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Abstract

Metal-halide perovskites have exhibited excellent optoelectronic properties and are
widely used as the photoactive layers in photovoltaics. While predominantly a
research innovation which showed significant promise on a lab-scale, as of 2024,
perovskite solar cells are moving towards large-scale commercialisation. While
vapour phase deposition processes dominate the established thin-film manufactur-
ing, perovskite solar cells are still predominantly developed using solution-based
methods. To enable scalable fabrication and industry adoption, it is imperative
to advance the understanding of metal-halide perovskite thin-films fabricated by
the vapour deposition technique. This thesis advances the understanding of vapour-
deposited perovskite thin films and establishes several key strategies to reduce bulk
and interfacial defect densities, thereby enhancing the performance and stability
of vapour-deposited devices.

A major advance presented in this work is the elucidation of how organic
impurities in commercial formamidinium iodide precursors influence film formation
in both solution- and vapour-deposited systems. It is demonstrated that, while such
impurities can beneficially passivate defects in solution-processed films, they induce
altered sublimation behaviour in vapour deposition, leading to off-stoichiometric
compositions and the formation of non-photoactive polytype phases. These findings
establish impurity control as a critical requirement for achieving phase-pure, high-
quality perovskite layers by vapour deposition.

A second key contribution is the introduction of a templating strategy that
decouples perovskite nucleation from the underlying charge-transport substrate.
This approach enables consistent film morphology, crystallographic orientation, and
optoelectronic quality across diverse substrates. By providing a means to tune
initial perovskite stoichiometry and suppress unwanted interfacial reactions, this
templating method offers a scalable route toward reproducible, high-performance
vapour-deposited perovskite devices.

Furthermore, this thesis demonstrates the use of aromatic ammonium halides
as vapour-deposited passivation agents and reveals that their structural and func-
tional properties depend strongly on the deposition method and post-deposition
treatment. The work establishes that measurement atmosphere and thermal anneal-
ing can drive surface reconstruction and modulate passivation efficiency, thereby
highlighting new levers for interface engineering in vapour-deposited perovskites.

Collectively, this research provides a comprehensive understanding of impurity
effects, interfacial templating, and molecular passivation in vapour-deposited per-
ovskite solar cells. These insights pave the way toward scalable, stable, and high-
efficiency perovskite photovoltaics compatible with industrial thin-film manufactur-
ing.
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1.1 Motivation

The escalating climate crisis has made the reduction of annual greenhouse gas
emissions a global priority. The energy sector has remained the largest global con-
tributor to greenhouse gas emissions, accounting for approximately 26% of global
emissions in 2023. To achieve the goal of net-zero emissions and power a green
future, the transition from fossil fuels to renewable energy sources such as solar
photovoltaic, wind energy, hydropower, geothermal, concentrated solar power, and
marine energy is critical. The United Nations Environment Programme (UNEP)
Emission Gap Report 2024 points out that, technically, limiting global warming to
1.5°C remains at least technically possible by increasing the deployment of solar

photovoltaic technologies and wind energy to contribute 27% of the total emission
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reduction potential (the maximum possible reduction in greenhouse gas emissions

through different mitigation strategies and technologies) in 2030 and 38% in 2035.1

The implementation of renewable energy was initially stymied by concerns
about costs and the challenges of integration. However, the global electricity
system has undergone a profound transformation from 2010 to 2023. Up to now,
solar energy has increasingly become the default source of least-cost new power
generation. The International Renewable Energy Agency (IRENA) Renewable
Cost Database demonstrates the global levelized cost of electricity (LCOE) of
renewable energies compared with that of fossil fuel (Figure 1.1). Notably, solar
power has seen the most rapid cost reductions, with a decrease of 90% between

2010 and 2023.2

The year 2024 marked a significant milestone for solar power. Global so-
lar installations reached nearly 600 gigawatts (GW), representing a 33% increase
over the previous year (Figure 1.2). Solar energy accounted for 81% of all new
renewable energy capacity added worldwide, solidifying its role as one of the
major drivers of the global energy transition. For the first time, photovoltaic
energy production accounted for >10% of the world’ s electricity consumption.?
This remarkable progress has been powered by rapid technological advancements

that have substantially reduced costs, and historically low prices driven by global

manufacturing overcapacities.

Silicon photovoltaics are the mainstream technologies in the solar power market,
accounting for over 95% of all installations.> However, photovoltaic devices based

on halide perovskites, a relatively new solar absorber material, have significant
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Figure 1.1: Global levelized cost of electricity (LCOE) from newly-commissioned,
utility-scale renewable power technologies, 2010 and 2030. The thick lines are the global
weighted average LCOE value derived from the individual plant commissioned in each
year. The grey band represents the fossil fuel-fired power generation cost in 2023, while
the bands for each technology and year represent the 5t and 95! percentile bands for
renewable projects. Reproduced with permission from IRENA© 20242

promise to infiltrate this market; drawing attention from both the scientific com-
munity as well as industry.*® Since Miyasaka and colleagues first reported the
perovskite solar cell in 2009, the power conversion efficiency has leapt to 26.95%
for single-junction solar cells, making it comparable to the efficiency of crystalline Si
photovoltaics.'® The remarkable improvements of perovskite photovoltaics in such
a short period result from the excellent optoelectronic material properties and rapid
improvements in fabrication approaches.!'*> Additionally, the low-cost fabrication
and tunable bandgap provide opportunities for commercialisation, particularly
through integration with silicon solar cells to create multi-junction cells. By more

efficiently converting solar power into electricity, perovskite photovoltaics allow
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Figure 1.2: Evolution of annual renewable energy installations. Sourced from Interna-
tional Energy Agency Photovoltaic Power Systems Programme Snapshot of Global PV
Markets 2025. Reproduced with permission from IEA PVPS© 20253

silicon photovoltaics to go beyond their current performance limits.'¢ 1%

As of now, while perovskite photovoltaics are on the edge of commercialisation,
the scalability from research lab to industrial scale and long-term operational sta-
bility are two fundamental challenges that must be addressed.!® While perovskites
can be easily processed by the solution method, the solvents used for precursor
inks bring health and safety issues to large-scale fabrication. Besides looking for
green solvents, the vapour deposition technique is another alternative which allows
for conformal deposition, controllable layer thickness, and high compatibility with
multijunction devices.?’ Therefore, focusing research on the development of vapour-
based perovskite solar cells will be essential for facilitating the transition to large-

scale production required for photovoltaic applications.
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1.2 Research Objectives

This thesis presents a systematic investigation into the factors limiting the power
conversion efficiency of vapour-deposited perovskite solar cells and develops poten-

tial strategies to address these challenges.

Chapter 2.4.5 gives a brief introduction to the fundamental concepts of semi-
conductor materials from a band theory perspective. I then proceed to discuss
the device physics of photovoltaics and the corresponding methodologies used to
characterise the devices. Finally, I present a broad overview of halide perovskites,
the primary material investigated in this thesis, by introducing the key concepts

and recent advances in material and device engineering.

Chapter 3.5 outlines the key principles and experimental details of the tech-
niques used throughout the thesis, including the fabrication and characterisation
of perovskite thin films and devices, together with the nuclear magnetic resonance
spectroscopy and mass spectroscopy techniques employed to determine molecu-
lar structure and investigate precursor composition. The section on thin-film
characterisation techniques details the approaches used to probe the structural,

morphological and optoelectronic properties of perovskite thin-films.

Chapter 4.4 describes the first experimental research work in this thesis. It deals
with the investigation of the types of organic impurities in commercially available
formamidinium iodide (FAI) and probes their impact on perovskite films and
devices. This chapter demonstrates that while the inclusion of some impurities can

improve the quality of films and devices produced through spin-coating, in vapour-
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deposition the presence of these impurities changes the sublimation behaviour
of FAI, resulting in a significant deviation from the target stoichiometry and
leading to the formation of non-photoactive phases. The existence of these non-
photoactive phases impairs device performance; therefore, it is essential to remove

these impurities from precursor materials used for vapour deposition.

Given the importance of eliminating undesirable non-perovskite phases dis-
cussed in Chapter 4.4, it is essential to develop a high-quality bottom charge
transport layer/co-evaporated perovskite interface, as this plays a vital role in the
nucleation and growth of the entire perovskite film. Chapter 5.4 offers a promising
strategy for decoupling the nucleation and growth of co-evaporated perovskite films
from the influence of substrate materials. By employing a templating layer, co-
evaporated perovskite films display identical morphology, structure, and optoelec-
tronic properties, irrespective of the choice of substrate. This precise control of the
interface facilitates fine-tuning the stoichiometry of the initial perovskite deposited

onto the substrate, thus enhancing photovoltaic performance.

Another plausible route to enhance the performance and stability of vapour-
deposited perovskite solar cells is to passivate surface defects. Chapter 6.4 ex-
plores the impact of various vapour-deposited passivation agents on co-evaporated
perovskite films. Structural and optoelectronic investigations highlight the critical
influence of measurement atmospheres and annealing treatments on the passiva-
tion effects. Notably, the improvement of optoelectronic properties at the per-
ovskite/hole transport layer interface when applying annealed vapour-deposited
passivation agents does not directly translate to an enhancement of device perfor-

mance in either p-i-n or n-i-p architectures, indicating a more complex mechanism
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at play in a full device. A comparison with spin-coated passivation layers further
reveals that the structural properties and passivation effects of the passivation

layer depend on the deposition methods.
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This chapter introduces fundamental concepts that are relevant to the rest of
this thesis. Semiconductor band structure will be explained, followed by a descrip-
tion of photovoltaic device physics. Finally, recent advances in process engineering

to improve the structural and optoelectronic quality of metal halide perovskite films
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are summarised in the context of thin film growth deposition techniques.

2.1 Semiconductor Materials

In general, there are different classification schemes for solids based on crystal
structure and electronic properties. One important and intuitive classification of
solids is based on the geometrical symmetry of their crystal structures, which is
not directly related to their electronic properties. Another classification scheme
is based on the configuration of the valence electrons in wave vector space. This
determines the most important distinction between metals and insulators, which
depends on whether there are partially filled bands or overlapping bands at the
Fermi level. Figure 2.1 shows the electron occupancy of allowed energy bands for
an insulator, a metal, and a semiconductor. A material is generally classified as an
insulator if there is a relatively large energy gap (bandgap), E,, between the top of
the highest filled band (the valence band) and the bottom of the lowest empty band
(the conduction band). In contrast, a material is considered a semiconductor if the
bandgap is relatively small, allowing electrons to be promoted into the conduction

band by thermal excitation at a certain temperature, or by impurity doping.?!

A solid with an energy gap will be nonconducting at absolute temperature T" = 0
K. However, when the temperature is not absolute zero there is a probability that
some electrons will be thermally excited across the energy gap. The resulting
conductivity depends strongly on the magnitude of the bandgap, since the number
of electrons thermally promoted to the conduction band at temperature T' follows

an exponential dependence on the bandgap energy. For an intrinsic semiconductor,
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A
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E¢

Fermi level

Metal Semiconductor Insulator

Figure 2.1: Schematic electron occupancy of allowed energy bands for a metal, a
semiconductor and an insulator. The vertical extent of the boxes indicates the allowed
energy regions; Fc and Evy are the minimum energy level within the conduction band
and the maximum energy level within the valence band, respectively.

in which the Fermi level lies in the center of the bandgap, this fraction is roughly
on the order of e=¥4/(#57) (Boltzmann factor). Therefore, at room temperature
(kpT =~0.025 €V, the fraction is e=*® &~ 107%%) for a material with the E, value of
3 eV, in which thermal excitation of electrons across the bandgap almost will not
occur. If, however, E, is 0.25 eV, the fraction is e™® ~ 1072, in which appreciable
conduction will happen. Therefore, the E, of semiconductors is usually in the

range of 0.5-3 eV. Typical resistivities of semiconductors at room temperature are

between 1072 to 10° € - cm.

Since the number of thermally-excited electrons across the bandgap is pro-

portional to 1/, the electrical conductivity of a semiconductor rapidly increases
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with increasing temperature. Conversely, in a metal, the conductivity decreases
with increasing temperature. This results in a negative coefficient of resistance
in semiconductors. Aside from this, semiconductors also show unique large See-
beck coefficient, the photoconductivity, and rectifying effects. To comprehensively
understand characteristic properties in semiconductors, we need to introduce the

band theoretical explanations.

2.1.1 Band Structure

The band structure of a material refers to the relationship between energy and
the electron wavevector. To understand the energy states of electrons in the solid,
let us consider the energy states from the simplest scenario first. In the Free
Electron Model without considering the interactions between electrons and ions, the
wavefunction v, (z) of the electron is a solution of the time-independent Schrodinger

equation H 1 = e1p; with the neglect of potential energy, we have?

m
2m dx?

Hy, = +0 = e, (2.1)

where ¢, is the total energy of the electron in the n'* orbital. For the equation in

the middle, the left term is the kinetic energy, and the right term is the potential

energy U(z) (U(z) = 0 in this case). If we apply d;;@" = —k?1,, the energy e

of the orbital with the wavevector k is®3

h?k?

Ex =

(2.2)

2m

The wavefunction of the free electron is

Uie(r) = ™" (2.3)
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Figure 2.2: Plot of energy ¢ versus wavevector k. The black dashed line represents the
dispersion relation of the free electron model. The (red and blue) solid lines correspond to
the dispersion relation of the nearly free electron model (NFE). The weak NFE potential
perturbation forms the energy gap at the zone boundaries. The energy difference between
the 1% allowed band and 2" allowed band is the energy gap E,. The red dashed line in
the 15 Brillouin zone is the equivalent dispersion in the reduced zone scheme.

Figure 2.2 shows the energy ¢y is parabolic in k for entirely free electrons.

When the electron waves propagate in solids, the band electrons are perturbed
by the periodic potential from the periodicity of the lattice. In this case, Bloch’s
theorem provides the solution of the time-independent Schréodinger equation with
the potential energy U(r), where U(r + R) = U(r) for all vectors R in the Bravais
lattice. In Bloch’s theorem, the eigenstates 1 of the one-electron Hamiltonian are

the products of a plane wave times a function u(r) with the periodicity of the lattice:

Pic(r) = €Tt (r) (2.4)
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where

unk(r + R) = unk(r) (25)

From Equations 2.4 and 2.5 we can derive that

Vnk(r + R) = eik.ank@) (2.6)

Now we introduce the Born-von Karman boundary condition for the periodic sys-

tem
P(r+R)=1(r) (2.7)
Applying Bloch’s theorem to this boundary condition (Equation 2.7), it requires
that
e* R =1 (2.8)
Since R is the Bravais lattice vector, for simplicity, in 1D must have

2nm 2nT N
k= —=— =+1,+2,43... + — 2.9
L Na n Y Y 2 ( )
where L is the length of the crystal, and a is the lattice constant. This means
that k£ has discrete allowed values. The first reflections and the first energy gap

occur at k = 7 /a. The region in k between —7/a and 7/a is the first Brillouin

zone of this lattice. For two traveling waves

eiiwz/a

= cos(mx/a) L isin(rx/a) (2.10)
These traveling waves interact with each and form the standing waves
Y(+) = e/ 4 g7/ = 9 cos(nx/a) o cos(mz/a) (2.11)

(=) = €™/ — e7im/e — 9 sin(nx/a) o sin(wz/a) (2.12)

where (+) and (—) represent whether the standing waves change sign when re-

placing x with —z. The two standing waves pile up electrons in different regions,
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and therefore they have different potential energy values in the field of the lattice,
which yields the energy gap. In order to get the energy ¢, we start by considering
when k is exactly on a zone boundary. If G is the reciprocal lattice vector, then
k' = k + G is also on a zone boundary. In this case, g9(k) = go(k + G), and

the characteristic equation simplifies to

(eo(k) —¢)* = |Ug|” (2.13)
and now

ex =eo(k) £ |Ug] (2.14)

Thus, at the zone boundary, the energy gap opens up and energies split by + |Ug|
(Figure 2.2). In this case, the band structure has small gaps open at the zone
boundary and quadratic dispersion near the band gap, instead of the parabolic

spectrum in the free electron model.

