobilities in the presence of
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substantial hole densities resulting from such self-doping. In contrast, intermediate
lead-tin iodide perovskites appear to exhibit a different type of degradation pathway for
which the defects formed do not possess significant scattering cross-section, as evidenced
by relatively unchanged charge-carrier mobility over the measurement time window
accompanying the sharp increase in recombination rates. The significant increase in
photoconductivity decay rate kq for FAg 75Csg.25Pbg 55100 513 under air exposure is therefore
most likely associated with the formation of defects that are charge-neutral, which would

result in lower scattering cross-section and would not lead to electrical doping.

5.2.2 Absorption Spectra and Elliott Theory

To explore such differences in air-degradation mechanisms of FA( 75Csgo55nl3 and FAq 75
Csg.25Pbg.55n0 515 films further, I assessed the effect of air-exposure on their electronic
structure. The absorption spectrum of a thin film provides an insight into the electronic
structure of the material, enabling evaluation of the bandgap and exciton binding energies.
In general, the absorption spectrum of a semiconductor displays a continuum band-to-band
absorption above its bandgap energy F,, which is enhanced by electron-hole Coulomb
interactions, and a resonant absorption peak below FE,, owing to the formation of a
bound electron-hole excitonic state. Changes to the bandgap of material would then lead
to a shift of the whole spectrum in energy, whereas changes to the strength of exciton
binding energies E}, would mostly moderate the absorption onset at low energies. Figure
5.5(a) and (c) show changes in the absorption spectrum over ~ 15h of air exposure for
FAg75Cs0.255n]3 and FAq 75Csg.05Pbg 5Sng 515 films, respectively. The significant change
observed for the low-energy part of the absorption spectrum of tin-only FAg 75Csg 259113

could in principle be caused by either the Burstein-Moss effect or a decrease in the exciton

33,159,160 33,34,161

binding energy. Burstein-Moss effects are prominent in tin-rich perovskites'

owing to the presence of high hole densities resulting from tin vacancies and the resulting
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unintentional doping, which lowers the Fermi level and partially depletes the valence
band of electrons. As a result, light absorption is only possible from states deeper into
the valence band, blue-shifting the absorption edge of the material without significantly

33,159,16(

affecting the continuum absorption at higher energies. '’ In addition, such an

increase in the background hole density may also affect the exciton binding energy
through enhanced electronic screening of the Coulomb attraction that binds excitons.**%?
To unravel these effects, I performed fits according to Elliott theory’” which describes
the absorption of a semiconductor in the presence of Coulomb interactions (as detailed
in Section 3.1.1, and the fits shown in Figure 5.6), with the resulting values for the
bandgap F, and exciton binding energy Ej, displayed as a function of air-exposure time
in Figure 5.5(b) and (d) for FAq75Csg.e55nl3 and FAg 75Csg.25Pbg 5Sng 515, respectively.
The absorbance spectra in the pristine state was first fitted by the Elliot formula given in
Section 3.1.1, varying all the parameters to achieve the best fit (using the Nelder-Mead
method). Subsequently, most of the fitting parameters were fixed, and only the bandgap
E, and the exciton binding energy £, were allowed to be varied as free parameters to
optimize the fitting function for different exposure times.

My analysis demonstrates that for FAg 75Csg.255nl3, both Burstein-Moss effect and
exciton screening gain significant prominence as the tin-only material is exposed to air, as
revealed by an increase in the effective bandgap and a decrease of the binding energy. As
explained above, these observations are consistent with a significant amount of electronic
doping being introduced into the material during the degradation process, most likely
arising from the tin-vacancy formation. For the mixed lead-tin FAg 75Csg.25Pbg 5Sng 513
perovskite, on the other hand, the evolution of the absorption spectrum and the
corresponding Elliott fitting (Figure 5.5(c,d)) imply only very minor changes in the
effective bandgap and exciton binding energies, even over long (=~ 15h) air-exposure

times. Thus, it is concluded that, in contrast to tin-only FAg75Csgo55nl3, the defects in



Absorbance

Absorbance

1.5

0.0
1.5

1.0

0.5

0.0

5. Air-Degradation Mechanisms in Mized Lead-Tin Halide Perovskites 66

T T T ] 1.42 T T T T T 122.5
FAp.75Csg.255nl5 W
o
140} egeet®®”® 1200 2
T ° 117.5 &
LLIU 1.38F (] :
i -. 4115.0 w
1.36 (b) %0e%etoteseeste | .
T T T ] 1.42 T T T T T 122.5
FA0.75CS0.25Pbo.5SNo 513 M
1.40 1200
1 3 3
o 117.5 ¢
o 1.38F —
L.ser ¢90000000000000000000000000000 | 125
800 900 1000 0 200 400 60 800
Wavelength (nm) Time (min)

Figure 5.5: Absorbance spectra of an a) FA(75Csg.255nl3 and ¢) FA( 75Csp.25Pbg 55100513
thin-film recorded at 30 min intervals over ~ 15h of ambient-air exposure. The absorbance
spectra at 5h of exposure are highlighted in black solid lines for comparison with the time
scales for OPTP data shown in Figure 5.1. The corresponding bandgap energy (E,) and exciton
binding energy (Eb) extracted for (C) FAO,75CSO.25SH13 and d) FAO.75CSO_25Pb0_5SHO,513 from
Elliott fitting as detailed in Section 3.1.1.

mixed lead-tin FAg 75Cs.25Pbg 5Sng 515 causing the observed optoelectronic degradation

under air do not introduce free charge carriers into the conduction or valence bands.

It is therefore proposed that accelerated charge-carrier recombination arising from air
exposure of FAg75Csg.25Pbg 5510513 is instead mediated by the introduction of a large
density of deep trap states, whose energy level lies significantly further from the band
edge than thermal energy at room temperature, and which do not electrically dope

the material to a significant extent.'”!

5.2.3 THz Dark Conductivity

I further confirm the strongly enhanced presence of electrical doping in tin-only FA( 75Csg o5
Snlj in air, and the lack of major doping in its mixed lead-tin FAg 75Csg.05Pbg551n0.513

counterpart, by performing measurements of THz conductivity spectra in the absence
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Figure 5.6: Elliott fits (black lines) to the absorption spectra (colored lines) of tin-only
FA(.75Csp.255nl3 and mixed lead-tin FAg 75Csg.25Pbg.55n¢ 513 perovskites for the first ~ 15h of
ambient air exposure.

of photoexcitation during their degradation in ambient air. Dark conductivity spectra
shown in Figure 5.7(a,b) confirm the monotonic increase of background doping density
for FA( 75Csg.255n]3 with air-exposure time, in contrast to FAg 75Csg.25Pbg 5500 515 (Figure
5.7(d)) which did not exhibit signs of electric background doping or changes in dark
conductivity with air exposure within my detection limit. It is noted that such dark THz

conductivity spectra are equivalent to measurements of the dielectric function at THz

frequencies. As such, these may provide information about not only the presence of a
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Figure 5.7: a,b) Dark conductivity spectra of a FAg75Cso25Snl3 thin film measured at
different degradation times in ambient air as indicated by the color-coded legend. c¢) Estimated
background hole density extracted from spectra in (a) and (b), as detailed Section B.2, plotted
against exposure time in ambient air. d) Dark conductivity spectra of a FAg 75Csg.25Pbg 5510 513
thin film at different degradation times in ambient air.

background charge-carrier density arising, e.g., from unintentional doping, but also on
vibrational absorption falling into the THz frequency region. In the analysis below, I
disentangle such effects (additional details are provided in Section B.2. Measurements of
the dark conductivity spectra were performed with terahertz time-domain spectroscopy
(THz-TDS) at different air-exposure times, as detailed in Section 3.4.1.

For tin iodide perovskites, a recent analysis of dark THz conductivity spectra has shown
these to be dominated by relatively broad phonon modes and a strong free-charge response
arising from a substantial hole background density.”* Such Drude-like conductivity of
charge carriers in metal halide perovskites is known to be spectrally flat across the THz
frequency range, owing to the relatively fast momentum scattering time.**** It is therefore
expected that the dark conductivity response of tin iodide perovskites to shift vertically

toward higher conductivities as the density of background charge carriers increases
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with air-exposure time, which is exactly what I observe for FAj75Csg.055nl3 for early
degradation times (Figure 5.7(a)) over the first ~ 90 min of air exposure. I note however
that at later times beyond ~ 120min in air, the background conductivity decreases
again in amplitude (Figure 5.7(b)) which I attribute to the decrease of the charge-carrier
mobility observed in Figure 5.1(c) that accompanies a continued increase in background
hole density arising from the tin-vacancy formation. To disentangle such effects, I separate
the two contributions of the hole mobility u; and the background hole density py to
the dark conductivity, given by o = epguy, considering the values of mobility extracted
from OPTP measurements (Figure 5.1(c)) at various degradation times and selecting a
spectral range for analysis where phonons make little contribution (as detailed in Section
B.2). T present the background hole density extracted in this manner for FAg 75Csg.255nI3
in Figure 5.7(c), and find that it exhibits a monotonic increase with degradation time in
air, rising from 1 x 10 to 4x 10 cm™ after ~ 5h in air. This increase in unintentional
doping further corroborates the formation of shallow defect acceptor states, such as tin
vacancies, as the main air-degradation mechanism in tin-only FAg 75Csg255nl3.

Such background doping is in contrast to what is observed for the mixed lead-tin
FA.75Cs0.25Pbg 5910 515 film (Figure 5.7(d)), whose dark conductivity spectrum remains
mostly unchanged with degradation time and simply displays two vibrational peaks
associated with optical phonon modes of the metal-iodide sublattice.”*** The lack of
change of these spectra with time and the absence of a spectrally flat Drude-like (free-
charge) conductivity signature implies that for FAg 75Csg.05Pbg 5510 513, any unintentional
doping arising from tin vacancies is comparatively low (<10'® cm ™2, according to my
detection limit, as detailed in Section B.2), despite the high (50%) content of tin in
the structure and the optoelectronic degradation observed in Figure 5.1. This result is
consistent with the earlier finding that exciton screening and Burstein-Moss effects are

not observed in the absorption spectra of this material. It is, therefore, concluded that
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the air degradation of FAq 75Csg25Pbg 5510 515 predominantly involves the formation of
defect states deep within the bandgap, i.e., defects whose energy levels do not lie close to
or within the bands. These deep traps effectively induce trap-mediated recombination,
increasing the monomolecular recombination rates, but do not curtail the charge-carrier
mobilities as severely as the charged tin vacancies prevalent in tin-only iodide perovskites.

Furthermore, the THz dark conductivity spectrum of tin-only FAq75Csg255nl3 also
allows us to garner additional information on its degradation products under prolonged
air exposure. After 12h in air (black dots in Figure 5.7(b)) the spectra reveal two new
peaks appearing after degradation, which occur at higher frequencies (at 1.4 and 2.5 THz)
than those associated with the optical modes of the metal-iodide perovskite sub-lattice®’
and therefore must be of a different origin. It is noted that the clear visibility of these
peaks suggests that charge-carrier mobilities have now been so significantly impacted by
degradation that any background hole densities present can no longer effectively contribute
to the overall photoconductivity. I deduce that these new phonon modes arise from
vacancy-ordered double perovskite formation in the material resulting from tin oxidation
in the presence of air. Previously reported degradation products from the decomposition
of ASnl; perovskites in ambient air include Snl;, SnO, as well as a double-perovskite
A,Snlg, 149105164 arising from the better stability of the 4+ oxidation state over the 2+
state in tin. Since every other metal site of the vacancy-ordered perovskite is empty, the
equivalent reduced ionic mass of the crystalline structure is lower than for a standard
ABXj; perovskite. From a simplified picture of vibrations in a diatomic chain, this lowering
of ionic reduced mass is expected to increase the frequency of oscillation (phonon) modes
compared to those seen in the equivalent ABX3 perovskite structure. The two peaks at
1.4 and 2.5 THz are therefore attributed to the optical phonon modes of the equivalent
vacancy-order double perovskite, and it is noted that those frequencies indeed agree with

the transverse-optical phonon modes of vacancy-ordered Cs,Snlg previously reported,'®
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as fully discussed in Section B.3. Therefore, prolonged air exposure of FAy75Csg255nl3
ultimately leads to tin oxidation and chemical decomposition toward vacancy-ordered

double perovskites, following on from the initial tin vacancy formation.

5.2.4 XRD Measurements

Finally, I investigate the structural properties of the FA( 75Csg255nl3 and FA( 75Csg.05Pbg 5
Sng 513 films through X-ray diffraction (XRD) measurements, in order to assess changes
occurring during their degradation in ambient air over a prolonged time of air exposure.
The evolution of the second-order quasi-cubic (200) X-ray diffraction peaks is presented
in Figure 5.8 over an air-exposure time window of 72h (full XRD spectra over a wider 26
range in Figure 5.9 and 5.10). It is found that both materials exhibit only relatively minor
structural changes over the first few hours of air exposure, during which the optoelectronic
properties of the film have been found to deteriorate significantly, as highlighted by the
OPTP and THz-TDS measurements discussed above (Figure 5.1). This observation
further confirms that the optoelectronic degradation I reported on for air exposure
over the first ~ 5h was a result of point-defect formation, rather than full structural
deterioration of the semiconductors. It is noted that for longer air exposure, however,
the XRD peak amplitude decreases substantially, suggesting a loss of the perovskite
structure and a potential formation of degradation products.

For tin-only FAq75Csp955nl3, an extended air exposure (= 72h) results in the (200)
perovskite peak no longer being observable, but a broad, weak peak instead arises
at a higher diffraction angle 26 (Figure 5.8(a) inset). XRD peaks of vacancy-ordered
double perovskites are expected to appear at a higher diffraction angle than those
of their equivalent perovskite counterpart, since the enhanced oxidation state of tin
ions decreases the lattice parameter, in agreement with previous reports.'*!03164,160

Therefore, 1 attribute the broad peak observed for tin-only FAg75Csgo5Snl3 to the
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Figure 5.8: (200) X-ray diffraction peaks of a) FAg 75Csp.259nl3 and b) FA 75Cs.25Pbo 5500 513
thin films measured at 30 min intervals over the first ~ 12h of ambient-air degradation and
again at 72h. Insets show the results of the same measurement over a broader angle range and
plotted on a logarithmic scale. The spectra at 5h exposure time are highlighted with a black
solid line for comparison with OPTP and THz-TDS data, and the spectra at 72h are denoted
with gray lines.
formation of a vacancy-ordered double perovskite, in agreement with my analysis of
dark conductivity spectra above. The broad nature of the peak indicates that the
size of such double perovskite domains must be small, leading to X-ray diffraction off
relatively few lattice planes for each such inclusion. Prolonged air-induced degradation
of FAg75Csg.255nl3 therefore ultimately leads to a highly structurally, and most likely
also compositionally, disordered material.

The mixed lead-tin FAg75Csg25PbgsSng 513 film, on the other hand, shows a much

slower decrease in XRD peak amplitude (Figure 5.8(b)) and an absence of any discernable

vacancy-ordered double perovskite, even after 72 h of ambient air exposure. The relatively
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Figure 5.9: Continuously recorded XRD patterns over ~ 12h of ambient air exposure of thin
films of FAO,75CSO.25SI113, FAO,75CSO.25Pb0.5Sn0_513, and FAo.ﬁMAO,4Pb[).5SDO,513 perovskite. The
right-hand panel is a zoomed-in view of the (200) peak.

slow deterioration in its structure (Figure 5.8) in the presence of a much more rapid decline
in its optoelectronic properties (Figure 5.1) again suggests that the former is caused by
the introduction of point defects that leave the perovskite structure fundamentally intact.
However, a small increase in the lattice parameter of the crystal structure with degradation
is evidenced by the XRD peak shifting to a lower 26 angle with prolonged air exposure. |
attribute this shift to an effect related to the A-cation composition (FAg75Csg25), given
that the same measurements were conducted on a FAggMA( 4Pbg 5500515 film (presented
in 5.9 and 5.10) but reveal a lack of such lattice contraction.

To summarize, I have shown that tin-only FAg 75Csg255nl3 perovskite degrades in air
via heavy p-type self-doping of the semiconductor, originating from the formation of a high

density of shallow tin-vacancy point defects, in agreement with previous reports.** 1%
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Figure 5.10: Continuously recorded XRD patterns over =~ 72h of ambient air exposure of
thin films of FAO_75CSO.25SD13, FAO,75CSQ.25PbQ_5SI’l0,513, and FAO,GMA[)APbO.g,Sno_g,Ig perovskite.

The right-hand panel is a zoomed-in view of the (200) peak.

SnF, addition has been widely and successfully used as an additive to suppress such tin-

vacancy formation during the deposition process.’”'°! However, my work here revealed

that air degradation of mixed lead-tin FA(75Csg5Pbg5Sng5l5 instead results in the

formation of much deeper trap states, with electrical doping being far less prominent

in the material than in the tin-only equivalent. There have been suggestions based on

theoretical calculations™ that mixed lead-tin perovskites (specifically MAPbg 5Sng 513)

might potentially be free of trap states energetically situated near mid-bandgap. However,

energy levels calculated for tin vacancies, iodide vacancies and tin interstitials in such

mixed lead-tin perovskites all lie within the bandgap, and, importantly, are situated

more than the thermal energy at room temperature (k,7' 225 meV) away from the band

edges,” therefore these are potential candidates for the trap-mediated recombination
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pathways observed herein. It is noted that the formation of tin and iodide vacancies is also
consistent with a recent surface probe of the degradation of lead-tin perovskites employing
X-ray photoelectron spectroscopy.'®” It is also noted that while tin vacancies are dominant
shallow defect states in tin-only perovskites, the lowering of the valence band upon
substitution of lead (owing to enhanced spin-orbit coupling) may turn such vacancies
into deep trap states in mixed tin-lead perovskites,”’ thus trap-mediated recombination
in the absence of significant self-doping may occur, as is observed. However, it has been
postulated that tin-vacancy formation is suppressed once a significant fraction of tin has
been replaced with lead in these perovskites.”’:*>*1:19% Given that FAg.75Csg25Pbo.sSng.513
shows substantially more rapid increase in charge-carrier recombination rates with air
exposure than FAg 75Csg055nl3 (Figure 5.1(b)), it is therefore perhaps more likely that
such deep-trap formation in intermediate tin-lead compositions is caused by iodide
vacancies, which form prominent deep-level defects in lead iodide perovskites.*’»'%135:16%
Overall, I highlight the differences I observe in the electronic behavior of these perovskites,
contrasting shallow, hole-donating defect states formed in tin-only perovskites, with deep-
trap states formed in mixed lead-tin perovskites, which do not significantly contribute to
background doping, but lead to optoelectronic deterioration. I, therefore, suggest further
investigation into novel fabrication methods of mixed lead-tin perovskites, including
the exploration of an iodide-rich environment to prevent iodide vacancies, and further
optimization of the tin-additive concentration in order to carefully balance the trade-
off between tin-vacancy and tin-interstitial formation. It is also noted that a stronger
focus is needed on eliminating tin inhomogeneities’’ as these may result in lead-tin
perovskites with nominally optimized tin stoichiometry, but exhibiting a combination of
locally tin-rich environments where tin interstitials are dominant, and locally tin-poor
environment where tin vacancies are dominant. Since either defect type represents an

electronic trap, a simple addition of SnF, may be insufficient if this treatment fails to
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induce fully homogeneous tin addition on the metal sites. An alternative possibility is the
formation of SnO, within the mixed lead-tin perovskite structure during air-degradation,
which has been suggested in previous reports and could also result in a deterioration of
optoelectronic properties of the semiconductor.*>*54>14%167 Qwing to the abundance of
the defect states present within SnO, inclusions and at their interface with perovskite

169-175

crystals, even a relatively low density of SnO, may decrease the charge-carrier
recombination rate, without much affecting the charge-carrier mobility measured with
terahertz spectroscopy. The amorphous and disordered nature of these SnO, domains
means that they can rarely be observed in XRD patterns, providing a plausible explanation
for my findings of declined optoelectronic properties in tin-lead perovskites in the absence

of discernable changes in XRD patterns.'”® It is noted that thin-film fabrication in a

tin-poor environment may also be able to reduce such SnO, formation after air exposure.