For a crystalline solid, its electrical characteristics can be extracted from its
band structure. As previously mentioned, determining whether the material is
a metal, insulator or semiconductor is based on the number of electrons in each
band and the size of the energy gap. When an electron is excited into the con-
duction band, there is an absence of an electron in the valence band, known as
a hole. The electron usually moves from the valence band maximum (VBM) to
the conduction band minimum (CBM). If the CBM is located at the same point
in k-space as the VBM, then the transition can directly happen when the energy
of the incident radiation exceeds the band gap, known as a direct transition. If
the CBM and VBM occur at different points in k-space, then a phonon must also

participate in the process to conserve the crystal momentum, and this is known as
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an indirect transition. Such transition processes in semiconductor materials can be

straightforwardly distinguished by optical measurements.

One of the most important characteristics of semiconductors is that their con-
centration of intrinsic carriers is a function of temperature and bandgap. In an
intrinsic semiconductor, carrier concentration is related to the number of electrons
excited to the conduction band at temperature 7. The determination of carrier
concentration involves both the probability that any particular state is occupied
and the number of states in each band. The probability of a state at energy ¢

being occupied is given by the Fermi-Dirac distribution?*2°

1

1O = Caple = ) Jewt] + 1

(2.15)

where p is the electrochemical potential, also known as the Fermi level in semicon-
ductor physics. The Fermi-Dirac distribution gives the probability of an orbital at
energy ¢ being occupied by electrons at thermodynamic equilibrium. The Fermi
level can be considered to be a hypothetical energy level of an electron which would
have a 50% probability of being occupied at any given time. Figure 2.3 shows the
Fermi-Dirac distribution function and band diagram on the same energy scale for
an intrinsic semiconductor. To determine the number of electrons in the CB and
the number of holes in the VB, we must also know the density of states (DOS)
—the number of available energy states in a system at a given energy level. The
DOS is defined as the number of states per unit energy per unit volume and is
a function of energy (£). It can be calculated from the quantised solutions of
the Schrodinger equation. It is important to note that the DOS varies based on
the dimensionality of the system, leading to differences when moving from bulk

to low-dimensional systems.
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Fermi level

NG,

Figure 2.3: The Fermi-Dirac distribution and corresponding band structure on the
same energy scale for an intrinsic semiconductor. f(g) = % when € = p.

Different from intrinsic semiconductors, in which the electrical properties are es-
sentially determined by the electronic band scheme of the material, when containing
certain impurities and imperfections, the electrical properties of a semiconductor
can be drastically modified and even dominated by the impurities. The deliberate
addition of impurities to a semiconductor is called doping. The concentration
of electrons and holes in doped semiconductors is no longer the same as that of
intrinsic semiconductors. Therefore, when doping with electron donors (n-type
doping) or electron acceptors (p-type doping), the Fermi level will shift upwards

towards the CB or downwards towards the VB.
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2.2 Principles of Photovoltaics

So far, this chapter has considered semiconductors at equilibrium. To more com-
prehensively understand the operation of a solar cell, this section will start by
discussing what happens to the semiconductor when it is exposed to an external
stimulus, such as light. It then introduces charge separation by the asymmetric
junction which is key for photovoltaic energy conversion, and the importance of

effective charge transport.26:27

2.2.1 Optical Absorption

Charge carrier generation is an electronic excitation event which increases the
number of free carriers available to carry charge. While different types of ab-
sorption transitions can happen as a result of the electronic band structure of
a typical semiconductor, for the solar cell, the most important form of charge
carrier generation is inter-band optical absorption. During the inter-band optical
absorption process, the absorbed photon will cause the promotion of an electron
from the VB to the CB, creating free electron-hole pairs. Since the total energy
and the total momentum of the electron-photon pair need to be conserved during
this process, direct transitions only happen in direct gap semiconductors. In this
case, the absorption of photons with energy Awphoton < E4 is forbidden. For
photons with higher energy (fuwphoton > Ey), the excess energy is lost through
thermalisation. Near the bandgap, the absorption coefficient depends on the joint
density of states (JDOS)-the number of states that are available for a photon

with certain energy to interact with—in the VB and CB. Therefore, we can directly
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extract the E, value by using the Elliott fitting model, which will be discussed
in Chapter 3.5. Given that the total light absorption depends on the absorption
coefficient (), which is an intrinsic property of the semiconductor, and the optical
length, increasing the thickness of the absorbing layer is usually the practical

strategy to increase absorption.

The standard spectrum for solar cell calibration is air mass 1.5, also known
as AM1.5.2% The air mass is the path length which light takes through the
atmosphere, normalised to the shortest possible path length where the sun is
directly overhead. For AMI1.5, it signifies the path length of sunlight through
the atmosphere when the sun is at a 48.2° angle with an irradiance of 1000 W /m?
which is a typical condition for many locations on Earth. In the ideal situation,
the power conversion efficiency (PCE) of the solar cell should be a function just
of E, and the incident spectrum. If the incident spectrum is fixed, then PCE only
depends on the bandgap. Since the final PCE is the product of photovoltage and
photocurrent (only incident photons of energy £ > E, can be absorbed), there is
an optimum band gap at which PCE has a maximum value. In 1961, Shockley
and Queisser analysed the theoretical maximum efficiency under the AM1.5 solar
spectrum, commonly referred to as the detailed balance limit.?° Figure 2.4 shows
the efficiency as a function of E, for the standard AM1.5 solar spectrum. For
a single-junction solar cell, the peak efficiency of 33.7% can be achieved with a

band gap of 1.34 eV.

Another important change to semiconductors during photogeneration is the
deviation from equilibrium states due to external disturbances. By exposure to

light or an applied electric bias, the population of electrons and holes increases
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Figure 2.4: Record efficiency of solar cells of different materials against their bandgap
at AM1.5 illumination conditions. The top solid line is the SQ limit. Reproduced with
permission from Polman, A. et al., Science, 2016, 352(6283)© 2016 AAAS3!

above their equilibrium values, which can no longer be described by the Fermi-

Dirac distribution.

In this case, electrons in conduction bands and valence bands have different

distribution functions f.(k,r) and f,(k,r), which are both position- and k-state

dependent. Therefore, the key simplification for semiconductors under nonequilib-

rium conditions—provided the disturbance is neither too large nor too rapid-is that

the population of electrons and holes each can achieve a quasi-thermal equilibrium,

fc(k, I') ~ fo(E, EFn7 Tn)

fv(k7 I‘) ~ fO(E= EFP7TP)

(2.16)

(2.17)
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The new apparent Fermi levels for electrons and holes are the electron and hole
quasi-Fermi levels, Er,, and EF,. The electron and hole densities in a semiconduc-

tor under quasi-thermal equilibrium can be written as
n = nge Ern=B)/ksTn (2.18)

p = ne B Pro)/ksTy (2.19)

where T, and T}, are the effective temperatures of electrons and holes, which may be
different from the ambient temperature T'. These electrons and holes quickly lose
their excess energy as heat by interacting with the lattice, and only the bandgap
energy is harvested as electrical power, we assume 7T, = T, = T. Given that
Ep, # Ep, # Ep, the difference in quasi-Fermi levels is also known as quasi-

Fermi level splitting,
A/L = EFn - EFp (220)
The electron hole product is now written as

np = n2eSr/ksT (2.21)

2.2.2 Charge Separation

To generate power using the photovoltaic effect, the generated electrons and holes
need to be extracted and collected, which requires a mechanism for charge separa-
tion. Essentially, an asymmetric junction, typically a semiconductor p-n junction,
is needed to drive the electrons and holes away from the point of generation.
Based on the Boltzmann transport equation and relaxation time approximation,

the electron and hole current densities can be derived,

Jn(r) = Vi Ep, (2.22)
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Jp(r) = ppp Ve Epy (2.23)

The total current at a point is J = J,, + J,. Therefore, to convert light into
electricity, light needs to produce a gradient in at least one of the quasi-Fermi levels.
To understand this, the drift-diffusion equation is introduced. Drift is the current
driven by an electric field inside the semiconductor. Diffusion is the current driven
by a concentration gradient of electrons and holes in the semiconductor. The drift

current density equations are given by
Inarift = o E = —p,nVo (2.24)

parift = pppE = —p,pV (2.25)

where 1, and p, are electron and hole mobilities, F is the electric field, and ¢

is the electrostatic potential.

Diffusion current in semiconductors typically arises from carrier concentration

gradients. The electron and hole diffusion current density equations are given by,
Jndif = anVn (2.26)

Jpdif = —qD,Vp (2.27)

where D,, and D, are the diffusion coefficient for electrons and holes. The simplified

total current density in one dimensional can be written as,

do dn
B do dp
Jor = —appp - — 4Dy (2.29)

Now assume that we have two separate semiconductor blocks (Figure 2.5).

Block A is n-type material, and Block B is p-type material. When they contact
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Figure 2.5: Block A and Block B are n-type and p-type semiconductors, respectively.
The diagram shows the built-in electric field that arises, pointing from Block A to Block
B, when the two blocks are in contact.

each other, the mobile electrons from Block A will diffuse to Block B since the
concentration of electrons in Block A is higher than in Block B. As a result,
positively charged ions are left behind in Block A near the interface, while Block
B becomes negatively charged near the interface. This creates an electric field that
points from Block A to Block B, known as the built-in electric field. This built-in
potential generates a drift current to counteract the diffusion flow. Consequently,
without an applied voltage, there is no net current across the junction. Since this

region has no mobile charge carriers, it is also called the depletion region.

When Block A and Block B are isolated from each other, their Fermi levels
are independent. When they are brought into electronic contact, the Fermi levels
must line up. Figure 2.6 illustrates the band profiles of Block A (n-type) and Block
B (p-type) semiconductors, both in isolation and after they form a p—n junction
in equilibrium. The built-in electric field at the junction drives photogenerated
electrons towards the n side (Block A) and holes towards the p side (Block B).
The built-in bias, Vj,, in equilibrium, is the difference in work functions of the two

materials (in this case, V; = %(gbA — ¢B)).
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Figure 2.6: (a) Band profiles of Block A (n-type) and Block B (p-type) semiconductors
in isolation. (b) Band profile of the p—n junction in equilibrium.

2.2.3 Charge Collection

To complete the charge collection process, the separated carriers need to move to
the external circuits. As mentioned above, this is an asymmetric structure that
drives the electrons/holes away from the point of generation. Therefore, the p—n
junction also forms a diode, which allows electric current to flow in one direction

but not in the other. The equation for the ideal diode is

Jaark = Jo[e?/*ET — 1] (2.30)
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Figure 2.7: Plot of current density-voltage characteristic under dark conditions in the
ideal p-n junction diode.

where Jj is a constant, V' is the applied voltage (a positive number when the positive
terminal is connected to the p side). In this case, if an external voltage is applied
to the p—n junction, it exhibits rectification properties (Figure 2.7). Specifically,
when the forward voltage bias is applied (positive), substantial current can flow
through the diode. In contrast, in reverse bias, the current is greatly suppressed,

allowing only a small leakage current J, to pass through.

In forward bias, the applied positive external voltage generates an electric field
in the opposite direction to the built-in electric field, thereby reducing the drift
current. The diffusion current now is greater than the drift current and a net
current will flow. In this case, Jgui ~ Jo (qu/ kBT). In reverse bias, the external
electric field is in the same direction as the built-in electric field. However, the
charge carriers in the enhanced electric field are minority carriers; the drift current
slightly increases, which is many orders of magnitude smaller than the forward

bias current, Jq.x ~ —Jo.
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2.3 Characterisation of Photovoltaic Devices

2.3.1 Photocurrent-Voltage

In a classical photovoltaic cell, under illumination, the photogenerated electrons
and holes accumulate on the n side and p side, shifting the Fermi levels as if a
positive bias is applied. When there is no load, the photocurrent generated by the

solar cell under illumination is the short-circuit current density, Js..
Je=2q / QE(E)b,(E)dE (2.31)
0

where QFE(F) is the probability that an incident photon of energy E will deliver
one electron to the external circuit, and bs(F) is the incident spectral photon flux
density. Given that the quantum efficiency QQ E(FE) is the product of the collection
and absorption efficiencies, we assume perfect charge separation and collection
processes, in which the photocurrent is only a function of the band gap and the

incident spectrum, J,. = qu; bs(E) dE.

Therefore, based on the superposition approximation, the overall current den-
sity—voltage characteristics (J—V curve) of the photovoltaic cell can be approxi-

mated as the sum of the J,. and the dark current density Jy.+x (Equation 2.30).
J = Jee — Jole?/kET 1] (2.32)

When the terminals are isolated, the maximum potential difference is the open-
circuit voltage, V,.. In this case, the dark current and short-circuit photocurrent

exactly cancel out. From the ideal diode in Equation 2.32, we can derive

kBT Jsc
‘/oc = In(— +1 2.33
() (2:33)
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Figure 2.8: The current density-voltage characteristics (J—V curve) of an ideal solar
cell under illumination. Power density reaches its maximum value at the bias voltage
Vi and current density J,,,, which is given by the area of the inner rectangle. The sign
convention is that the short-circuit photocurrent is positive.

The operating regime of the solar cell to deliver power is from 0V to V,.. The
maximum power conversion efficiency of solar cells occurs at the maximum power
point, with the voltage V,,, and current density J,,. The fill factor (F'F) is defined
as FF = ImVm to describe the ‘squareness’ of the J — V curve (Figure 2.8). The

JSCVOC

efficiency 7 can be written as

IV JeVacPF
A PR

" (2.34)

where P; is the incident light power density.
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2.3.2 Series and Shunt Resistance

Practically, the ‘ideal’ diode behaviour (Equation 2.32) is seldom seen. Instead,
some power is dissipated via the resistance of the contacts and/or through leakage
currents around the side of the device. The influence of these parasitic resistances
can be modelled as resistances in series (Rs, §2) and in parallel (Rg,, k2) to the

electrical circuit.

The series resistance (Rg) results from the resistance of the material to the
current flow, which is a particular problem at high current densities. The shunt
resistance (Rp,) comes from leakage of current through the cell, around the edge of
the device and/or between contacts with different polarities, which is a problem in
poorly rectifying devices. When taking parasitic resistances into consideration,

the diode equation is

V4 JAR,

J = Jsc . Jo[eq(v—‘rJARs)/kBT . 1]
Rsh

(2.35)

where A is the active area of the cell.

2.3.3 Urbach Energy

In 1953, the Austrian-American physicist Franz Urbach found that the plot of
the logarithm of the absorption edge versus photon energy approaches a straight
line. The slope is near to 1/kgT (Figure 2.9a).32 These exponential absorption
coefficient (o) tails below the bands (sub-gap absorption) are so-called Urbach

tails (£,) following the expression

E—E,,(T)

a(E,T) x exp(w)

(2.36)
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Figure 2.9: (a) Spectral sensitivity of an unfinished pure AgBr emulsion at 22°C.
Reproduced with permission from F. Urbach, Physical Review, 92, 5, 1324, 1953© 1953
APS32 (b) Schematic representation of Urbach tail states in a semiconductor system.
Reproduced with permission from O. V. Rambadey, et. al. ACS Omega, 6, 47, p32231—
32238, 20210 2021 ACS*?

where F is the photon energy, and FE,, is the energy onset of the tail. The
Urbach energy is a measure of the total energetic disorder of the system, which can
modify the bonding scheme of the atoms/ions, giving rise to the onsite potential
fluctuations. As a result, the states near the CB/VB could extend to the forbidden

energy region (Figure 2.9b).33

A frequently employed method to determine Ey is to extract the apparent
Urbach energy from the external quantum efficiency (EQE) measurement. Via
the modified Beer-Lambert law, the absorbance in the sub-gap can be regarded
as proportionally related with the absorption coefficient («). Since the carrier
collection efficiency is generally excitation energy independent, EQE « A and
x «. By fitting a small range in the sub-gap range, the apparent Urbach energy

(EP) can be written as®*

dIn(EQE)

pam(E) = [

(2.37)
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2.4 Metal Halide Perovskite

This section outlines the brief history of metal halide perovskites (MHPs), introduc-
ing the most fundamental concepts related to the crystal structure, optoelectronic
properties, and defect physics in MHPs. Then, recent advances in process engineer-
ing to improve the structural and optoelectronic quality of metal halide perovskite

films are summarised in the context of thin film growth deposition techniques.