5.3 Conclusion

In conclusion, I have investigated the differences in degradation pathways between
FAg 75Csgo55nl3 and FAg 75Csg05Pbg 5Sng 513 perovskite thin films in ambient air. I first
identified self p-doping via tin-vacancy formation as the main degradation pathway in the
tin-only perovskite, in agreement with previous reports. Such p-doping was evidenced
by the Burstein-Moss effect and a decrease of exciton binding energy (E},) of the tin-
only perovskite observed during air exposure, as well as an increase in the Drude-like
dark conductivity spectrum of the film from the enhancement of the free charge-carrier
population. A vacancy-ordered double perovskite structure was also identified as a
degradation product, as evidenced by its phonon modes and the appearance of new
XRD peaks. The tin-only perovskite also simultaneously underwent deterioration of the

optoelectronic properties resulting from charge-carrier recombination of doping-induced
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holes with photoexcited electrons. These holes, together with negatively charged tin-
vacancy complements, act as additional scattering centers, decreasing the momentum
scattering time of free charge carriers. Such optoelectronic degradation was observed as a
decrease in the charge-carrier mobility (1) and an increase in charge-carrier recombination
rate (k1), and correspondingly a decrease in the charge-carrier diffusion length (Lp).
In contrast, air exposure of the mixed lead-tin perovskite predominantly resulted in
the formation of deep trap states rather than significant electronic doping. The lack
of any discernable change in the dark conductivity spectrum of the lead-tin perovskite,
as well as only minor changes to its absorption spectrum during hours of air exposure,
suggest that shallow, hole-donating defect states are not the most abundant defects
forming in the mixed tin-lead perovskite upon air exposure. However, despite the lack of
significant electronic doping or structural degradation, FAg 75Csg.25Pbg.5Sng 515 exhibited
deterioration of its optoelectronic properties upon air exposure, implying the formation
of deep-level defect states that accelerate the monomolecular recombination of free
carriers. SnF, addition has been successful in suppressing the tin-vacancy formation in
tin-only perovskite, but my work suggests that this may not necessarily be the right
approach for mixed lead-tin perovskites. The FAg75Csg25Pbg 5510515 films examined

here were produced with a 10% SnFy addition, currently the standard for absorber

53-15

layers incorporated in high-performing perovskite solar cells,’ % yet they are still
liable to deep-trap formation in ambient air. Tin interstitials and iodide vacancies
are likely the prominent defect states formed during air degradation of mixed lead-tin
perovskites. In addition, given the shifts in predominantly the valance band, any remnant
tin vacancies may now form traps deeper in the bandgap, rather than the shallow hole-
donating defect states they constitute in tin-only counterparts.”’ I, therefore, suggest

that the suppression of such defect states requires further investigation into iodine-rich

fabrication environments, as well as precise balancing of tin content in combination
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with further exploration of treatments that allow for better tin homogeneity control.
My study highlights the urgent need for the development of additional and alternative
passivation methods tuned specifically toward mixed lead-tin perovskites. Such treatments
will ultimately improve air stability, enabling all-perovskite tandem devices to become

commercially viable with excellent long-term power conversion efficiencies.
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6.1 Introduction

Lattice vibrations influence a plethora of fundamental material properties, ranging from
dielectric and elastic responses to thermal and electronic conductivities.® For semiconduct-
ors, coupling of phonons to charge carriers is critical to several photophysical processes—hot

Y and charge-carrier recombination'®’ — and

carrier cooling,'”'™ dynamic disorder,'®
most importantly imposes fundamental limits on charge-carrier transport.'® Metal-
halide perovskites (MHPs) have attracted much attention for their excellent charge-
carrier transport properties and their impressive potential in photovoltaic applications.'®
Electron—phonon coupling in MHPs has been the subject of intense debate, and has often
been proposed as the origin of their exceptional properties.'®*'*> Phonon frequencies
in MHPs are lower compared to those in conventional inorganic semiconductors, as a
result of heavier ions (e.g., Pb?*T, I') and mixed covalent-ionic bonds leading to a ‘soft’

lattice.'™ These low phonon frequencies have been stipulated to yield defect tolerance,'*°

anharmonicity of phonons'®” and even a ‘liquid-like’ nature of the material.'*%'*" In

addition, charge-carrier properties are shown to be significantly influenced by structural
fluctuations in MHPs, especially those induced by low-frequency vibrations.'®*!%!9!
Understanding the role of the vibrational structure in determining the properties
of MHPs is thus also crucial more generally for the development of a new family of
high-performance semiconductors. Despite their ideal optoelectronic properties, MHPs
can be affected by toxicity and structural, thermal and chemical instabilities.'”” As a
result, alternative metal-halide compositions and related semiconductors, often referred

to as ‘perovskite-inspired’ materials, are currently being discovered and explored for

next-generation photovoltaic devices and other applications.'” Therefore, identifying the
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vibrational fingerprints of a promising emergent semiconductor is a fundamental step
in the quest for developing such next-generation materials.

Raman spectroscopy in the THz region, also known as ultra-low frequency (ULF)
Raman, is a well-established approach for the study of lattice dynamics of MHPs. It has
been widely reported that MHPs exhibit a broad Raman response in this region, known
as the ‘central Raman peak’,'”* ' that increases in magnitude toward the elastically
scattered (zero-frequency) light peak. Despite several studies on the low-frequency
Raman response of MHPs, a consensus on the origin of this phenomenon has not yet
been reached. There have been some initial assignments of this phenomenon to the

185,189,197 causing local polar fluctuations,

‘liquid-like’ nature of the perovskite lattice
temperature-activated A-cation rotation,'”® or octahedral tilting from cation lone pairs.'”’
IR and Raman spectroscopies can provide access to complementary information on the
vibrational structure of semiconductors and a detailed comparison can be of unique value
to a full understanding of the vibrational properties of MHPs. Crucially, the central
Raman response visible in Raman spectra has not been reported in IR spectra,’’’?"! for
reasons unexamined to date. However, the different nature of these responses—Raman is
a light-scattering measurement, while IR spectroscopy measures light absorption-requires
a careful comparison that considers the different transition matrices and the selection
rules associated with these two techniques.

In this chapter, I systematically investigated the low-frequency vibrational spectra
recorded for a range of metal-halide semiconductors with relevance to photovoltaic
applications. This work elucidates the origin of the low-frequency vibrational response
from these materials through a careful combined analysis of Raman and IR spectra. By
studying a wide range of metal-halide compositions—in both thin film and single crystal

form—and leveraging combined IR and Raman information, I was able to examine the

origin of the central Raman response, and could rule out several potential explanations,
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including extrinsic defects, a double-well instability that may arise from octahedral tilting
and cation lone pairs, and a boson peak that may be associated with a soft, ‘liquid-like’
nature of the lattice. I suggested that instead, differences in the decay channels for
Raman- and IR-active phonons, as well as a thermal population factor affecting solely

the Raman intensity spectrum, are responsible for the peculiar low-frequency Raman

response observed in many of these semiconductors.

6.2 Results and Discussion

To investigate the central Raman response, I employed ultra-low frequency (ULF)
(>10ecm™!, 0.3THz) Raman and THz time-domain spectroscopy (THz-TDS), ideal
techniques for probing Raman- and IR-active phonon modes in this range. For ULF
Raman, a continuous wave (CW) pump laser with 900 nm wavelength was used,
corresponding to photon energies below the band gap energy for all materials investigated,
to avoid degradation from photoexcitation and contributions from resonant Raman
conditions which may skew the intensities of certain modes.””? For THz-TDS, the
transmission of THz-frequency pulses through thin films deposited on z-cut quartz was
measured using electro-optic detection in the time domain, and the transients were Fourier
transformed to yield the THz spectrum. Full descriptions of the spectroscopic techniques
are given in Section 3.2 and 3.3. Here, I investigated a range of metal halide semiconductors
currently being explored for photovoltaic and optoelectronic applications, including the
lead-halide perovskites MAPbI;, FAPbI;, MAPbBry 51; 5, MAPbBr;, CsPbBrs and their
precursor Pbl,, and the emerging metal halides Cs;AgBiBrg and Cu,AgBilg, as well as
Agl for comparison. I note that in the literature, single crystals have been preferred for
Raman investigations owing to their higher Raman scattering intensity and possibility for

194,196,198,199,203,

polarization-dependent measurements. 0% However, to obtain an analysis

more relevant to photovoltaic devices, I here explored thin films deposited on z-cut quartz,
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while also demonstrating comparison with single crystals for a subset of the materials

investigated - fabrication details can be found in Section C.1.

6.2.1 ULF Raman Spectra

I examined the ULF Raman spectra of the various metal-halide semiconductor thin
films to probe for the presence of the central Raman response, as shown in Figure
6.1. All the MHPs (MAPbI;, FAPbl;, MAPbBry 51,5, MAPbBr3, CsPbBrj) exhibit
such a central Raman peak, as do Cuy,AgBilg and Agl, while Pbl, shows only a weak
low-frequency response in that region. Cs,AgBiBrg does not exhibit any central Raman
peak, in agreement with reports by Cohen et al.”’? For clarity, a zoomed-in plot of the
Raman spectra of Agl and Cs,AgBiBrg can be found in Figure 6.2. It is worth noting
that from ideal point-group analysis, materials with perfect cubic perovskite structure
should not possess any Raman-active phonons.””” Therefore, for MHPs to exhibit a
strong low-frequency Raman response, some disorder or anharmonicity needs to be
present.?’%?"" Alternatively, this low-frequency response could be caused by multiphonon

%209 but no higher harmonics of this response appear visible in the Raman

processes,”’
spectra. Moreover, I note that sharp features in the Raman response of the metal-halide
thin films are superimposed with the broad central Raman response, similar in appearance
to optical phonon modes apparent in IR spectra discussed below. This coexistence of a
broad feature with more sharply defined phonon peaks suggests that not just one type
of lattice dynamic causes the low-frequency Raman response of MHPs.

I start by discussing and assessing-based on the Raman data reported in Figure 6.1 and
prior studies—the main factors proposed in the literature as origins of the central Raman
response for MHPs, in the following order: the presence of a double-well potential from

A-cation lone pairs or octahedral tilting, extrinsic disorder from defects and impurities,

and a boson peak response arising from a soft ‘liquid-like’ nature of the structure.
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Figure 6.1: Raman spectra of a set of thin-film metal halides, as indicated. The central
Rayleigh scattering peak is hidden with black, and the phonon responses of the z-cut quartz
substrate are indicated with gray throughout the spectra. A CW laser with wavelength of
900 nm was used as the light source, and the Raman signal was collected in a backscattering
geometry. Rayleigh scatter was suppressed with volume-Bragg notch filters. Experimental
details can be found in Section 3.3.