2.4.1 Introduction

In 1839, calcium titanate (CaTiOs) was first discovered in the Ural mountains
of Russia, named after Russian mineralogist Von Perovski. Subsequently, materi-
als with the same crystal structure as CaTiO3 were known as perovskite materi-
als. Generally, perovskite materials are classified into several categories: oxide
perovskites, chalcogenide perovskites and metal halide perovskites (MHPs).?:3
While the ferroelectric and superconducting properties of oxide-based perovskites
intrigued scientists very early on,*® MHPs have only emerged as promising mate-
rials in the photovoltaic field over the past decade due to their high absorption
coefficients, long charge carrier diffusion lengths, defect tolerance, and low exciton
binding energies.'?37 In 2009, the first perovskite solar cell (PSC) was reported by
Miyasaka and colleagues, achieving a power conversion efficiency (PCE) of 3.8%.°
They used methylammonium lead iodide (MAPDI3) to replace the organic dyes on
mesoporous TiO, in dye-sensitized solar cells. However, it was not until a PCE of

over 10% was achieved in solid-state MAPbI3 PSCs, that physicists and chemists

became intensely interested in developing high-performance PSCs.?® In 2013, Liu
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et al. fabricated the first efficient planar heterojunction PSC with a champion
PCE of 15.4% via the vapour co-deposition method.?® This successful change
of the device structure marked a significant advancement in the PSC field. To
date, the planar heterojunction architecture is still the dominant device structure
used in high-efficiency PSCs. Although the highest certified efficiency of single
junction PSCs has reached 26.95% today, developing high-performance devices
of large-area with long-term stability will be the major challenge to successfully

commercialise PS(Cg.40-42

2.4.2 Crystal Structure

The general structural formula of MHPs is ABX3, where A is usually a monova-
lent alkali metal or organic cation (such as cesium Cs*, methylammonium MAT,
formamidinium FAT), B is a metal ion (such as lead Pb*", tin Sn?"), and X is
a halide anion (such as iodide I7, bromide Br~, chloride Cl7). Adjacent BXg
octahedra are connected through corner-sharing to form the three-dimensional (3D)
framework, with A-site cations positioned in the gaps formed by the octahedra
(Figure 2.10). For FAPDI3, the photoactive phase has a cubic structure. The
ability of a combination of ions to crystallise into this structure is predicted by the

octahedral factor (u) and Goldschmidt’s tolerance factor (),

B

= (2.38)

rx

A+ Tx
t=———"—— (2.39)
\/5(7"3 +7x)

where r 4, g, and rx represent the ionic radius values of A, B, and X, respectively.
The tolerance factor reflects how well the A cation fits into the 12-fold coordinated

cuboctahedral site formed by BXg octahedra, and the octahedral factor reflects how
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o A: MA*, FA*, Cs*

@ B:Pb+ sn2+

. X: I-, Br-, Cl-

Figure 2.10: The ABXj structure of metal halide perovskites incorporates a large cation
on the A-site, a metal cation on the B-site, and a halide anion on the X-site.

well the B cation fits into the center of an octahedron of anions. For the AX-BX,
halide system, a (pseudo)cubic-phase ABXj3 perovskite is favoured when 0.442 <
p < 0.895 and 0.813 < t < 1.107; otherwise, the tetragonal-phase (I4/mcm) or

orthorhombic-phase (Pna2;) are the preferred structures.

Although these metal halide perovskites perform well in the field of solar cells,
their poor stability limits further commercialisation. The instability arises from
the decomposition or transformation of perovskite compounds under the action
of water, heat, ultraviolet radiation, or electric field. In the case of FAPbI; for
example, the photoactive phase which is in the perovskite structure (« phase, space
group P3ml) is only metastable at room temperature. Under ambient storage
the films and crystals revert to their thermodynamically favourable phase which
is a lower dimensional hexagonal phase, otherwise known as the § phase (space
group P63mc). One approach to solving this problem is the partial substitution of

FA* cations with other smaller volume cations (such as Cst, MA*, Rb™"), or by
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Figure 2.11: Schematic representations of crystal structures of perovskites from
3D ABXg(a, b), quasi—2D (ABXg)n_1A7 2BX4(C), 2D AQBX4(d), 1D A3BX5(€),
and 0D A4BXg(f). Reproduced with permission from M I. Saidaminov et. al.,
ACS Energy Letters, 2, 4, 889-896, 20170 2017 ACS*®
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incorporating smaller anions (such as Br~, C17) into the lattice.®> %7

Additionally, replacing A-site cations with larger-volume cations can lead to
new lower dimensional materials. Based on their octahedral dimensions, ranked
from high to low, they can be divided into quasi-two-dimensional (quasi-2D), two-
dimensional (2D), one-dimensional (1D), and zero-dimensional (0D) perovskites
(Figure 2.11).% Compared to the original 3D structure, these low-dimensional
derivatives exhibit enhanced thermodynamic stability, thereby mitigating degra-
dation under environmental stressors such as humidity, temperature fluctuations,

ultraviolet light, and oxygen exposure.

Structurally, the organic-inorganic hybrid A;BX, perovskite can be formed
by inserting larger A-site organic cations (along the [001] crystal plane) between

the [BX4]*™ layers in the 3D perovskite. This structure, composed of ordered
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intercalation of [BXg]?~ inorganic perovskite layers and organic cation layers, is
referred to as a 2D perovskite. The A cation in the 3D compound is partially
replaced by the bulky A’ cation, and the stacked ABXj3 perovskite layers are
periodically separated to form a superlattice. The structure with the general
formula A, _1ALB,X3,.1 is defined as a quasi-2D perovskite. Compared with 2D
perovskites, 1D perovskites are obtained by further separating the 2D perovskite
along the [010] plane that connects [BXg]?™ units, giving the general formula
A3BX; or ABX3. If the [BXg|*™ octahedra connected in the 3D perovskite are
completely separated, i.e., the 1D perovskite is separated along the [100] plane, its

0D derivative can be obtained with the structural formula A;BXg or A3BoXg.

2.4.3 Optoelectronic Properties

The commonly used 3D MHPs, such as MAPbI3, FAPDI;3, etc., have excellent
optical and electronic properties for photovoltaic applications such as: high ab-
sorption coefficients (10*-10° cm™'), optimal optical band gaps (1.2-1.6 ¢V) and
carrier diffusion lengths of 1 um.*® As a result, they serve as ideal light-harvesting
semiconductor materials for efficient light collection and low-energy barrier pho-

togenerated exciton separation.

The excellent optoelectronic properties of perovskites come from their unique
band-edge energy state distribution. Generally, the lead-based halide perovskites
are direct band gap semiconductors, having CBM and VBM aligned in the same
k-point in reciprocal space. The strong interband transitions offer large absorption
coefficients. The electronic bands in perovskites are formed through the overlap

of [BX4]*~ orbitals. For MAPDI; in particular, Pb 6s-I 5p o-antibonding orbitals
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Figure 2.12: Quasiparticle self-consistent GW theory (QSGW) band structure of
MAPDI3. Reproduced with permission from F. Brivio et. al., Physical Review B, 89,
15, 155204, 2014© 2014 APS®°

comprise the VBM, while Pb empty 6p orbitals mainly constitute the CBM. The
heavy nature of Pb and I ions results in significant spin-orbit coupling, which can
lower the band gap and cause a splitting of the conduction band states with the
lower, split-off band forming the CBM. The antibonding states lie higher energy
and shift more easily with different degrees of orbital overlap, which can offer

perovskites the ease of bandgap tunability.?!

Additionally, the antibonding orbitals form dispersive bands with steep slopes,
leading to smaller effective masses and higher mobilities than organic semiconduc-
tors. Given that most defects formed in perovskites are shallow defects, they do
not strongly localise charge carriers, which is often described as ‘defect tolerance’.>?
The high mobility and long charge-carrier lifetime contribute to the long carrier

diffusion length in perovskites.?*%* Figure 2.12 shows that similar dispersion at the

band edge of perovskites, resulting in electrons and holes with comparable effective
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mass and mobility.’ It is evident from this electronic structure that perovskites

exhibit balanced charge-carrier transport.

2.4.4 Defect Physics

Metal halide perovskites have exhibited superior optoelectronic properties com-
pared to traditional semiconductor materials, such as crystalline silicon (c-Si),
polycrystalline silicon, and cadmium telluride (CdTe). However, compared with
the well-controlled manufacturing of c¢-Si semiconductors, the crystal growth rate
of MHPs is generally rapid and results in polycrystalline films, containing more
structural defects than the high-quality single-crystal films that dominate tradi-
tional photovoltaics. These defects become the major non-radiative recombination
centers in perovskite films and reduce device performance.’® Compared with other
photovoltaic performance parameters, the open-circuit voltage (V,.) is highly de-

6 This is because V,. is sensitive to the

pendent on the density of these defects,
quasi-Fermi levels splitting of electrons and holes in the perovskite films. The
difference between the material bandgap and the V,. measured is defined as the
V.. deficit. Additionally, the migration of certain shallow defects can cause ion
migration and accumulation at the interface, resulting in photocurrent hysteresis,
unfavourable band bending and even phase segregation.’”®® This will increase the
intrinsic instability of perovskite films, weakening the thermal and photostability

of PSCs. Hence, the passivation of perovskite films can be introduced as an efficient

approach to improve device performance and stability.
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2.4.4.1 Defects in Metal Halide Perovskites

Figure 2.13 illustrates the possible defect types in crystalline semiconductors.?® For
perovskites, native point defects are the most extensively studied defects (Figure
2.13a-d). Generally, a specific type of defect is thermodynamically favourable if
its formation energy in a semiconductor is negative. A conventional approach
involves theoretically calculating the formation energies of defects in a particular
material. However, in reality, the formation energy is closely related to atomic
environements around the defects and the charge states of defects, causing the
defect structures vary substantially based on growth conditions and the presence

of competing secondary phases.

To simplify the situation, we will mainly discuss the defect types in FAPDI;,
as this composition serves as the basic structure for all studies conducted in this
thesis. The point defects in the neutral charge-state in FAPbI; include interstitials
(FA;, Pb;, 1;), vacancies (Vpa, Vpy, Vi) and antisites (FAp,, Pbra, FA7, Pby, Ipa,
Ipy). Liu et al. found that different from MAPDI3, in which MA-related defects
MA; and Ij;4 had high formation energies, FA-related intrinsic defects had low
formation energies in FAPbI;. Antisites FA; and [g4 can create deep levels in the
bandgap, acting as non-radiative recombination centers. To avoid the formation of

FA; defects, materials should be grown in an I-rich environment.%°
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Figure 2.13: Defect chemistry in metal halide perovskites (blue, black, and purple dots
represent the A-; B-; and X-site cations/anions, respectively). (a) perfect lattice; (b)
vacancy; (c) interstitial; (d) anti-site substitution; (e) Frenkel defect; (f) Schottky defect;
(g) substitutional impurity (orange dot represents the impurity); (h) interstitial impu-
rity; (i) edge dislocation (line defect propogation); (j) grain boundary; (k) precipitate.

Reproduced with permission from J. M. Ball et. al., Nature Energy, 1, 11, 2016© 2016
Springer Nature®

o

2.4.4.2 Effects of Defects on the Optoelectronic Processes in Semicon-
ductors

When evaluating whether a specific mechanism is a relevant carrier recombination
process, we need to consider the charge-carrier density and the statistics of carrier
interactions with defect states in the bandgap. In general, non-radiative defect-
mediated charge-carrier recombination is particularly important to solar cell per-
formance under open-circuit conditions. Given that the quasi-Fermi level splitting
is determined by the charge-carrier density, non-radiative defect-mediated charge-

carrier recombination will reduce the quasi-Fermi level splitting by decreasing the
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steady-state charge-carrier density.

To maximise the collection efficiency, the absorber layer in a solar cell must be
thick enough for effective absorption; meanwhile, be thin enough for the efficient
charge transport. When the photogenerated charge-carrier density is higher than
the trap density, the trap states are likely to be fully populated and therefore have
negligible influence on the charge transport. However, when the photogenerated
charge-carrier density is lower than the trap density, the trap states possibly change

the charge transport mechanism based on the type of defects present.

Additionally, unintentional defects in the bulk or at the interfaces can influence
the electric field distribution within an operating solar cell. The shallow defects
with corresponding electronic states can ionise at room temperature acting as
donor/acceptor states doping the semiconductor. The deep defects will form sub-

bandgap states and substantially limit the quasi-Fermi level splitting.

2.4.5 Crystallisation Kinetics

Considering the polycrystalline nature of perovskite thin films used in photovoltaics,
the quality of the film essentially limits the device performance and stability.
To fabricate high-quality films, it is crucial to understand how these materials
crystallise. This section will summarise what is currently understood with regards

to the crystallisation kinetics of vapour-deposited perovskites.

Figure 2.14 shows five fundamental processes which occur during vapour deposi-

tion, including (D evaporation, 2) transport, (3) absorption/desorption, @) diffusion,
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Figure 2.14: Fundamental processes in vapour deposition. Reproduced with permission
from D. Lin et. al., Materials Today Advances, 16, 100277, 20220 2022 Elsevier Ltd.5!

and () molecular reaction and nucleation.®!

Based on the types of precursor materials used in perovskites and the way they
evaporate, they can be divided into two types of sources, the inorganic sources (i.e.,
Pbly, Csl) which usually have directional evaporation behaviours, and the organic
sources (i.e., MAI, FAI) which are volatile and dispersive. The non-directional
evaporation of organic molecules which arises from their high vapour pressure is
likely to disturb the evaporation of other sources and reduce the mean free path

of the vapour.6263

The ideal spatial transport process is free molecular flow, in which the average

distance that the molecule travels before colliding with another molecule is larger
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than the working distance of the evaporation system. The average distance that
the molecule travels before colliding with another molecule is known as the mean

free path (\),% defined as

kgT

where d is the molecular diameter, and P is the pressure. Given that the distance
between source and substrate in the evaporation system is usually much shorter
than A under high vacuum (10~% mbar), it is reasonable to assume that molecules

in gas phase transport as the ideal free molecular flow.

After the molecules adsorb onto the surface of the substrate, they can diffuse on
the surface until they encounter other molecules or reevaporate from the substrate.
Generally, we assume that the diffusion rate is much slower than the rate of
adsorption and desorption of atoms/molecules. Therefore, at the beginning of
the evaporation, the initial adsorbed atom density on the surface is determined by

the equilibrium of adsorption and desorption.

When the adsorbed atom density on the surface increases, each atom has a
higher possibility to bond with each other. The movement of particles starts, driven
by the gradient of particles, also known as diffusion. The diffusion process can
occur in plane contributing to the growth of isolated clusters. It can also happen
out of plane to diffuse into the underlying layer. The ability of an adsorbed atom
to diffuse us defined as the diffusion length of adsorbed atoms, A\, = /Dy, (Dj
is the diffusion coefficient, 7, is the residence time of an adsorbed atom before

evaporating from the surface).
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Depending on the difference in surface energy and lattice mismatch with the
substrate, the nucleation reaction and film growth processes can follow one of the
three modes: Frank-Van der Merwe (layer-by-layer growth), Stranski-Krastanov
(layer plus island growth) and Volmer-Weber (island growth) modes.> % In the
Volmer-Weber mode, the atoms or molecules nucleate directly on the substrate
surface and grow into islands. Subsequently, the islands coalesce and form a
continuous film. In this case, the bonding between adsorbed atoms is stronger
than the bonding between the atoms and the substrate. Held et al. confirmed the
three-stage growth of co-evaporated FAMAPDI; following the Volmer-Weber mode
by using in-situ photoluminescence and X-ray scattering.’® They showed that at
the beginning of the deposition, small islands nucleated and gradually increased
in size. As the individual crystallines grew, they coalesced and formed continuous
layers. Finally, the continuous perovskite layer grew vertically. However, the
actual processes of nucleation and film growth can differ depending on the vapour
deposition technique used. For instance, in sequential vapour deposition, the
reactions between precursors and film growth tend to be limited by diffusion.”™ "
Therefore, it is important to keep in mind that small changes to a specific process

condition can lead to substantial differences in the film formation, subsequently

altering the optoelectronic properties and device performance.
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This chapter presents the methods for fabrication and characterisation of both

metal halide perovskite films and devices utilised for the following investigations

discussed in this thesis.
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3.1 Fabrication

3.1.1 Perovskite Thin-Film Fabrication

3.1.1.1 Spin-Coated Perovskite

In the experimental work described in this thesis, a one-step process with anti-

solvent treatment was employed to fabricate spin-coated perovskite films.

For spin-coated perovskite films investigated in Chapter 4.4, Pbl, (99.99% trace
metals basis, Tokyo Chemical Inductry, TCI), PbBrg, FAI, CsI (99.99% metal basis,
Alfa Aesar) were weighed stoichiometrically in a Nj-filled glovebox to the target
composition of FA(g3Csg17Pb(IgsBrg2)s. FAI purchased from Greatcell Solar (sup-
plier A) with different batch numbers (batch 1: 485105; batch 2: 508004 ), was used
as as-received FAIL. Recrystallised FAI was obtained by the recrystallisation of as-
received FAIL. High-purity FAI was purchased from Dyenamo (supplier B), batch
number N6Q1X. The precursor salts were dissolved in a mixture (4:1 ratio by
volume) of dimethylformamide (DMF) and dimethylsulfoxide (DMSO) to obtain
a perovskite concentration of 1.3 M. The precursor solution was stirred overnight
in the glovebox at room temperature before use. During spin coating, perovskite
precursor solution (175 nli) was dispensed dynamically onto a substrate spinning at
1000 rpm. The substrate was accelerated to 5000 rpm over 5 seconds and remained
at this speed for 35 seconds. 5 seconds before the end of the process, anisole (335
nl) was applied to the spinning substrate as an anti-solvent quench. The films
were then annealed at 100°C for 60 min in a Ny-filled glovebox. After cooling down

to room temperature, the films were ready to use.
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For the recrystallised FAI precursor investigated in Chapter 4.4, Greatcell FAI
powder was dissolved in ethanol heated at 75°C to obtain a supersaturated solution.
Once fully dissolved, the solution was cooled down naturally for around one hour,
then placed in a refrigerator at 5°C for overnight recrystallization. The obtained
large white flakes were washed with diethyl ether three times and dried in the
vacuum oven at 40°C for two days. After cooling down to room temperature, the

recrystallized FAI was stored in the glovebox.

3.1.1.2 Vapour-Deposited Perovskite

In the experimental work described in this thesis, two types of vapor deposi-
tion methods were used to fabricate metal halide perovskite films, including se-
quential deposition and co-evaporation. The co-evaporation method is the pre-
dominant technique used to fabricate thin films of FAPbI; in Chapter 4.4 and
FAg9Csg1Pbls(Cl, in Chapter 5.4 and Chapter 6.4 as absorber layers in planar
heterojunction photovoltaic devices. The sequential deposition method is reported
to fabricate the templating layer to modulate the growth of co-evaporated per-

ovskite films in Chapter 5.4.

The thermal evaporation chamber used for the investigations in this thesis
contains five thermal sources for low-temperature thermal evaporation. For each
source, a tungsten filament wraps cylindrically around the aluminum oxide (Al;O3)
crucible. The metal cylinder caps the crucible and filament to keep the crucible
temperature during the heating process. Generally, the precursors are sublimated
under high vacuum (107° to 107° mbar) to deposit the film on the targeted sub-

strate. To obtain the vapour-deposited film with uniform composition, each source
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has independent quartz crystal microbalances (QCMs) to monitor the deposition
rate of precursors. When an AC voltage is applied, the QCM oscillates at its
resonant frequency due to the piezoelectric effect of quartz, which depends on the
mass and mechanical properties of the crystal. The accumulation of precursor
material on the surface can increase the total mass of the crystal, leading to a
decrease in the resonance frequency. Therefore, measuring the change of oscillation
frequency allows for finely determining the amount of materials deposited on the
QCM. To more accurately reflect the deposition rate on the substrate, two QCMs
(one without a shutter and one with a shutter) are located close to the position of
the substrate. The QCM with shutter allows for deposition on the substrate only
after reaching the stabilised deposition rate. The one with the shutter is reported to
investigate the templating layer in Chapter 5.4, since it can more accurately reflect
the initial growth dynamics of the perovskite layer by simultaneously opening the
QCM shutter and the substrate shutter. For every deposition, the temperature
of the inner chamber wall was kept constant at 17 °C, while the temperature of
the substrate was held constant at 20 °C. Figure 3.1 shows a schematic diagram

of the thermal evaporation chamber.

For the FAPbI; layers in Chapter 4.4, Pbl, (ultra-dry 99.999% metal basis, Alfa
Aesar) and FAI were co-evaporated in two separate crucibles. For FAI (>99.99%,
Greatcell Solar), the pressure can go up to 1-2 x 1075 mbar during the subsequent
co-evaporation process. For FAI (99.999% trace elements basis, DN-P10-5N, Dye-
namo AB), the pressure can go up to 5-6 x 1075 mbar during the subsequent
co-evaporation process. The actual deposition rate of Pbl, was kept constant
at 0.20 A/s using the QCM close to the Pbl, source, which is named as “Pbl,

source rate”. The actual deposition rate of FAI was kept constant at 0.19 A/ s by
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Figure 3.1: A schematic diagram of the thermal evaporation chamber used to fabricate
the vapour-deposited perovskite films in this thesis. The rate is individually controlled
by the gold-plated quartz crystal microbalance (QCM) close to the source or substrate
position. The precursor materials are heated by the resistive heater.

controlling the overall reading of the QCM close to the substrate position, which
is named as “substrate rate”. The typical thickness of FAPbI3 used in this study

is 550 nm. After deposition, the samples were annealed at 150 °C for 5 min and

135 °C for 25 min in a No-filled glovebox.

For the templating layer in Chapter 5.4, the ultrathin perovskite films were
deposited by the two-step thermal evaporation technique. In the first step, Pbl,
(ultra-dry 99.999% metal basis, Alfa Aesar), CsI (99.99% metal basis, Alfa Aesar),
and PbCly (99.998% metal basis, Alfa Aesar) were co-evaporated to deposit 9 nm
films with the molar ratio of Csl: Pbl,: PbCly, = 0.1: 0.8: 0.39. In the second step,

9nm FAT (99.999% trace elements basis, DN-P10-5N, Dyenamo AB) was evaporated
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on top of the inorganic films. The deposition rates of inorganic precursors were
controlled by their source rates. The deposition rate of FAI was controlled by
the substrate rate. The typical thickness of the templating layer is 15 nm. After

deposition, the samples were annealed at 135 °C for 2 min in a Ny-filled glovebox.

For the absorption layer in Chapter 5.4 and Chapter 6.4, the perovskite films
with the composition of FAq¢Csg.1Pbl;.Cl, were fabricated using the four-source,
co-evaporation of FAI (99.999% trace elements basis, DN-P10-5N, Dyenamo AB),
Csl (99.99% metal basis, Alfa Aesar), Pbly (ultra-dry 99.999% metal basis, Alfa
Aesar) and PbCly (99.998% metal basis, Alfa Aesar) under high vacuum. The
deposition rates of inorganic precursors were controlled by their source rates. The
deposition rate of FAI was controlled by the overall substrate rate. The typical
thickness of FAg9Csy.1PblsCl, used in this study is 630 nm. After deposition,
the samples were annealed at 150 °C for 5 min and 135 °C for 25 min in a Ns-

filled glovebox.

3.1.2 Device Fabrication

Unless stated otherwise, all other materials and solvents were purchased from

Sigma-Aldrich and used without further purification.

3.1.2.1 Substrate Cleaning

Indium-doped tin oxide (ITO) coated glass (Biotain, 30 mm x 30 mm x 1.1
mm, 10-15 ©/sq) was used as the substrate. The substrates were cleaned in a

series of ultrasonic baths using industrial detergent Decon90 (1% vol in deionized
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water), deionized water, acetone, and isopropyl alcohol (each step for 5 min). After
ultrasonic cleaning, the substrates were dried with nitrogen gas, and were then

placed in the UV ozone for 15 min.

3.1.2.2 Deposition of Charge Transport Layers

Hole Transport Layers

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA, purchased from Xi’ an
Polymer Light Technology) was dissolved in toluene with a concentration of 2
mg/mL. 100 pL solution was dynamically deposited onto a substrate at a speed of
6000 rpm for 30 s. After spin-coating, the substrate was annealed at 100 °C for 10

min. After cooling down to room temperature, the substrate was ready to use.

[4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz, >99.0%,
TCI) was dissolved in ethanol with a concentration of 0.33 mg/mL. 350 pL solution
was statically deposited onto a substrate After 10 s to help the solution spread, the
substrate was spinning at 3000 rpm for 30 s. After spin-coating, the substrate was
annealed at 100 °C for 10 min. After cooling down to room temperature, Al;O3
nanoparticles (1:150 vol% in 2-propanol) were spin-coated dynamically on top at
2000 rpm for 20 s as a wetting agent. The film was annealed at 100 °C for 1 min.

After cooling down to room temperature, the substrate was ready to use.

2,2'.7,7"- Tetrakis(N,N -di-p-methylphenylamino)-9,9"-spirobifluorene (spiroTTB)
was vacuum-deposited in the thermal evaporator chamber to 5 nm at 0.1 A/s.
The rate was controlled using a gold-plated QCM. The as-prepared substrate

was ready to use.
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2,2/ 7,7"- Tetrakis|N,N-di(4-methoxyphenyl)aminol-9,9"-spirobifluorene (spiro-OM
eTAD, Lumtec) was dissolved in chlorobenzene at a concentration of 85 mg/mL,
with added lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) dissolved in 1-
butanol at a concentration of 520 mg/mL, and tert-butylpiridine (tBP). For 1 mL
of the spiro-OMeTAD solution, 20 pL of the Li-TFSI solution and 33 pL of tBP
were added. 100 nL of the solution was statically spin-coated at 2000 rpm for 45 s.
Before depositing the final electrode, the films were kept in a desiccator for 12-18

hours to allow for the oxidation of the spiro-OMeTAD.

Electron Transport Layers

Fullerene (C60, 99.9%, Acros Organics) was vacuum-deposited in the thermal
evaporator chamber to 25 nm at 0.1 A /s. BCP was vacuum deposited in the thermal

evaporator chamber to 5 nm at 0.1 A /s. The as-prepared substrate was ready to use.

200 L SnO, colloidal solution (diluted to 2.5 weight%) was deposited by static
spin-coating at 3000 rpm for 30 s (1000 rpm ramp), followed by annealing at 150

°C for 30 min in ambient air.

3.1.2.3 Deposition of Metal Contacts

100 nm silver (Ag) or 80 nm gold (Au) contacts were thermally evaporated with
shadow masks under high vacuum (< 3 x 107% torr) using a thermal evaporator

(Nano 36, Kurt J. Lesker) placed in ambient environment.
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3.2 Thin-Film Characterisation

3.2.1 Absorption Spectroscopy

Photogeneration is by far the most important generation process in photovoltaic
devices, by which the generation of mobile electrons and holes through the absorp-
tion of light in the semiconductor. Since photogeneration is the promotion of an
electron from a valence band (VB) to a conduction band (CB) energy level, the
energy dependence of absorption coefficient () must be strongly related to the
density of VB and CB states, and hence to the band structure of the materials.
For a typical direct bandgap (E,) semiconductor, when exposed to photons of
energy greater than F,, it strongly absorbs these photons while exciting electrons
from the valence band to the conduction band. For a material with uniform «,
the attenuation of the light intensity /(x) reduces to the simple Beer-Lambert law,

where I(0) is the incident intensity of radiation, and z is the thickness of a film
I(x) =1(0)107** (3.1)
Since absorptance A, can be calculated using the formula
Ay=1-R-T (3.2)

where R and T are the reflection and transmission, respectively, the absorbance or

optical density, A of the film can be written as

T

1
A= —10910(70) = —lOglo(ﬂ) (33)

The absorption spectra were measured using a Bruker Vertex 80v Fourier trans-

form infrared (FTIR) spectrometer with a reflection-transmission setup. Visible
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Figure 3.2: The Fourier transform infrared spectroscopy setup used in this thesis.
The part highlighted by the red box shows the mirror arrangement in a Michelson
interferometer.

measurements were taken using a tungsten halogen lamp source and a silicon diode
detector. Figure 3.2 shows the FTIR setup used in this thesis. The essential part
of optical hardware in an FTIR spectrometer is the interferometer, which consists
of a fixed mirror, a movable mirror, and a beamsplitter. The quantity measured by
the detector is the intensity of the combined beams as a function of the movable
mirror displacement, the so-called interferogram. After Fourier transformation, the

interferogram can be converted into a spectrum as a function of wavenumber.

Bandgap Extraction Method

In Chapter 5.4, bandgaps extracted from Elliott model fitting were performed
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by Jae Eun Lee. Compared with the widely used Tauc method, Elliott model is
a more reliable metric to estimate the bandgap values by considering the presence

of excitonic effects.

The absorption coefficient spectra were fitted by the Elliott model to obtain
the optical bandgap (), exciton binding energy (E},) and electronic sub-bandgap
disorder (). The Elliott model represents the total absorption coefficient (a(E))
as a linear combination of the absorption coefficient from bound excitons (agx(E))

and electron-hole continuum states (ac(F)) for a direct semiconductor as shown be-

10W73’74

a(E) = apx(E) + ac(E) (3.4)
The contribution from agx(F) is expressed as

by & 47TE3/2
apx(E) = EO Z b

n=1

=) (35

n3 6<E - [Eg -

where by is a constant of proportionality that includes the electric dipole transition
matrix element between the valence and conduction band, [(¥, | P | ¥,)|> and
n is a positive integer quantum number. Equation 3.5 describes lines series at
energies -F),/n* below E, and their magnitudes are proportional to -1/n®. The

contribution from ac(F) is expressed as

By
2\ /5= o

1 —exp (—27‘[‘ Efilbg)

b
ac(E) = EO

] ¢y JDoS(E) (3.6)

where the joint density of states JDoS is given by

JE_E, for E>E
JDOS(E):{CO g OB B (3.7)

0, otherwise

and the joint density of states constant ¢( is given by

= P () <2 (38)




3. Experimental Methods 53

where g is the reduced effective mass of the electron-hole system, which is as-
sumed to be 0.15m..”™ The term in the square brackets in Equation 3.6 in the
Coulombic enhancement factor, which represents the probability of an electron
and a hole existing in the same space. The second term c;' JDoS(E) represents
the absorption coefficient of free electrons and holes in the absence of Coulombic

attraction, pee(F).

The linear combination of the contributions from the excitonic and continuum
states as shown in Equation 3.4 is then convolved with a broadening function,

which is written as

9(E) = cosh (1EEI)

YAbs

where Yaps is the absorption edge broadening parameter.”

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy

Measurements

The Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR) is a technique utilized to identify chemical structures. An infrared
(IR) light beam passes through the ATR crystal. Due to the high refractive index of
the ATR crystal (typical materials include diamond, germanium and zinc selenide),
the IR light reflects once/multiple times at the interface in contact with the sample.
Given the wave-like property of the light, the reflection forms the evanescent wave
slightly penetrating into the sample. The internal reflected IR light carries the

absorption information of the sample and is collected by the detector.”” ™

In Chapter 6.4, the ATR-FTIR measurements for the powder and evaporated
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films were conducted using a single reflection diamond ATR accessory (Bruker
Platinum ATR Spectrometer) mounted on a Bruker Vertex 80v Fourier Transform
Interferometer. The measurement was performed at room temperature under
vacuum in the range between 400-4500 cm~!. Pressure was applied for both powder

and thin-film samples to ensure contact between the sample and the ATR crystal.