The presence of a double potential well in the lead halide octahedral cage [PbXg]~*
and the dynamic instability associated with this lattice potential has been intensely
discussed in the literature for MHPs.??%?!"21% Structural distortion in the perovskite
lattice associated with this potential could explain the presence of the low-frequency
Raman response, as a result of deviation from the perfect cubic structure. Recently,
the double-potential-well model has also been invoked to account for the anomalous
temperature dependence of the Raman intensity of some oxide and metal-halide perovskite
materials.”’® Here, I note that the presence of a double-well potential in MHPs can be

intimately connected with a stereochemically expressed 6s® lone pair from the Pb?*
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Figure 6.2: Normalised Raman intensity spectra of Agl and Cs,AgBiBrg thin films, focusing
on the narrow range close to the central, elastically scattered peak. A CW laser with wavelength
900 nm was used as the light source, and the Raman signal was collected in a back-scattering
geometry. Rayleigh scatter was suppressed with volume-Bragg notch filters. Experimental
details can be found in Section 3.3
cation.”'??!* Interestingly, no similar double-well potential is expected for Agl and for
CsSrBrj,”'” given the electronic configuration of the Ag™ and Sr** cations ([Kr]4d'%5s?)
and ([Kr]5s?) lack such ns? lone pairs. However, these materials also exhibit a broad
low-frequency Raman response (see Figure 6.1 for Agl and Ref [215] for CsSrBrj). As
recently shown, CsSrBrs shows close structural similarity with CsPbBr;, but unlike the
latter exhibits no lone pair, yet both exhibit a broad central Raman response in their
high-temperature cubic phase.”’” Overall, I therefore rule out the stereochemical activity
of heavy cation lone pairs as the primary factor in determining the presence of a central
Raman response in these metal halide semiconductors.

Octahedral tilting has been proposed as an alternative possible cause of instabilities

related to double-well potentials in MHPs.'?%?10:211 This effect is closely related to the

Goldschmidt tolerance factor and therefore the choice of A-cation; when A-cations are
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smaller than the optimal size for bonding with BXj, octahedral tilting may occur to

2162218 Octahedral tilting has been associated with zone-boundary vibrational

compensate.
instabilities giving rise to anharmonic double-well potentials;*'““'® therefore different
A-cations are expected to cause octahedral tilting and double-well potentials to different
extents. However, I observe that MHPs differing only in their A-cations (i.e., MA, FA
and Cs in Figure 6.1, as well as MHy'”° and 2D MHPs”" reported in the literature,
with differing values of the Goldschmidt tolerance factor) exhibit a very similar central
Raman response. I therefore suggest that octahedral tilting cannot play a major role
in the appearance of a central Raman feature either.

Another possible source of disorder may arise from extrinsic factors related to
processing conditions, i.e. defects and interstitials, chemical inhomogeneity,””" or crys-
tallinity /grain boundaries. It has indeed been shown that defects and impurities can
influence the low-frequency Raman response.”?"?*? A defect can distort a unit cell which
can oscillate between unit cells with different symmetries,”?! or an impurity can cause a
strain field surrounding it, so both may in principle cause a central Raman response.”** I
aim to examine the presence of such effects in MHPs by comparing Raman measurements
on thin films with those of single crystals, for materials with the same nominal composition,
but with distinctly different defect densities. For MHPs in particular defect densities
have been reported to be of the order of ~ 107 cm™ for thin films*** and ~ 10'° cm ™3 for
single crystals,'***? therefore I contrasted ULF Raman spectra measured both for thin
films and single crystals of CsPbBrsz and MAPbI; in Figure 6.3(a, b). It can be seen that
both forms of the same material exhibit very similar responses in the low-frequency region

of the Raman spectra, for both compositions. I therefore conclude that such extrinsic

sources of disorder are unlikely to be related to the central Raman response in MHPs.
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Figure 6.3: Normalized Raman spectra of thin films (solid lines) and single crystals (dash-
dot lines) of (a) MAPbI; and (b) CsPbBr;. (c¢) Reduced Raman (scheme 2) and reduced
IR absorption spectra of amorphous silica glass, with the peak near 1 THz being the Boson
peakarising from the liquid-like nature of amorphous silica glass. IR absorption data were
taken from Ref [224]. (d) Normalized reduced Raman andreduced IR absorption spectra of
MAPDI; thin film on z-cut quartz. The reduced Raman spectrum is given by IR, x(n+1))s
where IR is the measured Raman intensity, and the reduced IR spectrum is given by «/ws,
where « is the measured THz IR spectrum (scheme 2). A laser wavelength of 900 nm was used
for non-resonant Raman spectroscopy, and THz-TDS was employed for acquisition of the IR
absorption spectrum, as detailed in Section 3.2 and 3.3. IR spectra for further metal-halide
semiconductors are provided in Figure 6.4.

6.2.2 Comparison Between Raman and IR Spectra

I further probe whether the central Raman peak may form as a result of a ‘liquid-like’

nature that has been postulated for MHPs'®'* owing to their exceptionally soft lattice.?*”

An amorphous material may exhibit a low-frequency Raman response, known as the

Boson peak,

226-231

because if disorder within a material is sufficiently high, selection

rules will be lifted since each mode will no longer be localized in momentum space

acoustic modes will contribute to the vibrational density of states (vDoS),

““““

232,233 glVlIlg

rise to an excess vDoS adding onto the Debye vDoS (o w?).”*”#*" This phenomenon

has been identified as the primary cause for the presence of a low-frequency Boson peak
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Figure 6.4: Normalised reduced Raman and reduced IR absorption spectra of CsPbBrs,
MAPDBr 511 5, MAPbBr; and FAPbI; thin film on 2-cut quartz. The reduced Raman spectrum
is given by IR /(ux (n+1)), Where Iy is the measured Raman intensity, and the reduced /g spectrum
is given by a/w?, where « is the measured THz IR spectrum. A laser wavelength of 900 nm
was used for non-resonant Raman spectroscopy and THz-TDS was employed for acquisition
of the IR absorption spectrum, as detailed in Section 3.2 and 3.3. The equivalent spectra for
MAPDI; thin films are shown in Figure 6.3.

in amorphous materials such as silica glass.”****! Crucially, the lifting of selection rules
implies that this additional vDOS contributes to signal amplitudes in both Raman and
IR spectra.””’ However, to allow for clear observation of the Boson peak and for an
accurate comparison between Raman and IR spectra, a spectral reduction must first be

applied to the experimentally measured Raman and IR spectra to account for differences

in the measurement techniques and yield a spectrum accurately describing the vDOS.
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The intensity of the Raman signal generated by harmonic oscillators is proportional to

w/(n+1), and for disordered materials with short spatial correlation length, the Raman

susceptibility x” can thus be described by the relation:??%23%233

UJIR
n+1

WXH = CRamang = (6]_)

where CRraman is the Raman coupling coefficient, g is the vDoS, Iy is the Raman intensity
(as measured), and n is the Bose-Einstein distribution. I label this reduction scheme

as scheme 1. The IR absorption spectrum has a simpler form:**’

C’IRg =« (62)

where C'y is the IR coupling factor, and « is the IR absorption spectrum (as measured).

I note that Iy a, and n all depend on the frequency w of the transmitted

" ,Craman;CIR,&>
or scattered photon. Importantly, after the appropriate spectral reduction is applied to
the measured signals, the reduced IR and Raman spectra are both representative of the
vDoS, apart from the application of symmetry-related selection rules that may differ
between the two techniques. In order to more clearly observe the Boson peak on top
of a Debye vDoS (o< w?), I follow the standard literature approach to further reduce
the IR and Raman intensities to a/w? and I/[w(n + 1)], respectively, which are both
proportional to g/w????* and I label this as scheme 2.

There have been literature reports postulating a ‘liquid-like’ nature of MHPs, based
on large phonon dynamics and polaron formation.'*®'® Such ‘liquid-like’ nature was
also postulated as a possible cause for the central Raman response. %199 If MHPs
are ‘liquid-like’; i.e. they have almost the response of an amorphous material, the Boson
peak should be visible, and may indeed be the cause of the central Raman response.??”***

I thus examine this question by comparing reduced Raman and IR spectra.?”**** To

ensure my method is correctly implemented, I first examine silica glass, an established
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amorphous material. As Figure 6.3(c) shows, for silica glass, the reduced IR and Raman
spectra are indeed very similar (IR spectrum taken from Ref [224]) with the Boson
peak visible at ~ 1THz, with minor deviation attributed to differences in coupling
coefficients.??”"?** In contrast, for all MHPs, I instead observe clear deviations between
the reduced IR and Raman spectra (see Figure 5.5(d) for MAPbI; and Figure 6.4 for
other MHPs). I note that the deviations between the two types of reduced spectra
cannot be attributed solely to differences in the coupling coefficients applying to Raman
and IR signals. The clear differences between the broadness of the measured peaks,
as well as their shape and position suggest more profound causes for the divergence
between the Raman and IR responses. Overall, I thus conclude that the central Raman
response in MHPs does not originate from the appearance of a Boson peak, or a ‘quasi-
amorphous’ nature of the material.

It is evident that the Raman and IR responses are very distinct in MHPs, although
they should both operate based on the same vDoS, albeit with different selection rules. I
continue to explore potential reasons for the discrepancy between Raman and IR spectra,
focusing in particular on the differences in the central, low-frequency Raman response. To
contrast the spectra appropriately, I use the reduction schemes for Raman and IR spectra

229,235

discussed above, which have been shown to be effective for amorphous, as well as

2367238 Figure 6.5 shows the reduced Raman and IR spectra for a range

crystalline materials.
of metal halide semiconductors, but the spectral shapes are clearly very different. (I note
that following convention, the reduction scheme here is scheme 1 and therefore different to
the scheme 2 applied to data shown in Figure 6.3(c,d) in order to highlight the Boson peak.)
Reduced Raman spectra shown in Figure 6.5(a) exhibit broad, almost linear, responses
toward zero frequency, whereas IR absorption spectra of the same semiconductors in

Figure 6.5(b) generally show well-defined phonon peaks with little signal toward zero

frequency (Agl, CsyAgBiBrg and Cu,AgBilg do not present strongly IR-active phonons in
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Figure 6.5: (a) Normalized reduced Raman spectra (scheme 1) of metal halides deposited
as thin films on z-cut quartz. The phonon response from the quartz substrate is highlighted
in gray. (b) Normalized IR absorption of the same metal halides (equivalent to the reduced
Raman spectra, as can be seen from eqs 6.1 and 6.2), acquired with THz-TDS.

this range). Some of the differences in Raman and IR spectra will clearly be caused by
changes in coupling coefficients for specific modes. Determination of coupling coefficients
for metal-halide semiconductors are still ongoing, either thorough experimental studies,
i.e. neutron scattering and heat capacity measurements, or theoretical studies.”* %!

Nevertheless, beyond such effects, it is evident from the data in Figure 6.5 that the

broadening of the Raman and the IR responses differs significantly.
6.2.3 Different Broadening Mechanisms

I proceed by exploring the hypothesis that the central Raman response is caused by
the broadness of the specific phonon responses observable in Raman spectra covering
the ultra-low frequency region, along with the Bose—Einstein population factor which

195,199

significantly amplifies Raman signals toward zero frequencies. Both for MHPs and

other materials,”***** Raman spectra have been approximated with a series of damped

Norm. Absorption
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harmonic oscillators (described by the Lorentz model) multiplied by the Bose-Einstein
(n(w) + 1) term, where n(w) = 1/(e"™/*7=Y and A, ky, v are reduced Planck’s constant,
Boltzmann constant and absolute temperature, respectively. Within the above formalism
(eq 6.1), this is equivalent to the assumption that the Raman coupling coefficient is linear
in frequency, i.e. Cra.>>" "' T also adopt this approach, and employ the Lorentz damped

harmonic oscillator model, which predicts a scattering cross-section per oscillator mode ¢ as

Si(w) = As(n(w) + 1) x Im(1/(w] — w* — iTw)) (6.3)

where A;,n,w;, and I'; are the amplitude, Bose-Einstein factor, harmonic oscillator
frequency, and damping coefficient, respectively. I fitted the ULF Raman spectra (up to
3 THz) of MA-based MHPs, shown in Figure 6.1, to the sum of three phonon resonances
with scattering cross sections described by eq 6.3, as shown in Figure C.1.'”° The above
Lorentz equation, but without the (n(w) + 1) Bose-Einstein term and with two phonon
resonances, was also fitted to the IR absorption spectra, also shown in Figure C.1. To
quantify the extracted broadening of these phonon modes, I calculate and show the ratio
I'/wp in Figure 6.6(a), which reveals that the lattice response observed in Raman spectra
at ultra-low frequencies is significantly broader than that evident in IR spectra. This
discrepancy may arise from the types of modes probed by the two techniques. As shown
in various computational studies on lead halide perovskites, the ultra-low frequency range
(<100 cm™1) hosts a large number of IR- and Raman-active modes.”’"***"**¥ These have
primarily been associated with different types of motions of the lead-halide sublattice,
in agreement with the blueshift observed in the Raman and IR spectra for the phonon
frequencies of MA-based MHPs when the bromide composition increases, as shown in
Figures 6.7. Thus, the significantly enhanced broadening of the ULF Raman modes
compared to the IR modes in the same range may result from different Raman- and

[R~coupling rules for different types of modes.
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Figure 6.6: (a) Box plot showing the broadening, quantified by I'/wy, of lattice vibrations
in the THz-frequency range determined for MA-based metal-halide perovskites (MAPDI;,
MAPDBr 511 5, MAPbBr3) from Raman or THz-TDS IR absorption measurements, as detailed
in Section 3.2 and 3.3. (b) Illustration of a damped harmonic oscillator response (Lorentz
model, eq 6.3), Bose-Einstein population factor (n(w)+ 1), where n(w) = 1/(e"/*7=1) and the
multiplication of the two, demonstrating the expected Raman response for a single low-frequency
mode according to the damped harmonic oscillator model. Parameters used were wg = 0.8 THz,
= 1THz, and T' = 300 K.

In this context, it is important to note that while Raman can (if symmetry permits)
probe both transverse optical (TO) and longitudinal optical (LO) phonons and modes,”"!
THz-TDS conducted at near-normal incidence only probes transverse optical phonons
since the electric field of the THz wave oscillates perpendicularly to its direction of
propagation,”’’’ though IR measurements conducted at a significant angle can provide
some access to IR-active LO phonons.”” From a very general perspective, differences
in line widths observed in Raman and IR spectra may thus arise from variations in the

decay channels operating for LO and TO phonons. LO and TO phonons share some
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Figure 6.7: Mode frequencies extracted from fits of the damped harmonic oscillator model to
the (a) Raman spectra and (b) IR spectra of MAPbI3, MAPbBr; 51; 5 and MAPbBr3 thin films.
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similar decay mechanisms, i.e. decay to acoustic phonons,””’ or through phonon-phonon
scattering.””! However, their decay rates will differ, since LO and TO phonons will
decay into a range of different acoustic phonons.””> LO phonons have also been reported

253,254

to transform into one optical mode and one acoustic mode, and can additionally

244255 0 intrinsic charge carriers, which may shorten phonon

experience Frohlich coupling
lifetimes and thus broaden the Raman response further.

More specifically to lead-halide perovskites, accurate calculations of phonon mode
frequencies have often been hindered by softness and structural flexibility of the lattice.
While first-principles calculations agree that ULF modes in lead-iodide perovskites
originate from Pb-I-Pb rocking and bending modes,”’****?% they often suffer from
significant shifts in calculated peak frequencies compared to experimental data,”’"**"
or do not capture’** the experimentally observed?’**** ultra-low frequency peaks near
10 - 20cm™!. Such discrepancies may arise from lattice anharmonicity, which has been

211,256~

proposed to be substantial in metal halide perovskites. %8 Moreover, the perfect

cubic perovskite structure does not have any Raman-active modes,*””

but anharmonicity
can cause deviation from the perfect cubic structure, and therefore lift the Raman
selection rules. Indeed, Figure 6.6(a) indicates that the phonon mode broadening I"
approaches the value of its frequency wy for Raman-active ULF soft modes in lead halide
perovskites, a clear signature of anharmonic effects. The anharmonic low-frequency
motions were investigated with molecular dynamics (MD) calculations for lead-halide
perovskites that revealed lattice dynamics arising from head-to-head motion of A-cations
in the cuboctahedral voids of the perovskite structure and octahedral distortions.'”*
Anharmonic polar rotation motions of hybrid A-cations have also been identified.””” Such
MD simulations revealed particularly low (subpicosecond) phonon lifetimes associated

with these ULF modes, that further shortened as frequencies were lowered from 3 to

1THz.”"" While further work is needed to assign and contrast the Raman and IR
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intensities of soft lattice modes from such MD calculations, such information may
ultimately hold the key to understanding the differences in broadening observed for
ULF Raman- and IR-active modes.

Overall, I therefore posit that the central Raman response of many metal halide
perovskites results from an interplay of the significant broadening of Raman-active broad
soft phonon modes in the low-frequency region, amplified by the (n 4+ 1) Bose-Einstein
population factor, which becomes substantial at low frequencies (see Figure 6.6(b)). As
a simple demonstration of these two effects, Figure 6.6(b) shows the response for a
single oscillator mode according to the Lorentz model together with the Bose—Einstein
population factor, along with the multiplication of the two. This should be comparable

2997241 within the formalism in eq

to the Raman response, with the assumption of Crye,
6.1. The resulting function represented by the black line is clearly very comparable in
shape to the central Raman response experimentally observed. In particular, I note
that this simulated spectrum accurately reflects the peculiarity of ULF Raman spectra
of lead-halide perovskites, i.e., the presence of both peak-like features and a seemingly
continuous background heading to large amplitude toward lower frequencies. The broad
central Raman response toward zero scattering frequencies is thus the result of the
particularly low-energy lattice vibrations in these materials, which tail into the frequency-
range where the population factor becomes significant. As such, it therefore does not
reflect a continuum of vibrational frequencies, but rather the presence of individually
defined but very broad modes. I also note that such broad low-frequency Raman response

94,203,219 g oreeing well with my

of MHPs has been shown to increase with temperature,’
hypothesis. On the other hand, the IR response does not show such low-frequency
response because of two combined effects: first, IR measurements are light absorption

measurements, in which one IR photon is converted into a phonon, so do not depend

on the initial population of vibrational modes. In contrast, Raman scattering requires
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interaction with an existing ground- or higher state phonon population, and therefore the
Bose-Einstein population factor becomes prominent in Raman scattering. Second, the
IR-active TO phonon modes exhibit far narrower line widths stemming from different
decay mechanisms compared to those operating for the lowest-frequency, most anharmonic
Raman-active modes. I thus conclude that the central Raman response results from
the presence of significantly broadened low-energy Raman-active lattice modes whose
anharmonic response is amplified by the Bose—Einstein population factor, and that the

existence of these modes is the criterion for such central Raman response.

6.3 Conclusion

In conclusion, I examined the lattice responses in the low-frequency THz regime across
a range of metal halide semiconductors, contrasting Raman- and IR-active vibrations.
I employed ultra-low frequency Raman and THz-TDS IR spectroscopy, observing clear
discrepancies in the spectra obtained. While Raman spectra exhibit a broad central
response rising toward zero frequency, no such response is visible in the IR spectra, which
only display well-defined resonance peaks. I systematically examined the cause behind the
central Raman response, and the observed discrepancies between Raman and IR spectra. 1
excluded the following possibilities as the primary causes of the central Raman response: a
Boson peak arising from a proposed ‘liquid-like’ nature of these materials, dynamic disorder
originating from A-cations, lone pairs, or octahedral tilting, and static disorder associated
with extrinsic defects. Instead, I attribute the central Raman peak to a combination of
particularly strongly broadened low-energy Raman-active modes whose response thus
tails into the range where the Bose—Einstein factor governing phonon population becomes
very significant. The IR response of these metal halide semiconductors, on the other
hand, does not show an equivalent feature near zero frequencies because the line widths of

the TO phonons governing IR absorption is narrower, and the Bose-Einstein population
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factor does not contribute. Overall, my findings reveal the complexities of light-matter
interactions in soft metal-halide semiconductors governed by significant low-energy lattice
dynamics. Understanding such lattice dynamics in soft semiconductors will help discover

and engineer next-generation novel materials for photovoltaic applications.