3.2.2 Photoluminescence Spectroscopy

Steady-State Photoluminescence

Photoluminescence (PL) is based on measuring the emission of photons from
a semiconductor that have been created by radiative recombination. Radiative
recombination requires one electron and one hole to participate in the recombi-
nation process. Due to the microscopic reversibility, radiative recombination is
the inverse process of absorption. Therefore, the emission spectrum is strongly
influenced by the shape of the absorption near the band edge and is more related

to the intrinsic properties of materials.

In this thesis, the PL measurements were taken by illuminating the samples
using a 398 nm diode laser (PicoHarp, LDH-D-C-405M) (Chapter 4.4), a 470
nm diode laser (PicoQuant, LDH-D-C-470M) (Chapter 5.4), a 398 nm diode laser
(PicoHarp, LDH-D-C-405M) or a 670 nm diode laser (PicoQuant, LDH-D-C-670M)
(Chapter 6.4) on a continuous wave. The PL emitted by the samples was coupled
into a grating spectrometer (Princeton Instruments, SP-2558) and then directed
onto a silicon iCCD (PI-MAX4, Princeton Instruments). The samples were mea-

sured under Ny (Chapters 4.4 and 6.4), vacuum (Chapters 5.4 and 6.4), or air
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(Chapter 6.4) atmosphere.
Time-Resolved Photoluminescence

In this thesis, the time-resolved PL measurements were taken by using time-
correlated single photon counting (TCSPC), which measures the exact arrival
time of single photons after an excitation pulse. A 398 nm picosecond pulsed
diode laser (PicoHarp, LDH-D-C-405M) operated at 2.5 MHz (Chapter 4.4), a 470
nm picosecond pulsed diode laser (PicoHarp, LDH-D-C-470M) operated at 1MHz
(Chapter 5.4), a 398 nm picosecond pulsed diode laser (PicoHarp, LDH-D-C-405M)
or a 640 nm picosecond pulsed diode laser (PicoQuant, LDH-D-C-670M) operated
at 2.5 MHz (Chapter 6.4) was used to measure the samples in Ny (Chapters 4.4
and 6.4), vacuum (Chapters 5.4 and 6.4), or air (Chapter 6.4) atmosphere. The PL
emitted by the samples was collected by a photon-counting detector (PDM series

from MPD) and the timing was controlled using a PicoHarp300 event timer.
Trap-Assisted Recombination Fitting

The PL decays were fitted using a stretched exponential that can be expressed

in the form of,%°

() = e (%) (3.10)

where [(t) is the time dependent PL intensity, Iy is the initial PL intensity, ¢ is the
time, 7. is the characteristic lifetime, and [ is the distribution parameter. Based
on the characteristic lifetime and distribution parameter, the average lifetime 7,4

can be calculated as

Tavg = Tgr (;) (3.11)
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1 0o 1
r (5) :/o 27 e dy (3.12)

For the monomolecular charge-carrier recombination, which likely originates from

trap-assisted recombination, the recombination rate k; can be calculated by the

following equation,®!

(3.13)

3.2.3 X-Ray Diffraction

X-ray diffraction (XRD) is a routine technique to assess the crystalline structure
of solids. The principle of XRD is the result of elastic scattering from atoms in the
materials. The incident X-ray beam diffracts in precise directions at a scattering
angle (#) undergoing constructive interference. Figure 3.3a shows the well-known
Bragg’s law: n\ = 2dsin 0.%? Here n is the order of the diffraction and the direction
of the orientated scattering planes. In reciprocal space, an incident beam with
momentum Ei, is scattered from the crystal with momentum k ¢. The corresponding
scattering vector ¢ orthogonal to the lattice plane (Figure 3.3b) can be given by

—

7= kp—k; (3.14)

4m

3 ) sinf. Since the Bragg condition is satisfied when the diffracted

where ¢ = (
waves from adjacent lattice planes interfere constructively, the Equation 3.14 can

be simplified to

2T
== (315
Rkl

In this thesis, XRD measurements were conducted using a Panalytical X-pert

powder diffractometer. The Cu-Ka X-ray source (A=1.54 ) was set to 40 kV voltage
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Reciprocal Space

Figure 3.3: (a) Illustration of Bragg diffraction from X-rays scattering off atoms (orange
circles) positioned along a lattice plane (black line) separated by distance d. B) Scattering
wavevector ¢ resulting from the wavevector change of the incident and diffracted waves.

and 40 mA current. The XRD patterns were corrected by shifting the 260-axis
based on the ITO substrate reference peak at 20=30.3° or z-cut quartz substrate
reference peak at 20=16.4°.7483 HighScore Plus software was used to implement

the refinement to extract lattice parameters.
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3.2.4 Grazing-Incident Wide-Angle X-Ray Scattering

Grazing-incident wide-angle X-ray scattering (GIWAXS) is a valuable technique to
probe and understand the structure-property relationships that fundamentally limit
the optoelectronic performance for a wide variety of compositions and structural
motifs (i.e., from single-crystal, polycrystalline systems, quantum dots to layered
superlattices). Different from XRD using Bragg-Brentano reflection geometry,
GIWAXS collects the X-ray scattering from the sample using a grazing incidence
geometry. Therefore, instead of penetrating deep into the bulk of the material,
GIWAXS has a higher surface sensitivity and provides both in-plane and out-of-

plane structural information.®*

Since metal halide perovskites commonly contain relatively heavy Pb atoms,
metallic lead is known as an effective X-ray shielding/stopping material and exhibits
strong X-ray fluorescence when excited far above the absorption edge of it. During
the GIWAXS measurements, the emitted X-ray resulting from the X-ray photo-
electric absorption will elevate the background intensity and can be troublesome.
For these reasons, GIWAXS experiments conducted on Pb-based perovskites are
typically performed just below the L absorption edges (Figure 3.4), at X-ray beam

energies between 10-12.9 keV.

The GIWAXS measurements in Chapter 5.4 were performed by Karim A. Elmestekawy.
In this thesis, the GIWAXS measurements were taken by using a Rigaku Smart-
lab X-ray diffractometer using the Cu-Ka X-ray source (A=1.54 | corresponding
photon energy of 8.04 keV) with the voltage and current set to 40 kV and 40

mA, respectively, and a HyPix-3000 2D X-ray detector. All the GIWAXS detector
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Figure 3.4: Energy-dependent X-ray attenuation mechanisms in lead (Pb), highlighting
L-edge absorption and contributions from photoelectric (blue line), coherent (green
line), and incoherent (red line) scattering. Coherent scattering, also known as Rayleigh
scattering, is an elastic process where X-rays scatter without energy loss. Incoherent
scattering, also called Compton scattering, is an inelastic process where X-rays lose energy

during interaction with loosely bound or free electrons. Data extracted from J. A. Steele
et al., Advanced Energy Materials, 13(27), 2300760 (2023)© 2023 Wiley-VCH GmbH8

images were reshaped and converted to wavevector space based on the relationship

between the scattering vector and the diffraction signal from the detector.
Ewald Sphere and Missing Wedge

Since there should be no energy loss during the elastic scattering, when the
crystal planes satisfy the Bragg condition for diffraction at a given incident X-ray
wavelength, the magnitude of incident and diffracted wavevectors should remain the
same. If a sphere with the radius of 27 /) is centered at the tip of incident beam Ez-,
all reciprocal lattice points that satisfy the condition for constructive interference
should lie on the surface of this sphere, which is also called Ewald sphere. When
the Ewald sphere intersects with the reciprocal lattice, it produces a curved surface

that is projected onto the flat 2D detector. Given that the scattered photons are
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X-ray Source

Figure 3.5: Grazing-incident wide-angle X-ray scattering geometry.

recorded using a pixelated area detector to directly convert X-ray photons into
electric signals and map the 2D image, image correction is necessary to reconstruct

the 2D reciprocal space by factoring in the curvature of the Ewald sphere.

The coordinate system used in GIWAXS is placed at the point of diffraction
on the top of the sample surface, with z- and y-axes parallel to the sample surface
and z-axis in the normal direction (Figure 3.5). The scattering wavevector ¢

can be given by

G COS (f COS Y — COS
i=|q|= cosafsiny (3.16)
q sin o + sinay

where «a;, ay and 9 are incident angle, in-plane exit angle, and out-of-plane angle,
respectively. The in-plane scattering wavevector in the GIWAXS geometry can

be described by

G =\/@?+q2#0 (3.17)
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Figure 3.6: GIWAXS images of the co-evaporated FAg 9Csg.1Pbls «Cly perovskite film.
(a) GIWAXS image without correction. (b) GIWAXS image after transformation with
respect to ¢, and ¢,.

Here ¢, # 0 means that there is always a contribution in ¢, along the incident beam
direction. This leads to the blindspot in the reciprocal space and the formation of
the missing wedge-shaped area in the final corrected GIWAXS image.®5%6 Figure

3.6 shows the GIWAXS image before and after the image correction.

Radial Integration of 1D Scattering Profiles

Given that GIWAXS can provide both in-plane and out-of-plane structural
orientation information, the integrated 1D scattering profile generated by the
whole azimuthal range can provide more complete structural information for the
oriented polycrystalline films than the XRD measurements using a Bragg-Brentano
geometry. Meanwhile, changing the angle of the grazing incidence beam «; can
tune the penetration depth of the X-ray beam.®” It is important to mention that
the penetration depth does not correspond to the scattering information depth,
considering the attenuation of scattered X-rays in order to transverse and exit back

through the film surface.®® However, when GIWAXS measurements are conducted
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below or just above the critical angle, the scattering signals range from the top-
surface to the subsurface and bulk of the film, allowing for extracting information
as a function of the depth by varying a;. In Chapter 6.4, the depth-dependent
GIWAXS measurements were conducted to investigate the passivation effect of
spin-coated FPEAI and evaporated FPEAI on co-evaporated FA(¢Csg1PblsCly

perovskite film.

3.2.5 Terahertz Time-Domain Spectroscopy

Terahertz time-domain spectroscopy measurements and data fitting of the per-
ovskite films were performed by Jae Eun Lee. In Chapter 5.4, the optical-pump
teraherz-probe (OPTP) technique was used to investigate the photophysical char-
acteristics of directly co-evaporated and templated perovskite films. An amplified
laser system (Spectra Physics, Mai Tai-Ascend-Spitfire Pro Ti/sapphire regenera-
tive amplifier) with a central wavelength 800 nm, 35 fs pulse duration and 5 kHz
repetition rate was split into THz beam, pump beam and gate beam. The THz
radiation was generated by a spintronic emitter based on the inverse spin hall effect.
The electro-optic sampling with a 1 mm-thick ZnTe (110) crystal, a Wollaston prism
and a pair of balanced photodiodes were used to detect the pulse. The THz pulse
was measured in transmission geometry. The pump beam was generated at 400 nm
by a f-barium-borate (BBO) crystal. The samples were photoexcited as various

fluences ranging from 2.38 to 38.75 J/cm? under vacuum (<102 mbar).

Mobility Fitting

The effective charge-carrier mobility was extracted from the OPTP data using
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the method illustrated previously by Wehrenfennig et al.*® The sheet photoconduc-
tivity AS of a thin film between two media of refractive indices n, and ng with its

thickness much smaller than the THz wavelength can be expressed as

AS = —eoe(na + np) (ATT> (3.18)

where ¢q is the vacuum permittivity, ¢ is the speed of light and AT/T is the ratio
of photo-induced change in the THz electric field to the transmitted THz electric
field in the dark. In this study, na is the refractive index of a z-cut quartz, which

is 2.13 and np is the refractive index of vacuum which is 1.

Deriving the charge-carrier mobility p from AS requires the knowledge of the

number of photo-excited charge-carriers N, which can be calculated as

EX
N = QOE (1 - Rpump - Tpump) (319)

where ¢ is the photon-to-charge branching ratio, E is the energy obtained in an
optical excitation pulse with wavelength A, h is the Planck’ s constant, Ryump and
Toump are the reflected and transmitted fractions of the pump beam. Then, pu

can be calculated with

B ASAg
~ Ne

i (3.20)

where A.g is the effective area of the overlap of optical pump and THz probe pulse
considering the Gaussian beam profiles and e is the elementary charge. By using

the above equations, the effective mobility i = ¢pu is expressed as

Aeg he AT
pu = —600(71,4 +TZB) <E>\€<1 “R ff _T )> ( T ) (321)
pump

pump

Here, ¢ is set to 1 given that the exciton binding energies are low and free charge-

carriers are mostly generated right after excitation.”’ The charge-carrier mobility
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obtained here is the sum of electron and hole mobilities and they cannot be sepa-

rated.

To obtain ¢u, AT/T at time zero against E was plotted and a linear function
was fitted based on Equation 3.21 up to the point where nonlinear processes were

not observed. Then, pu was obtained from the gradient.
THz Photoconductivity Transients Fitting

The recombination dynamics in a perovskite semiconductor may be governed

by first, second and third order processes as shown in the following rate equation

dn(t
d<t) = —kyn(t) — kyn(t)* — ksn(t)? (3.22)
where k; is the first order non-radiative trap-assisted recombination, ko is the
second order radiative recombination rate constant and k3 is the third order Auger
recombination rate constant. k; is taken from the TCSPC measurements. k3 is

6

set as 102 emSs! as obtained from literature because the effect of k3 becomes

significant only when n > 10 e¢m3.9

Equation 3.22 is first solved in terms of the experimentally observed quantity
x(t) = AT/T, which is the photoinduced change in THz transmission. n(t) is

proportional to z(t) with the following relationship
n(t) = " tC" w(t) (3.23)

where ¢ is the recombination order, ¢ is the photon-to-charge branching ratio,
C' = ng/z(0) is the proportionality factor between the absorbed photon density

x(0) and the initial photon density 7y as shown below

SN
07 Agd

(3.24)
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where d is the thickness of each sample. By substituting Equation 3.23 into

Equation 3.22, Equation 3.22 is rewritten as

dx(t)

e —knonrad T(t) — C@Reaq (1) — C*90* Rauger 7(t)? (3.25)

The numerical solutions to this ordinary differential equation (ODE) are fitted
globally to the decays using the least squares method across all fluences in order
to extract pky. Given that 0 < ¢ < 1, the values presented for ko in the main text

are underestimated compared to the true intrinsic values.

In order to account for an initially spatially varying charge-carrier density (due
to absorption following the Beer-Lambert law), the fitting algorithm takes into
account an exponentially decaying charge-carrier profile created by the pump beam.
This is done by dividing the sample into 30 equally thick slices and computing the

decay function for each of these individually.

3.2.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique that produces images of a
sample by scanning the surface with a focused beam of electrons. The electrons
interact with the atoms in the sample, and therefore provide the surface topography
or composition information. SEM has two basic and commonly used signals,
secondary electron (SE) and back-scattered electron (BSE). Hence, SE mainly
reflects the morphology-based contrast, whereas BSE represents composition-based
as well as some morphology-based contrast. SEs have very low energies which will
limit their mean free path in solid matter. Consequently, SEs can only escape from

the top few nanometers of the sample surface. The signal from SEs tends to be
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highly localized at the point of the primary electron beam, making it possible to

collect the image with a relatively higher resolution than BSEs.?%%3

In Chapter 5.4, scanning electron microscopy (SEM) images were taken by
a Hitachi S-4300 microscope using the secondary electron detection mode, with
3 kV accelerating voltage and 10 A emission current. The thicknesses of the
perovskite films were calculated by the mean thickness of 3 measurements across

the cross-section SEM.

3.3 Device Measurement

3.3.1 Current Density-Voltage Characterisation

The current density-voltage (J-V') characteristics for solar cells were measured in air
using a Keithley 2400 source meter under approximately 100 mW /cm? of AM1.5G
irradiation generated by an ABET Sun 2000 Class A simulator. Before the device
measurement, the intensity of the solar simulator was automatically measured by
a KGb-filtered silicon reference cell (certified by Fraunhofer ISE) to calibrate the
accurate power conversion efficiency (PCE). The illuminated active area was 0.25
cm? defined by black anodized metal masks. The J-V curves were taken from 1.2
V to -0.2 V and followed by the forward scan (from -0.2 V to 1.2 V), at a scan

rate of 0.013 V/s in each direction.
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3.3.2 Fourier Transform Photocurrent Spectroscopy

In Chapters 4.4 and 5.4, photocurrent was measured through a custom-built Fourier
transform photocurrent spectrometer based on a Bruker Vertex 80v Fourier Trans-
form Interferometer. Devices were illuminated with a tungsten halogen light source.
The solar cells were masked with a metal aperture, with a defined active area of 0.25
cm?. A current amplifier, Stanford Research 570, was used to detect low currents.

All the photocurrent measurements were conducted under vacuum.

External Quantum Efficiency

The external quantum efficiency (EQE) represents how effectively a solar cell
converts photons into electrical current by taking the ratio of charge carriers
collected by a solar cell to the number of incident photons on the device. In this
thesis, the EQE of devices was measured using a Fourier transform photocurrent
spectrometer based on a Bruker Vertex 80v Fourier Transform Interferometer. The
active area of devices (0.25 cm?) was illuminated by a tungsten halogen lamp. The
accurate EQE value was calibrated by a Newport-calibrated reference silicon solar
cell of a known EQE. The short-circuit current density from the EQE measurement

was determined by the overlap integral of the AM1.5 photon flux with the EQE.

Urbach Energy

The Urbach energy measurements in this thesis were performed by Jay B. Patel.
The Urbach energy (E,) measurements were taken on the EQE setup, using a near-

infrared source and a 780 nm low-pass filter, such that the band edge could be taken
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at a high sensitivity. F, was obtained by using the single exponential to fit the

data from the tail of the band edge region.

3.3.3 Stability Test

In this thesis, all perovskite solar cells used for the stability tests were unencap-
sulated and aged using an Atlas SUNTEST XLS+ (1,700 W air-cooled Xenon
lamp) light-soaking chamber under simulated full-spectrum AM1.5 sunlight with 76
mW-cm™? irradiance. All aging tests were conducted in open-circuit conditions, and
to perform J-V characterisation the samples were taken out from the chamber and
tested at different time intervals, following the measurement protocol as described
above. No ultraviolet filter was applied during the aging process. The aging
chamber for storing the samples was air-cooled with the temperature controlled
at 70+£5°C. The temperature for the aging chambers was measured by a black
standard temperature control unit. During the aging period the relative humidity

in the laboratory was monitored in the range of 50+5%.

3.4 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) is a nucleus-specific spectroscopy to identify
molecular structures, by providing information about individual compounds and
functional groups. This technique is based on the reorientation of atomic nuclei
with non-zero nuclear spins in an external magnetic field. The absorption of
electromagnetic radiation in the radio frequency region occurs with reorientation.

Through the Fourier transformation of the time-domain electric currents signals,
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the frequency-domain spectrum with the signal of each different nucleus can be
obtained. The different frequencies are called chemical shifts. Meanwhile, neigh-
bouring nuclear spins can interact with each other through the bonding electrons,
also known as J-coupling. The influence of J-coupling is visualised by the splitting
of the signal, called multiplets. In proton NMR, the formula to predict the number
of multiplets is known as the n+1 rule, where n is the number of neighbouring
protons. The integration of a given peak is proportional to the number of protons
giving rise to the peak. In general, the NMR measurements can identify the
molecular structure by chemical shift and multiplets. The most common types

of NMR include proton and carbon-13 NMR spectroscopy.®*.

In Chapter 4.4, a two-channel Bruker Avance III HD Nanobay 400 MHz instru-
ment running TOPSPIN 3 equipped with a 5 mm z-gradient broadband/fluorine
observation probe is used to measure proton NMR (!H NMR) spectroscopy. The

signal from deuterated DMF or deuterated DMSO solvent is used for reference.

3.5 Mass Spectrometry

Mass spectrometry is a powerful analytical technique used to identify unknown
compounds within a sample. The whole process includes the generation of multiple
ions from the sample, the separation of ions according to their specific mass-to-
charge ratio (m/z), and the detection of the relative abundance of each ion type.
A mass spectrometer usually consists of an ion source (to produce gaseous ions),
analyser (to resolve the ions into their characteristic mass components based on

their m/z), and a detector system (to detect the ions and record the abundance).?



3. Experimental Methods 70

To monitor the composition of the gas remaining in the chamber during evapo-
ration in Chapter 4.4, I employed a residual gas analysis system using a Hiden Ana-
lytical quadrupole mass spectrometer. The spectrometer was fitted with a filament
(ion source), a quadrupole mass filter (analyser) and dual Faraday/Single Channel
Electron Multiplier (SCEM) detectors. Operation of the mass spectrometer at
pressures exceeding specified values (1x107* Torr for Faraday and 5x107¢ Torr
for SEM) may damage both filaments and the detectors. Given that the chamber
pressure during the evaporation was in the range of 5x1076-2x10~° mbar, all mass

spectra were collected by the Faraday detector.
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4.1 Broad Context

While metal halide perovskites have shown remarkable power conversion efficiencies
in photovoltaic applications, their limited long-term stability remains a significant
barrier to commercialisation. Previous studies have demonstrated that trace im-
purities present in perovskite precursor materials can influence the crystallisation
dynamics of perovskite thin films and hence, affect crystal structure, morphology
and optoelectronic properties. However, the nature of the impurities in formami-
dinium iodide (FAI) and their effects on film quality and device performance are

still underexplored.

In this chapter, I carry out an analysis of the impurities present in commonly
used commercial FAI sources, and probe their impact on the composition, structure,
and optoelectronic quality of the resulting perovskite thin films and devices. 1
find that while some impurities in these precursors can improve the optoelec-
tronic properties of solution-processed perovskite thin films, in vapour-processed
films, their presence alters the sublimation behaviour of FAI, favouring irreversible
degradation pathways which lead to the formation of sym-triazine. This results
in films which deviate significantly from the target stoichiometry, and do not
fully convert into the desired photoactive phase, eventually causing poor material
stability. The results highlight the importance of understanding and controlling
impurity concentrations in perovskite precursor materials as a route to enhancing

both process reproducibility and the performance of perovskite solar cells.
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4.2 Introduction

At present, next-generation solar cells based on metal halide perovskite (MHP)
semiconductors have already achieved promising certified power conversion effi-
ciencies (PCEs) of 26.95% in single-junction devices, and 34.85% in Si/perovskite
tandem devices.'® While the rapid increase in the efficiency of these devices is
partly due to the excellent intrinsic optoelectronic properties of perovskites,*54%
significant performance gains have been made as a result of improving the structural
and optoelectronic quality of perovskite thin films. These improvements have
largely been made through advances in process engineering, compositional alloying,
solvent and additive engineering in precursor inks, and various interface passiva-

tion techniques.'>%3979 Notably, it has been observed that precisely controlling

crystallisation kinetics is crucial to achieving efficient and stable perovskite solar

cells (PSCS),42’1OO’101

One underexplored area of research is the impact of trace precursor impurities
on the optoelectronic properties and long-term stability of perovskite films. In the
vast majority of published literature, perovskite precursor materials (Pbly, FAI etc)
are usually used as-received without further purification. However, recent reports
suggest that there are impurities present in these precursors which can modulate the
crystallisation process during perovskite film formation, and can have competing
effects based on the nature and concentration of the impurities.'*21°7 For example,
Kerner et al. characterised five commercially available lead iodide (Pbly) materials
and found that one Pbl, source contained a higher concentration of a lead acetate
trihydrate (Pb[OAc]s - 3H20) impurity which had a negative effect on perovskite

device performance, while another Pbly source contained potassium iodide (KI)
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108 Given

which resulted in higher quality films and improved device performance.
that precursor materials can contain a variety of different impurities which may
have both beneficial and/or detrimental effects on devices, it stands to reason
that a thorough understanding—and subsequent fine control-of which impurities

precursors contain can be beneficial to perovskite film quality, device performance,

long-term stability, and even batch-to-batch reproducibility.

Another point which should be considered here is that the presence of impurities
in perovskite precursors may have different effects based on whether the perovskite
films are fabricated using solution-based or vapour-based deposition techniques.
Borchert et al. have previously investigated the impact of organic precursor impu-
rities on the quality of methylammonium lead triiodide (MAPbDI3) films deposited
through thermal vapour deposition.!® It was found that while the presence of
phosphorus-based impurities had a negligible impact on device performance, it did
significantly affect the consistency of the evaporation rate. Conversely, research
probing the impact of these phosphorus-based impurities in spin-coated perovskite
solar cells showed an improvement in device performance as a result of changing
the crystallisation dynamics of the perovskite thin film.!'%!!! This suggests that
precursor impurities may play very different roles in dry deposition processes than

they do in solvent-mediated ones.

Currently, a significant portion of research into perovskite solar cells is focused
on formamidinium-based perovskites due, in part, to their superior thermal and
chemical stability, as compared to their MA-based counterparts.''?"1% In compar-
ison to MAI, another advantage of FAI is that it yields a more controllable, and

significantly more consistent, deposition rate.”®!!6 However, during the thermal
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evaporation of FAI, Kroll et al. detected a variety of degradation products using
mass spectrometry. Of particular note here was the detection of sym-triazine (a

product of the irreversible decomposition of FAI) at a lower temperature (50°C to

120°C) than the sublimation temperature of FAI (above 125°C).!17

This raises questions as to if (and how) impurities present in FAI can on one
hand, affect not only its sublimation temperature, but the composition and stability
of vapour-deposited perovskite films, and on the other, what (if any) is the impact
of these impurities on solution-processed films and devices. Herein, I seek to address
two questions: i) what are the initial impurities in FAI and how do they impact
film formation and thin-film properties in halide perovskites?; and ii) do they
have unique effects depending on whether films are solution-processed or vapour-
processed? The impurities in as-received FAI is first identified via nuclear magnetic
resonance (NMR) measurements. Through a simple recrystallisation procedure,
the as-received FAI is purified with the goal of removing the impurities. By
comparing perovskite films fabricated with the as-received and recrystallised FAI,
I probe the direct impact of these impurities, and show that their presence impacts
the optoelectronic properties of both solution- and vapour-processed perovskite
films, hence affecting device performance. Curiously, the results show that certain
impurities in the FAI can have beneficial effects on the optoelectronic properties of
the perovskite thin film. However, that is only the case for the solution-processed
films. In the case of vapour-processed films, these impurities have detrimental
effects. The identified underlying mechanism is the impurity-induced changes to
the sublimation behaviour of FAI which leads to increased formation of sym-triazine.
This change in sublimation behaviour results in perovskite films which likely deviate

significantly from the target stoichiometry leading to the inclusion of unwanted
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polytype phases. The existence of these non-photoactive polytype phases impairs
device performance, and can be correlated with reduced material stability. These
results highlight the importance of understanding the role of precursor impurities

in modulating the crystallisation of perovskite thin films.

4.3 Results and Discussion

4.3.1 Impurity Analysis in Formamidinium Iodide

To understand the impact of FAI impurities on perovskite films and devices, I
first screen for and identify potential impurities and determine whether they can
be removed through simple purification techniques such as recrystallisation. To
probe this, Figures 4.1a and 4.1b present the results of proton nuclear magnetic
resonance ('H NMR) experiments conducted on as-received and recrystallised FAT
obtained from a commonly used supplier. In Figure 4.1a, both the as-received and
recrystallised FAI show the characteristic peaks [CH group at 8.32 ppm (singlet)
and amine groups at 9.26 ppm (singlet)] of FAT. However, distinct spectral
differences are observed in the range of 1 4.5 ppm (Figure 4.1b). The as-received
FAT shows signals associated with ethyl acetate [§ 1.19 ppm (triplet), § 2.01 ppm
(singlet), 6 4.05 ppm (quartet)], ethanol [6 1.10 ppm (triplet), § 3.40 ppm (quartet)],
and isopropanol [§ 1.08 ppm (doublet), 6 3.88 ppm (septet)]. These impurities are
likely to be residual solvents from the synthesis and/or purification of FAI After
recrystallisation, these peaks are no longer present in the 'H NMR spectrum. In-
stead, new signals emerge in this range, corresponding to diethyl ether [6 1.10 ppm

(triplet), 6 3.54 ppm (quartet)], the solvent which is used to wash the recrystallised
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product. To exclude the possibility that the presence of these impurities in the
as-received FAI is simply a batch anomaly, I obtain and test samples from another
batch number from supplier A, along with a sample from supplier B (Figures 4.1c
and 4.1d). 'H NMR results confirm that both batches of as-received FAI (from
supplier A) contain the same types of impurities, which can be effectively removed

through a simple recrystallisation process.

4.3.2 Influence of FAI Impurities on Solution-Processed Per-
ovskite Films and Devices

Having established the nature of the organic impurities in FAI from supplier A,
I proceed to investigate the impact of these impurities on the structural and
optoelectronic properties of solution-processed perovskite thin films and devices.
For convenience, perovskite films fabricated using as-received and recrystallised FAI
are abbreviated as ‘ctrl” and ‘rextal’ films, respectively. The absorption coefficient
and X-ray diffraction (XRD) patterns show negligible difference (Figures 4.2a and
4.2b) for solution-processed ctrl and rextal films, which indicates that removing the
impurities in FAI does not change the structure of solution-processed perovskite
films. However, there is a significant quenching of the photoluminescence (PL)
accompanied by a reduction of the charge carrier lifetime in rextal films (Figures
4.2c and 4.2d). This indicates an increase in non-radiative recombination of charge
carriers as a result of the removal of the organic impurities in FAI. Hence, it appears
that in solution-processing, these impurities yield films with fewer electronic defects,

either through modulating ink chemistry, or altering crystallisation kinetics.
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Figure 4.1: Solution 'H NMR spectra of as-received and recrystallised FAI in DMSO-
dg. (a) 'H NMR spectra of as-received and recrystallised FAL In both cases, the main
peaks can be attributed to the protons of the methine[CH (1)] and amine groups [NHy
(2, 3)] groups of formamidinium. (b) Low ppm region of 1H NMR spectra of as-received
and recrystallised FAI. As-received FAI presents signals from ethyl acetate, ethanol and
isopropanol, whereas recrystallised FAI only shows a signal from diethyl ether. (¢) NMR
spectroscopy of high-purity FAI, as-received FAI and recrystallised FAI in the whole range.
As-received FATI and recrystallised FAI measured here are from different recrystallisation
rounds compared with the results shown in Figures 4.1a and b). (d) Impurity analysis
from the zoomed-in NMR spectroscopy of (c).
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Figure 4.2: Characterisation of solution-processed FA( g3Cso 17Pb(Ip.sBrg.2)s perovskite
films and devices, made using as-received FAI (labelled as ctrl in the figure) and
recrystallised FAI (labelled as rextal in the figure). (a) Absorption coefficient and
(b) X-ray diffraction patterns of solution-processed perovskite films.(c) Steady-state PL
spectra of solution-processed perovskite films. (d) PL dynamics of solution-processed
perovskite films, excited by 398nm laser, at fluence of 45.4 nJ/cm?. (e) Schematic of
device architecture. (f) Performance parameters of perovskite devices fabricated with
as-received and recrystallised FAI. In the box plots, the central line inside each box
represents the median value of the dataset. The box edges (lower and upper sides)
indicate the first quartile (Q1) and third quartile (Q3), corresponding to the 25! and
75 percentiles, respectively. The whisker extends from the box to the smallest and
largest data points within 1.5 times the interquartile range (IQR) from Q1 and Q3. Data
points lying outside of this range are plotted individually as outliers. Device fabrication
performed by Emily A. Hudson and Siyu Yan.
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Device Jse (MAcm™2) | V,e (V) PCE (%) FF SPO (%)
Ctrl-champion 20.80 1.13 18.93 0.82 18.50
Ctrl-avg 20.48+0.13 1.14+0.01 | 18.29+0.34 | 0.78+0.01 | 17.97+0.39
Rextal-champion 20.62 1.13 18.44 0.79 18.15
Rextal-avg 20.134+0.64 1.1240.01 | 16.374+1.78 | 0.72+0.06 | 15.98+1.82

Table 4.1: Champion and average device performance parameters for solution-processed
FA(.83Csp.17Pb(Ip.8Bro.2)s perovskite solar cells fabricated with as-received (ctrl) and
recrystallised (rextal) FAI measured under 1 sun simulated AM1.5G solar illumination.
The values given in this table represent scans from open-circuit to short-circuit conditions.
The statistical results are taken from a total 16 devices across 2 different batches.