Conclusion and Outlook

This thesis has focused on understanding the photophysics and structural dynamics
of metal-halide perovskites for solar photovoltaic applications. The fundamentals of
semiconductor physics through a tight-binding model, and those of vibrational physics
through monatomic and diatomic chains were presented in Chapter 2, as well as a
background overview and literature review of MHPs and their photophysics. The work
presented in this thesis utilised various spectroscopic techniques, including absorption
spectroscopy, photoluminescence, X-ray diffraction, terahertz spectroscopy, and ultra-low
frequency Raman, which were introduced and discussed in Chapter 3.

In Chapter 4, I investigated halide anion migration under illumination, using in-situ
XRD and PL techniques. It focused on the effects of a hole-transport layer (HTL) and
an ionic additive passivation agent on halide segregation. This chapter showed that when
there is a HTL present, PL and XRD point to seemingly contrasting conclusions: PL
changes more for MHP with a HTL, suggesting more halide segregation occurs with
a HTL, but XRD changes more for MHP without a HTL, suggesting the opposite. I
explain this apparent discrepancy with a model where holes are first swept into the

HTL, before preferentially back-transferring into iodide-rich regions near the MHP /HTL
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interface. Further, the slowing down of halide segregation with the introduction of a HTL
was due to the depletion of holes into the HTL. This result shows that the use of PL
alone may be misleading when investigating halide segregation, especially when there is a
charge-transport layer (CTL) present. It is therefore recommended to employ a structural
measurement, for example XRD, in addition to PL, when investigating halide segregation.
Additionally, I investigated the effects of an ionic additive on halide segregation, identified
potential defects the ionic additive may be passivating, and concluded that the specific
nature of traps determines their role in halide segregation. The work presented in this
chapter highlights the importance of selective passivation techniques on halide segregation.

Chapter 5 focused on different degradation mechanisms of tin-only and mixed lead-tin
iodide perovskites in ambient air. I confirmed that both of these perovskites undergo
severe optoelectronic and structural degradation during ambient air exposure; however
the specific pathways and fundamental mechanisms differ. For both of the perovskites, the
monomolecular decay rate increased with air-exposure time, but the sum charge-carrier
mobility decreased much more slowly for mixed lead-tin perovskite. Through absorption
measurements, I also determined that Burstein-Moss effects and a decrease of the exciton
binding energy were present in tin-only perovskite under ambient air exposure, but
these were not significant for mixed lead-tin perovskites. These results indicate that
tin-only perovskites degrade via p-doping and that mixed lead-tin perovskites do not
undergo doping during degradation. To confirm, I performed THz-TDS measurements to
quantify the background doping density, which agreed with earlier results from absorption
measurements. Therefore, I concluded that tin-only perovskites degrade through the
formation of shallow defect states which contributes to doping of the valence band,
whereas mixed lead-tin perovskites degrade through the formation of deep trap states,
which do not dope the bulk semiconductor significantly. I was further able to identify

potential degradation products through XRD. This chapter highlights the difference in
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degradation mechanisms between tin-only and mixed lead-tin perovskites, and I suggest
that more specific passivation technique would be useful for mixed lead-tin perovskite in
order to further improve their stability and photovoltaic device performances.

In Chapter 6, I studied the low-frequency vibrational properties of various metal
halides, including MHP, using THz and ultra-low-frequency Raman spectroscopies. MHPs
have been reported to have an intriguing response in the low-frequency region in Raman
spectra, where the response is very broad. However, this broad response is not visible in
IR spectra, where there are well-defined peaks from phonons. The exact mechanism and
origin of this central Raman peak is still under debate in the literature, and especially the
discrepancy between Raman and IR responses has not been resolved. There have been a
number of hypotheses explaining the central Raman peak. In this chapter, I systematically
discussed and assessed these hypotheses, through Raman and IR measurements of various
metal-halide semiconductors, as well as data available from the literature. I was able
to rule out the following hypotheses: extrinsic defects, octahedral tilting, cation lone
pairs, and ‘liquid-like’ Boson peaks. Instead, I suggested an alternate explanation for
such central Raman peak, and a reconciliation with IR spectra, through appropriate
reduction procedures. I proposed that the central Raman response is a result of an
interplay of broad Raman-active, low-frequency vibrational modes with Bose-Einstein
population factor. However, IR-active vibrational modes have narrower broadening due to
differing broadening mechanisms from Raman-active counterparts, and the Bose-Einstein
population factor does not apply to IR spectra. This chapter elucidates the complexities
involved with low-frequency lattice vibrations, which is particularly of importance for
emerging soft metal-halide semiconductors for photovoltaics.

Overall, the work presented in this thesis focused on the fundamental aspect of
photophysics and structural dynamics of metal-halide perovskites. I have showcased

that investigation of these materials requires careful consideration of the choice of
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techniques as well as appropriate data analysis, for future research. I have also addressed
more specific questions in the research field, namely: the effects of a hole-transport
layer and passivation on halide segregation, the differences in degradation mechanisms
between tin-only and mixed lead-tin perovskites in ambient air, and the origins of
low-frequency Raman responses in metal-halide perovskites. Further research should
be directed into understanding the full mechanisms of halide segregation, potentially
with structural as well as optical techniques. Novel methods to further impede self
p-doping of tin-based MHPs need to be developed before successful commercialisation.
Additionally, the anharmonicity of MHPs need to be further investigated in order to

fully understand the properties of MHPs.
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A.1 Sample fabrication

Samples used in this study were fabricated by R.D. J. Oliver.
FA(.83Cs0.17Pb(Brg4lo¢)s metal-halide perovskite (MHP) thin-film samples were
fabricated in line with a previous report,'?’ with slight modification to account for
the different substrate area. In summary, the precursors salts (formamidinium iodide,
FAI, GreatCell Solar; cesium iodide, CsI, 99.99 %, Alfa-Aesar; lead iodide, Pbl,, 99.9 %,
TCI; lead bromide, PbBry, >98 %, Alfa-Aesar) were weighed stoichiometrically in an
N, filled glovebox. The precursor salts were dissolved in a 4:1 ratio by volume of
N,N-dimethylformamide (DMF, Sigma Aldrich) to dimethyl sulfoxide (DMSO, Sigma

Aldrich), to a concentration of 1.3 mol. The solution was stirred overnight before depos-

104



A. Supplementary Analysis for
Chapter J 105

ition. The ionic additive 1-butyl-1-methylpiperidinium tetrafluoroborate ([BMP]*[BFy4]™,
purity 99 %), purchased from Sigma Aldrich, was dissolved in a 4:1 volume ratio of
dimethylformamide (DMF) and dimethylsulfoxide (DMSO) and shaken overnight at
room temperature. To mix the ionic additive into the precursor solution, an appropriate
volume of the ionic additive solution was added to the perovskite precursor solution
to obtain a perovskite concentration of 1.3mol for the precursor and 0.5mgmL™" of
the ionic additive. Substrates made of z-cut quartz (area 1.3cm?) were cleaned by
subsequent sonication in Decon90 (1vol% in deionised water), deionised water, acetone
(Sigma Aldrich) and isopropanol (Sigma Aldrich) for 10 min each. The substrates were
then dried using an Ny gun before being treated with a UV-O3 plasma for 12min.
The substrates were then immediately transferred into an Ny filled glovebox prior to
deposition of the perovskite layer. The perovskite films were fabricated using the following
spincoating recipe: 50 pL. of precursor solution was deposited dynamically onto the quartz

L until

substrate spinning at 1000 rpm. After 5s, the substrate accelerated at 800 rpms™
it reached a final spin speed of 5000 rpm where it remained for 30s. An antisolvent
quench using 50 pl of Anisole (Sigma Aldrich) was performed 5s before the end of
this step. The films were then annealed at 100°C for 30 min. PMMA (poly(methyl

methacrylate), Sigma Aldrich, mean molar weight

A.2 Further XRD/PL Data

Further XRD/PL data are presented; XRD/PL measurements on samples without any
capping layer are presented in Figure A.1, and those on samples with additive with

PMMA or PTAA coating are presented in Figure A.2.
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FAo.83CS0.17Pb(Bro.4lo.¢)3 without coating in-situ PL and XRD

No Coating No Additive No Coating With Additive
(a) PL Time (min) (b) PL
el s os— 130 =
g 0 50 100 150 200 250 g
= =
>20f 1 F 120 >
& £
C C
3 3
C C
= 10+ 1 F 110 3
o . & o
— \ - ~ .
0 B s esst— — e —— - — 0
675 700 725 750 775 800 825 675 700 725 750 775 800 825
Emission Wavelength (nm) Emission Wavelength (nm)
1.0 L T T T T T i T T T T T 1.0
(c) XRD (d) XRD
€08 0.8 €
[e] [e]
= 2
> 0.6 0.6 >
[%)] [7)]
C C
204 049
£ £
2 0.2 0282
> _ >
0.0 W 0.0

40.75 41.00 41.25 41.50 41.75 40.75 41.00 41.25 41.50 41.75

26 (°) 26 (°)

Figure A.1: Evolution under illumination (470 nm continuous wave (CW) illumination with
190 mW cm~2 intensity for ~ 5 hours) of the PL spectra (top) and the second-order XRD peak
recorded in-situ for uncoated FA( g3Csp 17Pb(Brg 41p.6)3 thin films without (left) and with (right)
piperidinium ionic salt having been added during perovskite fabrication.

A.3 XRD Angle Change

Knight et al. recently examined the evolution of the XRD pattern to show that PMMA-
coated methylammonium (MA )-based MHPs segregate differently to FACs-based MHPs.”"
The XRD peak of MAPb(Brg 5l 5);s MHP decreased in amplitude as it underwent halide
segregation, keeping the same central peak position. On the other hand, the XRD
peak of FA(g3Cs017Pb(Brg4lo)s MHP, the same composition as investigated in this
study, also decreased in amplitude during halide segregation, but the XRD peak shifted

to lower angles while widening. The MA-based MHP also exhibited a growth in the
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FAo.53CS0.17Pb(Bro.4lo.6)3 With additive in-situ PL and XRD
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Figure A.2: Evolution under illumination (470 nm continuous wave (CW) illumination with
190 mW cm~2 intensity for ~ 5 hours) of the PL spectra (top) and the second-order XRD peak
recorded in-situ for FA( g3Csg 17Pb(Brg41lp.¢)3 thin films with PMMA (left) and PTAA (right)
coating with piperidinium ionic salt having been added during perovskite fabrication.

tail regions of the XRD peak, further away from the central peak position. This was
attributed to boundary-mediated halide segregation evolution, which does not affect the
bulk of the MHP and therefore keeps the central peak position constant. In contrast to
the lack of angle change in MA-based MHP, a bulk-mediated halide segregation in the
FACs-based MHP affects the full volume of the material, causing a structural change
throughout the MHP, shifting the XRD peak angle.