To investigate whether this improvement in optoelectronic properties will trans-
late into enhanced solar cell performance, these films are incorporated into photo-
voltaic devices (Figures 4.2e and 4.2f). Here, devices fabricated using rextal films
show a drop across all performance parameters, resulting in a reduction of the
average PCE from 18.3% to 16.4% accompanied by a much broader distribution in
performance (Table 4.1). The large reduction in the average PCE for devices fabri-
cated with rextal films is primarily due to a substantial decrease in the open-circuit
voltage (V,.) and fill factor (F'F") (Figure 4.2f). To verify that the observed decrease
in device performance is indeed due to the removal of impurities from as-received
FAI (supplier A), I first make devices with high-purity FAI available from supplier
B as a means of excluding the possible influence of diethyl ether in recrystallised
FAL Devices fabricated using recrystallised FAI (supplier A) and high-purity FAI
(supplier B) achieve comparable efficiencies (see Figure 4.3). This confirms the
negligible influence of diethyl ether in recrystallised FAI on the device performance.
Meanwhile, they are both outperformed by devices made using as-received FAI
(supplier A). This supports the hypothesis that the organic impurities present in

FAI from supplier A improve the performance of perovskite films and devices.
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Figure 4.3: Statistical distribution of photovoltaic performance parameters of solution-
processed FA( g3Cso.17Pb(IpsBrg2)s perovskite devices made by as-received FAI (ctrl),
recrystallised FAI (rextal) and high-purity FAI (hp). In the box plots, the central line
inside each box represents the median value of the dataset. The box edges (lower and
upper sides) indicate the first quartile (Q1) and third quartile (Q3), corresponding to
the 25" and 75" percentiles, respectively. The whisker extends from the box to the
smallest and largest data points within 1.5 times the interquartile range (IQR) from
Q1 and Q3. Data points lying outside of this range are plotted individually as outliers.
Device fabrication performed by Saqlain Choudhary.

Given that ethyl acetate and alcohols (isopropanol and ethanol) are two main
impurities identified in as-received FAI (supplier A), to determine which impu-
rity /impurities are responsible for the improved device performance, different amounts
of ethyl acetate and isopropanol are added to the perovskite precursor ink made
using recrystallised FAI. When 1 vol% ethyl acetate is added to the precursor
ink, the device performance is enhanced as a result of increased V,. and FF
(Figure 4.4). Interestingly, the performance improvement that arises from the
ethyl acetate, brings the PCE of devices fabricated with recrystallised FAI in line
with that of those fabricated with as-received FAI. This finding is consistent with

previous studies, which have reported that the use of ethyl acetate, either as an

anti-solvent!'® or as an additive to the perovskite precursor ink!' can improve
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Figure 4.4: Statistical distribution of photovoltaic performance parameters of solution-
processed FAgg3Cso.17Pb(IgsBrg2)s perovskite devices using recrystallised FAI with
adding different amounts of ethyl acetate (EAOvol%, EAlvol%, EA5vol% and EA10vol%)
to the perovskite precursor. In the box plots, the central line inside each box represents
the median value of the dataset. The box edges (lower and upper sides) indicate the first
quartile (Q1) and third quartile (Q3), corresponding to the 25! and 75" percentiles,
respectively. The whisker extends from the box to the smallest and largest data points
within 1.5 times the interquartile range (IQR) from Q1 and Q3. Data points lying outside

of this range are plotted individually as outliers. Device fabrication performed by Saqlain
Choudhary.

both thin-film quality through improving crystallisation and passivating defects.
In contrast, the addition of isopropanol to the precursor ink does not significantly
affect device performance (Figure 4.5). As such, it is very likely that the decrease

in device performance is a result of the removal of ethyl acetate.

To further evaluate whether the organic impurities present in FAI influence the
long-term stability of solution-processed perovskites, the aging tests are conducted
on both ctrl and rextal films at 70£5°C under 1 sun illumination (Figure 4.6).
Compared to ctrl films, solution-processed rextal films exhibit slightly but not
significantly faster degradation over a 95h period. This suggests that impurities

in FAI do not substantially influence the stability of solution-processed perovskite
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Figure 4.5: Statistical distribution of photovoltaic performance parameters of
solution-processed FA( g3Cs.17Pb(Ig.8Bro.2)s perovskite devices using recrystallised FAI
with adding different amounts of isopropanol (IPAOvol%, IPAlvol%, IPA5vol% and
IPA10vol%) to the perovskite precursor. In the box plots, the central line inside each
box represents the median value of the dataset. The box edges (lower and upper sides)
indicate the first quartile (Q1) and third quartile (Q3), corresponding to the 25" and
75" percentiles, respectively. The whisker extends from the box to the smallest and
largest data points within 1.5 times the interquartile range (IQR) from Q1 and Q3. Data
points lying outside of this range are plotted individually as outliers. Device fabrication
performed by Saqlain Choudhary.

under thermal and light stress.

4.3.3 Influence of FAI Impurities on Vapour-Deposited Per-
ovskite Films and Devices

It has been established that organic impurities in FAI, specifically trace amounts of
ethyl acetate, have a positive impact on the optoelectronic properties of solution-
processed perovskite thin films and devices. To test whether this holds true for
vapour-deposition approaches I fabricate perovskite films and devices using thermal
vapour deposition and present the results below. Interestingly, here, the absorption

coefficient of rextal films (Figure 4.7a) is consistent with that of previously reported
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Figure 4.6: The absorption coefficient spectra of solution-processed

FA(.53Csp.17Pb(Ip.8Brg2)s perovskite films made by as-received FAI (ctrl-solution
MHP) (a) and recrystallised FAI (rextal-solution MHP) (b) aged at 70£5°C under 1 sun
illumination in the ambient atmosphere from Oh to 95h. Film fabrication performed by
Saglain Choudhary

vapour-deposited films of the same composition;'® however, it is significantly higher
than that for films of nominally the same thickness, in the case of the ctrl, the
precursors only partially react to form the desired photoactive (a-) perovskite phase.
The bandgap of both films is 1.56 €V as determined through an Elliott fit (Figure
4.8). Additionally, ctrl films exhibit lower PL intensity than rextal films (Figures
4.7b and 4.7¢), suggesting that recrystallisation of the FAI results in the formation
of perovskite films with fewer electronic defects, yielding reduced non-radiative
recombination. However, in light of the lower absorption coefficient (Figure 4.7a), it
is also possible that the as-received FAI results in the formation of less photoactive
perovskite for the same total film thickness. Time-resolved PL measurements yield

similar charge-carrier dynamics in ctrl and rextal films.

I then incorporate these films into p-i-n solar cells (Figure 4.7d). Devices made
using rextal films (Figure 4.7e) show a boost of the average PCE from 6.16+2.77%
to 15.634+0.92% , with reduced standard deviations (more details in Table 4.2). In

this case, the performance enhancement is mainly due to an increase in the short-
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Device Jse (MAcm™2) | V,e (V) PCE (%) FF SPO (%)
Ctrl-champion 17.05 1.04 11.71 0.66 11.37
Ctrl-avg 14.204+5.18 0.9240.16 | 6.16£2.77 | 0.4940.12 | 6.00+£1.72
Rextal-champion 21.41 0.99 16.83 0.79 16.82
Rextal-avg 20.90£1.11 0.9940.04 | 15.63+£0.92 | 0.7640.03 | 15.1240.41

Table 4.2: Champion and average device performance parameters for vapour-processed
FAPbDI; perovskite solar cells fabricated with as-received (ctrl) and recrystallised (rextal)
FAI measured under 1 sun simulated AM1.5G solar illumination. The values in this table
represent data collected from open-circuit to short-circuit conditions across a total of 16
devices from 2 different batches for each group.

circuit current density (Js.) and FF' (Figure 4.7f). This increase in photocurrent

is consistent with the higher absorption coefficient.

Here, recrystallisation of the FAI results in opposite trends in solution- and
vapour-processed perovskite films and devices. For solution-processing, these trace
impurities improve film and device quality, while for vapour-processing, they cause
a marked decrease in performance. Overall, this suggests that the same impurities
play very different roles in the solution- processing of perovskite films than they

do in vapour-processing.

4.3.4 Phase Impurity in Vapour-Deposited Perovskite Films

To probe the underlying cause of the performance enhancement in vapour-deposited
perovskite devices fabricated using rextal films, a more detailed analysis of the
optical and structural properties of these films is conducted. Herein, ctrl films
exhibit more prominent above-bandgap oscillations in their absorption spectra
(Figures 4.9a and 4.9b). Previous studies have shown that these above-bandgap

oscillations in FAPbI3, (which may be due to inclusions of secondary phases), can
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Figure 4.7: Characterisation of vapour-deposited FAPbl3 perovskite films and devices,
made using as-received FAI (labelled as ctrl in the figure) and recrystallised FAI (labelled
as rextal in the figure). (a) Absorption coefficient and (b) steady-state PL spectra
of vapour-deposited perovskite films fabricated with as-received and recrystallised FAI
(¢c) PL dynamics of vapour-processed perovskite films made using as-received FAI and
recrystallised FAI, labelled as ctrl and rextal, separately, excited by 398nm laser, at
fluence of 45.4 nJ/cm?. (d) Schematic for the vapour-deposited device architecture.
(e) Performance parameters of vapour-processed perovskite devices fabricated with as-
received and recrystallised FAIL. In the box plots, the central line inside each box
represents the median value of the dataset. The box edges (lower and upper sides)
indicate the first quartile (Q1) and third quartile (Q3), corresponding to the 25! and
75" percentiles, respectively. The whisker extends from the box to the smallest and
largest data points within 1.5 times the interquartile range (IQR) from Q1 and Q3. Data
points lying outside of this range are plotted individually as outliers. (f) Current density-
voltage curve of best vapour-processed devices made by as-received and recrystallised
FAI labelled as ctrl and rextal, separately.

be directly correlated with reduced device performance.'?°122 Here, to investigate
whether there is a correlation between the presence of non-perovskite phases and
the above-bandgap oscillations observed in ctrl films, XRD measurement results
are shown in Figures 4.9c and 4.9d. For ctrl films I observe, in the diffractogram,
the presence of a lower dimensional, 4H polytype at 11.6°. The presence of these
polytypes, not only negatively impacts the device performance but also material

stability.'?3 Indeed, when these thermally evaporated perovskite films are subjected
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Figure 4.8: Elliott fitting results of the absorption coefficient values of vapour-deposited
FAPDbI3 films fabricated using as-received and recrystallised FAI, labelled as ctrl and
rextal, separately.

to elevated temperature and illumination (at 70£5°C under 0.765 sun without UV
filter, in ambient air with a 50-60% relative humidity), ctrl films suffer far more
severe degradation over a 96h period (Figures 4.9a and 4.9b). This is in agreement

with literature reports that that the presence of lower dimensional polytypes has a

detrimental effect on the thermal stability of FA-based perovskite films.!?3124

4.3.5 Impurity-Related Degradation Process of FAI during
the Vapour Deposition

Thus far, the results have shown that thermally evaporated perovskite films de-
posited with as-received and recrystallised FAI possess different optoelectronic and
structural properties. However, it is still unclear how this arises from the presence
of impurities in FAI. One could expect that given the volatile nature of these organic
impurities, that they should readily evaporate under high vacuum conditions, and
hence not be incorporated into vapour-deposited perovskite films. If nonetheless,
the presence of volatile impurities can change the sublimation behaviour of FAI, or

the rate at which it decomposes, it is conceivable that their presence can have a
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Figure 4.9: Stability and structural characterisation of vapour-processed FAPbIs per-
ovskite films made using as-received FAI (labelled as ctrl in the figure) and recrystallised
FAI (labelled as rextal in the figure). (a, b) The absorption coefficient spectra of
vapour-processed FAPbI3 perovskite films made by as-received FAI (ctrl-evap MHP) and
recrystallised FAI (rextal-evap MHP) aged at 70+5°C under 1 sun illumination in the
ambient atmosphere from Oh to 96h. (¢, d) X-ray diffraction patterns of ctrl-evap MHP
and rextal-evap MHP films. XRD signal from polytype (4H) is only identified in ctrl-evap
MHP films (inset).

significant impact on the quality of the resulting perovskite films.

In vapour deposition, mass spectroscopy (MS) is an effective technique with
which one can analyse the chamber atmosphere during the evaporation process.
By tracking the distinguishable mass-to-charge ratio (m/z) of major molecules
or fragments produced during the perovskite deposition, I can identify whether
the impurities are evaporated along with the FAI, or if (and how) they alter the

sublimation of the material. Previous studies have found that upon heating, FAI
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Figure 4.10: The impact of impurities on evaporation behaviours and corresponding
degradation process in as-received FAI, recrystallised FAI and high-purity FAI (a)
Scheme of FAI degradation reations. (b) Mass spectra tracking of sym-triazine (the
decomposition product of FAI, with the major m/z value of 54) during the vapour
deposition. (c¢) Comparison of the cracking pattern of as-received FAI (red) and high-
purity FAI (grey). (d) Comparison of the cracking pattern of recrystallised FAI (blue)
and high-purity FAI (grey).

undergoes several chemical reactions (Figure 4.10a). Firstly, FAI (CH(NHj)sl) un-
dergoes a reversible thermal decomposition forming formamidine (HC(=NH)NH,)
and hydroiodic acid (HI). Following this, there are two possible pathways for
formamidine to further react. It can decompose into hydrogen cyanide (HCN) and

ammonia (NHj3) (another reversible reaction), or it can react to form sym-triazine

((HCN)3) and ammonia (NH3).1177125
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Figure 4.11: Reference mass spectroscopy patterns of impurities, including isopropanol,
ethyl acetate, ethyl alcohol and diethyl ether. Sourced from AIST SDBS!26

A recent study by Kuba et al. explored the possibility of directly synthesising
FA-based perovskite using sym-triazine, ammonium source and HI (contradicting
the irreversibility of sym-triazine formation).!” Indeed, initial work by Grundmann
et al. discussed the reversibility of the decomposition of formamidinium chloride
to sym-triazine, but notes that the equilibrium of this reaction sits so far to the
right, that the reverse reaction is ‘far from being quantitative’ .27 As such, and
with consideration of the high volatility of sym-triazine particularly under high-
vacuum conditions, the decomposition of formamidine into sym-triazine and NHj
is regarded as ‘effectively irreversible’ . Table 4.3 lists the m/z ratios of FAI

and the fragments of its major thermal degradation products. Compared with
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m/z | Detected ion Likely parent/fragment molecule
14 N+ nitrogen

16 NHy NH; fragment

17 NH7 NHj3 parent peak

18 H,O" H,O parent peak

27 | HCNT/CHNT | HCN parent peak/FAI fragment
28 Ny nitrogen

31 CH,OH* major fragment of ethanol

43 CH3;CO™ major fragment of ethyl acetate
45 CH3CHOHT | major fragment of isopropyl alcohol
54 | HCN(H)CN* major fragment of sym-triazine

Table 4.3: List of m/z values of molecules detected in mass spectrometry measurements
during the evaporation of FAI.

the standard MS of impurities (Figure 4.11), some of the peaks of common FAI
degradation products overlap with the signals from the impurities. For example, all
of the impurities identified (isopropanol, ethyl acetate, ethanol, diethyl ether) have
the signal at m/z = 27, which is also assigned to a major fragment peak of HCN.
Given that the impurities begin to evaporate at a lower temperature than that of
the sublimation and degradation of FAI, misattributing these signals to HCN would
incorrectly suggest that FAI starts to degrade before even subliming. Therefore,
to reconstruct the accurate chemical picture of what occurs during evaporation,
it is essential to identify unique signatures for the impurities, FAI, and the FAI

degradation products.