As can be seen from Figure 4.2(d) in the main text, the PTAA-coated MHP without
piperidinium additive does not show much, if any, angle change during the ~ 5-hour

illumination process. This lack of angle change is in contrast with the rest of the sample
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Figure A.3: The change in 20 XRD angle, plotted against the peak amplitude of the (220)
XRD peak for all four sample combinations under consideration, FAg g3Csp.17Pb(Brg 41p.6)3 thin
films fabricated with or without piperidinium ionic additive and with either PTAA or PMMA
top coating, recorded over the =~ 5-hour illumination period.

set, whose (220) XRD 26 all decreased with halide segregation, and this decrease in angle
is consistent with previous observations.”” Interestingly, this difference implies that upon
the addition of piperidinium additive to a PTAA-coated MHP, its halide segregation
behavior became comparable to that of PMMA-coated MHPs.

The 26 XRD angle change is plotted in Figure A.3 against the normalised XRD
peak intensity of the (220) XRD peak for all sample combinations during the ~ 5-hour
illumination, clearly revealing different types of halide segregation behavior. The 26 XRD
angle and the XRD intensity were extracted through fits of a Gaussian function to each
XRD pattern. The PTAA-coated MHP without piperidinium ionic additive shows a very
constant 26 XRD angle over illumination time, or even a very minor angle increase if there
is any, and this is very similar to the boundary-mediated segregation dynamics observed in
the methylammonium-based MHP by Knight et al.”” This observation further corroborates
the halide segregation dynamics in the PTAA-coated FAgg3Csg17Pb(Brg4loe)s film
without piperidinium ionic additive occur only at the MHP-PTAA boundary. The

other three samples, FA(g3Cso17Pb(Brg4los)s with piperidinium ionic additive and
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PTAA coating, and both films with PMMA coating, qualitatively follow the same
behavior (Figure A.3). This similarity shows that a PTAA-coated MHP changes its halide
segregation behavior to that of PMMA films upon the addition of piperidinium ionic
additive, exhibiting a bulk-mediated halide segregation behavior. When piperidinium
salt is added to FAqg3Csp.17Pb(Brg4lpe)s with PTAA coating, the trap states at the
PTAA MHP interface are passivated.'”! Although there is still expected to be some
charge-carrier accumulation at the interface owing to Coulombic interaction, the lack of
such interfacial trap states leads to a higher total charge-carrier population, on average

and across the bulk, thereby causing halide segregation in the bulk as well.

A.4 PLQY Measurements

PLQY measurements were performed by R.D.J. Oliver.

Photoluminescence quantum yield (PLQY) measurements were performed following
the procedure reported previously.”’! In brief, the samples were placed in an integrating
sphere and photoexcited by a 532 nm continuous wave laser. The photoluminescence
was coupled into a fibre and collected by a QEPro spectrometer. The integrating sphere
and fibre were calibrated using a lamp of known spectrum. The illumination intensity
was 30mW cm ™2 which corresponds to approximately 0.5 suns equivalent absorbed

262

photon flux*"~ at a bandgap of 1.6eV, therefore the PLQY values presented here are

underestimates of their value at one-sun equivalent conditions.
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Sample Composition Coating Layer | Ionic Additive | PLQY (%)
FA0.83080.17Pb(BI‘O.410_6)3 Uncoated No 0.221 'I'
FA0_83C80.17Pb(BI’O.410_6)3 Uncoated Yes 0.579 'l'
FA0.53Cs0.17Pb(Brg.4los)s PTAA No 3.84x1073 1
FA.53Cs0.17Pb(Brg.4lo6)s PTAA Yes 4.59x1072 1
FA0.53Cs0.17Pb(Brg110.9)3 Uncoated No 1.87
FA0.53Cs0.17Pb(Brg110.9)3 Uncoated Yes 2.48
FAO.83CSO‘17Pb(BI‘OJIO.Q)ZJ, PTAA No 0.17
FA0.83080.17Pb(Br0.110_9)3 PTAA Yes 0.89

110

Table A.1: PLQY measurements of uncoated and PTAA-coated FA( g3Cso.17Pb(Bro4los)s
and FA( g3Cs.17Pb(Brg.11p.9)3 thin films with and without piperidinium ionic additive. () The
PLQY data for FA(g3Cso.17Pb(Brg.4lp6)3 was taken from Oliver et al.'”’
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B.1 Sample fabrication
Samples used in this study were fabricated by C.Kamaraki.

Materials

Lead (II) iodide (Pbl,, ultra-dry, 99.999% mesh beads), tin (II) iodide (Snl,, ultra-dry,
99.999% mesh beads), were purchased from Alfa Aesar. Cesium iodide (CsI, 99.9%),
N,N-dimethylformamide (DMF, anhydrous), dimethyl sulfoxide (DMSO, anhydrous)
and anisole (anhydrous) were sourced from Sigma Aldrich. Tin (II) fluoride (SnFy,
99%) was purchased from Thermo Scientific Acros, while methylammonium iodide

(MAI) and formamidinium Iodide (FAI) were sourced from Greatcell Solar. Solution
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preparation and sample fabrication processes were adapted from Klug et al.’®® and

the details can be found below.
Solution Preparation

Three precursor solutions of FAq 75Csg.255nl3, FAg 75Csg.205Pbg 5910 515 and FAq gMAg4Pbg.5
Sng 515 were prepared the day before thin-film deposition. In addition to the main precursor
materials, 10 % molar excess of tin fluoride was added in all precursor solutions with respect
to each of their tin content. A mixed solvent system of DMF:DMSO of 4:1 volumetric
ratio was used to dissolve the precursor materials for all three solutions. A solution of
1.2M of FA(75Csg.255nl3 was prepared by dissolving 1341.07 mg of Snl,, 464.31 mg of
FAI, 233.82mg of Csl and 56.4mg of SnF, in 3mL DMF:DMSO. A 1.2M solution
of FA(.75Csg.25PbgsSng5I3 was prepared by dissolving 670.53mg of Snl,, 829.81mg
of Pbl,, 464.31 mg of FAI, 233.82mg of Csl and 28.2mg of SnF, in 3mL of mixed
DME:DMSO. A 1.2M of FAy¢MA(4Pbg5Sng 513 was prepared by dissolving 670.53 mg
of Snl,, 829.81 mg of Pbl,, 371.45mg of FAI, 228.91 mg of MAI and 28.2mg of SnF,
in 3mL of DMF:DMSO. Prior to spin coating, the perovskite solutions were filtered

with a 0.2pm PTFE syringe filter.
Sample Fabrication

z-cut quartz disks (2mm thick, 13 mm diameter) were used as substrates, which were
cleaned with sequential sonication in acetone and isopropanol and treated with Oy-plasma
for 5min just before processing. Then, substrates were transferred to a nitrogen-filled
glovebox, where the perovskite deposition took place. A one-step deposition method
with antisolvent-quenching (anisole) was employed. 50 pL of each solution was dropped
onto the substrate and spun statically with 4500 rpm with a 6s ramp for 14s. 100 pL
of anisole was dispensed on the substrate 13s after spinning begun. Right after the

spin-coating program finished, Ny gas flow was applied to the substrate for 10s, during
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which the film darkened. The annealing step followed, for which the substrates were
transferred onto a hotplate for 10 min. FAg 75Csg255n]5 and FAg 75Csg.25Pbg 5910 513 were
annealed at 120 °C, while FAy¢MA(4Pbg55ng 515 was cured at 100 °C. After annealing,

all samples were stored in a nitrogen-filled glovebox.

B.2 Background Doping Density Determination

I estimated the background hole doping density in the tin-only MHP using the evolution
of dark conductivity spectrum and the charge-carrier mobility from Figure 5.7 and 5.1
respectively. It was assumed that the hole mobility is the same as the electron mobility

200205 50 T used fip, = floum /2. T also

from similar effective masses of electrons and holes,
employed the relation o = epguy, where e is the elementary charge, and py the background
hole density. The dark conductivity contribution from the background holes was estimated
by averaging the dark conductivity in the low frequency region (0.4 — 0.7 THz), where
the phonon contribution from optical modes is insignificant. The detection limit of the
background doping density was estimated from the signal to noise level of my measurement

3

and the relation o = epyjuy, obtaining pi™ ~ 10'8 cm™ as my detection limit.

B.3 Discussion on Vacancy-Ordered Double Perovskite

2105160 T quggest that vacancy-ordered double

In agreement with previous reports,"’
perovskite is a possible degradation product of tin-only FAg 75Csg.255nl3 in ambient air,
based on the dark conductivity measurement shown in Figure 5.7 and XRD measurement
shown in Figure 5.8 of Chapter 5. The phonon peaks evident in the dark conductivity
measurements at prolonged degradation times for FA 75Csg 059113 agree closely with those
of previously reported transverse optical phonon modes of Cs,Snls.'%” The corresponding

phonon modes of (FA(75Csg.25)25nlg or FA,Snlg have not been reported in the literature

so far. The lowest frequency transverse optical modes that we observe have been identified
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previously to be a lattice vibration involving the A-cation, which would imply that the
frequency is expected to vary with different A-cation composition; from the difference in
mass between FAT and Cs™ it would be expected a notable difference in phonon mode
frequencies, which however appears absent here. I suggest that the Cs™ submode could
possess a higher cross section for interaction with respect to the THz excitation compared
to FA™, however, modelling of THz interactions with such modes in real-world structures
would require calculations beyond the scope of this study.

The XRD patterns presented in Figure 5.8 of Chapter 5 provide further evidence
to the formation of such vacancy-ordered double perovskite. An appearance of the
broad XRD peak at a higher angle is attributed to this degradation product. The
lattice parameter of the vacancy-ordered double perovskite is expected to be lower than
for the pristine FAg75Csg.255nl3, since the 4+ oxidation state of tin would lead to an
enhanced Coulomb attraction with the rest of the structure.'® It would therefore also be
expected that there is a mismatch in lattice parameters between the MHP and double
perovskite domains, causing strains, in accordance with the broad peaks that is observed.
This broadening, however, may also arise from the presence of very small crystalline

domains of the vacancy-ordered double perovskites.
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C.1 Sample fabrication

MAPDI;, MAPDbBr 51,5 and MAPDbBr; thin films

MAPDI;, MAPbBr; 511 5 and MAPbBr5 thin films were fabricated by J. B. Patel and S. Yan.

MAPbDI;, MAPbBr, 511 5 and MAPbBrs thin films were prepared using the acetonitrile
route as reported previously.”*?%" In brief, MAI (Greatcell), MABr (Greatcell), Pbl,
(TCI Chemicals 99.99%) and PbBry (Thermo Scientific 98%) were weighed out and
dissolved in a methylamine/acetonitrile (Merck Chemicals) solvent system to give a
0.5 M perovskite solution as described by Noel et al.”"® The solutions were then statically
spincoated onto quartz substrates in a nitrogen filled drybox at 2000 rpm for 45s. The

films were then annealed for 90 minutes at 100°C.
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MAPDI; single crystals

MAPDI; single crystals were fabricated by J.Peng.
The MAPDI; perovskite single crystals were fabricated via inverse temperature

267,2

crystallization.”*"*® Typically, 1.3 M CH3NH3Pbl; precursors were prepared by adding
2.3 g Pbl, and 0.8 g MAI into 3.85 mL ~y—butyrolactone, heated at 90 °C for 2 hours with
stirring. Then, the precursor solutions were filtered with syringe filters (0.22 pm pore size)
and transferred to clean containers, which were kept on a stable hot-plate and heated

at 130°C for 3 hours. Crystals were formed on the bottom of the containers. Finally,

the crystals were collected and dried at 60°C in glovebox for 2 hours.

FAPbI; thin films

FAPbDI; thin films were fabricated by S. Yan.

FAI and Pbl, were co-evaporated with the molar ratio of FAI:Pbly,=1:1 on the z-cut
quartz substrate in a custom-built thermal evaporator chamber. During the evaporation,
the pressure was typically < 5 x 107%mbar. The sublimation rate of the precursors
was controlled using gold-plated quartz microbalances adjacent to the crucible and a
PID-loop-control software. Unless specified otherwise, all samples were annealed in an
N, glovebox at 150 °C for 5 minutes and at 135°C for 25 minutes. After cooling down

to room temperature, films were ready to use.

CsPbBr; thin films

CsPbBrj thin films were fabricated by Y.Kominko.

A Bridgman-grown single crystal of CsPbBr; was gently ground into a fine powder
in a nitrogen-filled glove box. The starting material was placed in a thermal evaporator
crucible. Quartz substrates were ultrasonically cleaned in Hellmanex III (2% in water),

deionized water, acetone, and isopropanol for 15min at each stage, followed by UV
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ozone treatment for 10min. The thickness of the fabricated films was controllable
by the mass of the deposition material (200 mg of starting material to obtain 100 nm
perovskite film). The vacuum of the evaporation chamber was reduced to 107° Torr.
The substrate temperature was typically 20°C. The deposition temperature was in the
range 400-500°C. The deposition rate was 0.6 As~'. The substrate rotation velocity
was 10rpm. After the evaporation, the films were aged at room temperature in a

nitrogen-filled glove box for one month.

CsPbBrj; single crystals
CsPbBrs single crystals were fabricated by K. M. McCall.

Synthesis and Purification Runs

6.423 g of CsBr (ChemCraft, 99.999%) and 11.077 g of PbBr, (Sigma Aldrich, 99.999%)
were mixed and ground together thoroughly using a mortar in an Ar glovebox. This
material was then flame-sealed under 1.4 x 10~2 mbar vacuum into a fused silica ampule
with a sharp tip. This ampule was placed in the hot zone of a custom-built 3-zone
Bridgman furnace (HTM Reetz), and the temperatures were set to 675°C, 400 °C, and
400°C. The sample was left overnight, then moved through the furnace at a speed
of 0.081 mm/min while undergoing 0.3rpm rotation. The resulting ingot had black
impurities near the top, so the sample was reset and the same temperature profile
applied, and moved through the furnace more slowly (0.042 mm/min, 2.52mm/hr) to
fully segregate these impurities. The resulting ingot was opened in the Ar glovebox and
the black regions at the top of the ingot were cut off and discarded, and the material
was broken into chunks and flame-sealed under 1.1 x 102 mbar vacuum into a new fused
silica ampule with a sharp tip. A final purification run, with identical conditions to the

previous run (0.042 mm/min, 0.3rpm, temperatures of 675°C - 400°C - 400°C).
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Bridgman Crystal Growth

The Vertical Bridgman method was used to grow the large single crystals of CsPbBrs.
The ampule was reset to the hot zone for the Bridgman Growth. The zone 1 temperature
was set to 650°C with a 150 °C/hr ramp rate, and held for 12 hours to ensure a full
melt before sample motion occurred. The zone 2 and 3 temperatures were set to 375°C
and held for 350 hours while the ampule was moved through the furnace at a rate of
0.015 mm/min (0.9mm/hr) under 0.3rpm rotation. After the motion had ceased, the
zone 1 temperature ramped to 375°C. The cooling program was set to slow during the
phase transitions occurring near 120 and 90 °C, with a 10 °C/hr cooling rate from 375°C

to 175°C, a 2.5 °C/hr slow cooling rate from 175°C to 75°C, and a 10 °C/hr rate to 30 °C.

Crystal Processing

The ingot was opened in an Ar glovebox and cut into 2 mm-thick wafers using a Crystal
Systems Corporation Cu-02 Desktop Crystal Cutter with Goniometer operating at 60 rpm.
The surfaces of these wafers were polished using a Crystal Systems Corporation TP-02
Polisher operating at 20 rpm, with MicroMesh SiC cutting papers used to get successively

finer surfaces with a final polish of 12000 grit.

Pbl, thin films

Pbl, thin films were fabricated by S. Yan.

Pbl, was evaporated with the deposition rate of 0.2 A s™! on the z-cut quartz substrate
in a custom-built thermal evaporator chamber. During the evaporation, the pressure
was typically < 5 x 10~%mbar. The source rates were kept constant using gold-plated

quartz microbalances and a PID-loop-control software.
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Cs,AgBiBrg thin films

CsyAgBiBrg thin films were fabricated by M. T. Sirtl.

The stock solution was prepared by dissolving CsBr (Alpha Aesar, 99.999% metals
basis), BiBrs (Alpha Aesar, 99.9% metals basis) and AgBr (Alpha Aesar, 99.998% metals
basis) in 1 mL DMSO (Sigma Aldrich, anhydrous, >99.9%) by vigorous stirring at 130°C
for 60 minutes to obtain a 0.5 M solution. All steps were performed in a nitrogen-filled
glovebox with controlled atmosphere. The substrates were cleaned with a detergent
(Hellmanex), followed by washing with acetone and ethanol and dried under an air stream.
Afterwards, the substrates were cleaned with oxygen plasma for 5 minutes and immediately
transferred into the glovebox. Prior to the spincoating step, the substrates and the solution
were placed on a hotplate (Heidolph with internal temperature sensor) at 60°C to be
preheated. The stock solution was constantly stirred. The thin films were fabricated by
spincoating the warm solution dynamically (1000 rpm for 10s, followed by a second step at
6000 rpm for 35 seconds) onto the preheated substrates (70 pL of the solution were dropped
immediately after the substrate started to spin at 1000 rpm). After the spincoating, the

thin films were annealed at 275 °C for 5 minutes, and the preheating was set at 60 °C.
Cu,AgBilg thin films

CuyAgBilg thin films were fabricated by B.Putland.

Thin films of CuyAgBilg were fabricated by vacuum evaporating (BOC Edwards Auto
306) and co-depositing bismuth(III) iodide (Alpha Aesar Puratronic, 99.999%), silver(I)
iodide (Alpha Aesar Premion, 99.999%), and copper(I) iodide (Alpha Aesar Puratronic,
99.998%) precursors from three separate, 2.4 cm?® alumina crucibles and thermal sources.
The crucibles and sources were custom-made by Moorfield Nanotechnology. The precursors

were heated to the temperature corresponding to the following evaporation rates: Cul,

Agl, Bil; = 0.33As~! (370°C), 0.18 As~! (475°C), and 0.50 As~" (230°C), respectively.
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CuyAgBilg films were 250 nm thick, as measured by a Veeko Dektak 150 profilometer.
The rates were measured using three quartz crystal microbalances (QCM) positioned
off centre to each sources’ vapour cone and an Inficon SQC-310 deposition controller.
All depositions were carried out under vacuum (&~ 2 x 10~®mbar). The substrates
were protected during the heating and cooling process by a mechanical shutter, and
the substrates were rotated during deposition. No intentional substrate heating was
applied, but the substrates reached a maximum temperature of approximately 60°C

during co-deposition due to heat transfer from the sources.

Agl thin films

Agl thin films were fabricated by B.Putland.

Thin films of silver iodide were fabricated by depositing (using a BOC Edwards Auto
306 evaporator) silver(I) iodide (Alpha Aesar Premion, 99.999%) precursor from 2.4 cm?
alumina crucibles and thermal sources. The crucibles and sources were custom-made by
Moorfield Nanotechnology. The precursor was heated to the temperature corresponding to
the desired evaporation rates, with the rates measured using a quartz crystal microbalance
positioned off centre to the source’s vapour cone and an Inficon SQC-310 deposition
controller. All depositions were carried out under vacuum (107%mbar). The substrates
were protected during the heating and cooling process by a mechanical shutter, and the
substrates were rotated during deposition. Films were annealed post deposition in a

nitrogen glovebox for 15 minutes at 180°C. The evaporation rate was 0.2 As~!.

C.2 Fitting of Raman and THz IR Spectra

Figure C.1 shows the fitting done for Raman and IR spectra for MA-based MHPs. For

5

the Raman spectra, three phonons and a quasi-elastic scattering contribution'”” were

fit, and for the IR spectra two phonons were fit.
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Figure C.1: Damped harmonic oscillator model fits (solid lines) to the experimentally recorded
(solid circles) IR response in the THz region for (a) MAPbI;, (¢)MAPbBr; 511 5, (¢) MAPbBr;
thin films. Fits reflect the sum over two phonon modes. Damped harmonic oscillator model
fits (solid lines) to the experimentally recorded (solid circles) Raman response of (b) MAPbDI3,
(d) MAPbBri 5115, (f) MAPbBrj thin films. Fits reflect the sum over three phonon modes,
together with a small quasi-elastic (QE) scattering response.
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