Given that under atmospheric pressure the boiling points of the impurities
are generally lower than the sublimation temperature of FAI (Table 4.4), during
thermal evaporation one would expect that the signals from the more volatile

impurities should dominate at lower temperatures (T < 140°C); while at higher
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Materials Boiling/sublimation temperatures at normal
atmospheric pressure (1 atm) (°C)
Ethyl acetate (EtOAc) 77.1
Ethanol (EtOH) 78.4
Isopropanol (IPA) 82.6
Diethyl Ether 46.7
Formamidinium iodide (FAI) (sublimate/decompose) ~220

Table 4.4: List of boiling/sublimation temperatures of materials at normal atmospheric
pressure (1 atm). Sourced from NIST Standard Reference Database!?®

temperatures (150°C < T < 180°C) stronger signals signals from the FAI and
its degradation products start appear. Preheating precursors is a commonly used
purification strategy for thermal vapour deposition. In literature, this process
generally only lasts 10 min at 100°C until the chamber pressure stops increasing.
Here, the chamber pressure still increases after preheating as-received FAI at 100°C
for 10 min. Therefore, I preheat as-received FAI at elevated temperature for longer
time until the chamber pressure stops increasing and therefore set the preheating
condition at 130°C for 30 min. For comparison, the preheated as-received FAI
is cooled down to the room temperature and directly heated up again to the
desired substrate rate 1.15 A /s which is the standard rate of FAI for the FAPbI; co-
evaporation. Figure 4.12 shows the resulting m/z vs. time contour plot. During the
preheating, it shows stronger signals from ethyl acetate (m/z = 43), ethanol (m/z =
31, 45), and isopropanol (m/z = 45) than during the subsequent evaporation stage.
This confirms that m/z signals at 31, 43, and 45 are primarily due to impurities
(ethanol, ethyl acetate, isopropanol). When reheating the FAI to the temperature
(T = 177°C), at which it reaches to the desired substrate rate of FAI for the
FAPDI; co-evaporation, a new signal from m/z = 54 begins to appear. Unlike the
ambiguous signal at m/z = 27, which may originate from either impurities or HCN,

since none of the impurities have the signal at m/z = 54, it can only be attributed to
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Figure 4.12: Mass spectra tracking of as-received FAI during low-temperature preheat-
ing (around 130°C, 30 min), the 1% deposition (around 177°C, 180 min), and the 2"¢
deposition (>180°C, 30 min) recorded with the Faraday detector of the residual gas
analysis (RGA) system.
the major fragment of sym-triazine. While another degradation product, ammonia,
has a distinct signal at m/z = 17, it is formed in both reversible and ‘effectively

irreversible’ degradation pathways. Therefore, the MS signal at m/z = 54 indicates

the point at which FAI begins to decompose into sym-triazine and ammonia.

Interestingly, when I reheat the FAI to its sublimation temperature (T = 177°C)

after preheating the source at 130°C for 30 min, the MS impurity signals (m/z =
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31, 43, 45) still quickly increase at the beginning of evaporation and only disappear
after 30 min (Figure 4.12). This suggests that preheating at 130°C for 30 min
is still not enough to completely remove the impurities (ethanol, ethyl acetate,
isopropanol) from as-received FAI. Instead, to fully purify as-received FAI (no MS
signals from impurities during the evaporation, Figure 4.12), the source needs to

be preheated up to 177°C for 30 min.

Specific signatures for each of the impurities, FAI, and all its major degradation
products have been established. The peak located at m/z = 54 (corresponding to
sym-triazine) can be used to indicate the irreversible FAI degradation, and hence
analyse differences in the sublimation behaviour of as-received and recrystallised

FAI (high-purity FAI from supplier B is used as a standard reference).

Figure 4.10b shows the mass spectrograms of as-received and recrystallised FAI
from supplier A, along with the spectrogram of high-purity FAI from supplier B.
To compare different groups, in all cases, the same amount of FAI (approximately
1g) is added before the evaporation and the average substrate rate is controlled
at 1.15 A/s during the evaporation. As compared to recrystallised and high-
purity FAI, in the case of the as-received FAI, T observe much stronger sym-
triazine and ammonia signals in the early stages of evaporation (Figure 4.10).
Additionally, as-received FAI shows a much weaker formamidine signal as compared
to its higher purity counterparts (Figures 4.13, 4.14 and 4.15). This indicates
that as-received FAI, which contains more impurities, experiences more severe
‘effectively irreversible’ degradation during the evaporation process compared to
its high-purity counterparts (recrystallised and high-purity FATI). To assess whether

the more severe degradation observed during the evaporation of as-received FAI
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arises from decomposition of the FAI powder in the crucible, I analyse the residual
high-purity FAI recrystallised FAI, and as-received FAI powders after evaporation,
(Figures 4.13, 4.14 and 4.15). Figure 4.16 confirms the absence of impurities or
degradation products in all three residual precursors. These results indicate that
the more severe degradation observed during evaporation of as-received FAI cannot

be attributed to decomposition of the FAI powder in the crucible.

To determine whether the degradation products shown in MS also exist in the
final films, the as-deposited perovskite films (prior to annealing) are characterised
using NMR (Figure 4.17). For the films fabricated using as-received and recrys-
tallised FAI, no presence of any impurities or FAI degradation products is detected,
suggesting that these are not incorporated into the final films or their concentration
is below the NMR detection threshold. Previous studies have suggested that the
degradation products of FAI (hydrogen cyanide, sym-triazine, ammonia) are too
volatile to adsorb on the substrates or produce any rate reading on the quartz
crystal microbalance (QCM) during the thermal evaporation.!'” Therefore, the
possible incorporation of trace sym-triazine in the ctrl films can be excluded. To
figure out whether trace impurities are present in the ctrl films, the mass spectra
signals during the evaporation process for as-received, recrystallised and high-purity
FATI are compared (Figures 4.13, 4.14 and 4.15). Interestingly, for as-received FAI,
the time point at which both the source and substrate rates begin to increase,
coinciding with the initial rise in the main MS signals of EtOH (m/z = 31), EA
(m/z =43), and IPA (m/z = 45) (Figure 4.13). When the source and substrate rates
reach their maximum values, the MS signals for EtOH (m/z = 31), EA (m/z = 43),
and IPA (m/z = 45) are also at their peak intensity. These results demonstrate that

the evaporation of impurities (EtOH, EA, and IPA) in as-received FAI produces
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QCM rate readings at both the source and substrate levels. In contrast, with both
recrystallised and high-purity FAI, the source and substrate rates only increase
when FAT begins to evaporate (Figures 4.14 and 4.15). Consequently, the presence
of trace organic impurities in as-received FAI leads to a misinterpretation of the
deposition rates, as the deposition rate includes contributions from both FAI
and the impurities. As a result, the composition of co-evaporated films deviates
significantly from the target stoichiometry, preventing films from fully converting
into the desired photoactive phase. This issue will persist until the complete

removal of the impurities, which is likely to require multiple deposition runs.

4.4 Summary and Outlook

In conclusion, the study in this chapter has identified the chemical nature of
impurities present in a commonly used commercial FAI source, and elucidated
the varied effects of these impurities in both solution- and vapour-processing of
metal halide perovskite thin films and devices. While ethyl acetate, as one of the
impurities, can be beneficial for the quality of solution-processed perovskite films by
modulating crystallisation dynamics and passivating defects, for vapour-processing,
the impurities lead to decomposition of the precursor and off-stoichiometry in the
final film. Off-stoichiometry is linked to the formation of non-photoactive phases,
which negatively affect the optoelectronic properties of perovskite thin films. This
results in both reduced film stability and decreased solar cell performance. These
findings demonstrate that purification and removal of these impurities via recrys-
tallisation is an effective mitigation strategy to achieve high-quality, reproducible

and stable perovskite films and devices.
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Figure 4.13: Evaporation parameters and mass spectra tracking of as-received FAI
during the vapour deposition. Line I represents the time point at which both the source
and substrate rates begin to increase, coinciding with the initial rise in the main MS
signals of EtOH (m/z = 31), EA (m/z = 43), and IPA (m/z = 45). Line II labels the time
point at which both the source and substrate rates reach their maximum values, aligning
with the peak intensities of the MS signals for EtOH (m/z = 31), EA (m/z = 43), and
IPA (m/z = 45). These results demonstrate that the evaporation of impurities (EtOH,
EA, and IPA) in as-received FAI can affect the readings of the source and substrate
Sensors.
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Figure 4.14: Evaporation parameters and mass spectra tracking of recrystallised FAI
during the vapour deposition. Line I represents the time point at which both the source
and substrate rates begin to increase, coinciding with the time point at which both the
chamber pressure and the main MS signal of diethyl ether (m/z = 27, 31, 45) reach their
maximum values. This suggests that the evaporation of diethyl ether does not contribute
to the increase of the source rate and substrate rate. Instead, it leads to a rise in chamber
pressure, which is consistent with the high vapour pressure of diethyl ether resulting from
its low boiling point (Table 4.4).
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Figure 4.15: Evaporation parameters and mass spectra tracking of high-purity FAI
during the vapour deposition. Line I represents the time point at which both the source
and substrate rates begin to increase, coinciding with the initial rise in the main MS
signals of FAI (m/z = 44). Line II labels the time point at which the chamber pressure
reaches its maximum, aligning with the peak intensities of the MS signals for FAI (m/z
= 44). These results suggest that for high-purity FAI, the evaporation of FAI primarily
influences the sensor rates and the chamber pressure.
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Figure 4.16: Liquid-state 'H NMR characterisation results of residual high-purity FAI,
recrystallized FAI and as-received FAI powder after the evaporation (Figures 4.13-4.15),
dissolved in DMSO-d6. In as-received FAI, signals from ethyl acetate, ethanol and
isopropanol are not observed anymore.
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Figure 4.17: (a) Liquid-state 'H NMR characterization results of as-deposited vapour-
deposited FAPDI3 films fabricated using as-received (ctrl) and recrystallised (rextal) FAI
redissolved in DMSO-d6. Signals from FAI impurities (b) or degradation products (c)
are not observed in both cases.
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who prepared the first draft of the manuscript with input from all co-authors.

5.1 Broad Context

While fabrication of perovskite thin-films can be achieved through a variety of
different techniques, thermal vapour deposition is particularly promising, allowing
for high-throughput fabrication and large-scale production. However, the ability
to control the nucleation and growth of these materials, particularly at the bottom
charge-transport layer (CTL) /co-evaporated perovskite interface, is critical to
unlocking the full potential of vapour-deposited perovskite PV. The cause of the sig-
nificant impact of the bottom CTL/co-evaporated perovskite interface arises from
the nature of the substrate exerting a substantial impact on the alteration of the
entire perovskite film. Therefore, the selection of the CTL affects the morphology,

crystal structure and optoelectronic properties of co-evaporated perovskite.

This places significant constraints on the pool of CTLs to seed better crystalliza-
tion and film growth of co-evaporated perovskite. Moreover, such strong substrate
dependency requires the individual optimisation of deposition parameters for each

substrate, which substantially limits the economic feasibility of co-evaporation tech-



5. A Templating Approach to Controlling the Growth of Coevaporated Halide
Perovskites 103

nique for large scale manufacturing. Hence, the ability to decouple the nucleation
and growth of the co-evaporated perovskite films from the influence of substrate
materials is of utmost importance. In this chapter, I design a templating layer as a
means to reproducibly control the growth of co-evaporated perovskites on various
CTLs. The templated perovskite films show not only improved device performance,

but also offer more freedom in the selection of substrate materials.

5.2 Introduction

Metal halide perovskites (MHPs) have shown tremendous promise as absorber
layers for the next-generation of photovoltaic (PV) devices, achieving certified
power conversion efficiencies (PCEs) of up to 26.95% in single-junction devices
and 36.85% in Si/perovskite tandem devices.!® This impressive device performance
stems from a combination of factors: the desirable optoelectronic properties of
MHP materials, including high absorption coefficients, long charge-carrier diffu-

t;1297131 and concurrently, rapid

sion lengths and balanced charge-carrier transpor
improvements in fabrication approaches such as compositional engineering, tuning
crystallisation kinetics, and interfacial engineering.!4!5:132133 Another interesting
optoelectronic property of lead HPs is their ‘defect tolerance’ , which means
that bulk defects are located close to the bands and do not form deep charge-
carrier traps.’®'3* However, in a thin film, defect states often exist at the grain
boundaries and interfaces where they can act as electronic traps, affecting charge-
carrier transport in the films, hence hindering the performance of optoelectronic

134-137

devices. Given that surface defects are influenced by various factors such as
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poor morphology and energy level misalignment, significant effort has been placed

on these areas in order to improve optoelectronic device performance. 38142

To date, many of the key advances in MHP solar cell research have been
made using solution-processed perovskite films. However, recent developments
in dry vapour deposition methods have resulted in devices with >26% PCE in
single-junction architectures.??:9%:1437147 Thermal vapour deposition allows for uni-
form, conformal coating of films and fine control of the thickness, affording signif-
icant opportunity to achieve high-throughput fabrication and large-scale produc-
tion. 16148149 However, previous research has highlighted the paramount impor-
tance of having a high-quality charge transport layer (CTL)/perovskite interface
in order to unlock the full potential of vapour-deposited perovskites.6315%:151 Xy et
al. have contended that a lead iodide (Pbly) phase located near the bottom of the
perovskite film, closest to the substrate, is unavoidably formed on all substrates
during the initial deposition process-even under a methylammonium iodide (MAI)-
rich environment - since the sticking coefficient (defined as the ratio of atoms
adsorbed to all atoms incident upon the surface) of MAI is small compared to
that of Pbl,.'»2 However, as opposed to the sole formation of Pbl,, it is quite
likely that a mixture of precursor materials/phases is present in this bottom region.
Meanwhile, Patel et al. have uncovered that compared to phenyl-C61-butyric
acid methyl ester (PCBM), co-evaporated devices using compact titanium dioxide
(c-TiOg) as the bottom electron transport layer (ETL) experience more severe
hysteresis. This clearly indicates the extent to which the nature of the substrate
impacts the quality of the perovskite at the bottom interface.!>® It is apparent that
growing co-evaporated films on inorganic substrates is not trivial, and therefore, in

most cases, perovskite films are co-evaporated onto organic layers on order to seed
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better crystal growth.63:90:116:144,146,150 This may be one of the factors hindering the
further performance improvement of co-evaporated perovskite PV devices, consid-
ering that most high-performing single-junction devices utilize tin oxide (SnO;) as
the ETL (at the time of publication).!*® As previously mentioned, one possible
explanation for this observation is that the initial stages of the perovskite growth
may lead to the deposition of a layer of material which deviates from the target
stoichiometry. Meanwhile, in-situ photoelectron spectroscopy studies have shown
that the electronic properties of the initial 2-3 nm of the perovskite are strongly
affected by the nature of the substrate, giving rise to band bending and additional

154 Subsequent investigations have revealed that the surface of the

defect states.
substrate material exerts a substantial impact beyond the bottom CTL/perovskite
interface, leading to alterations in the morphology of the entire film.!3>"57 Conse-
quently, achieving uniform deposition of alkylammonium halides, and appropriate
crystallisation of the perovskite material are a critical requirement when selecting
an appropriate CTL. Unfortunately, for vapour-deposited perovskites, this places
significant constraints on the pool of viable CTLs. However, it should be noted
that even when suitable substrates that meet the criteria above are identified,
optimising the evaporation parameters for deposition on various substrates remains
a laborious task. Furthermore, this issue limits the economic feasibility of industrial
applications, as the most attractive scale-up technique is to produce all device
layers on the same vacuum fabrication lines.'®® Therefore, the ability to decouple

the nucleation and growth of co-evaporated perovskite films from the influence of

substrate materials is of utmost importance.

This work introduces an effective strategy to reproducibly control the growth

of co-evaporated perovskites by using a templating layer. The results show that
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independent of the substrate choice for perovskite growth, the co-evaporated per-
ovskite films with the templating layer exhibit identical morphology, structure, and
optoelectronic properties. A series of spectroscopic experiments present evidence
that the optoelectronic properties of the perovskite remain unchanged after the
insertion of this templating layer. When these templated perovskite films are incor-
porated into devices, improved device performance is observed as a result of reduced
interfacial resistance, (as indicated through increased short-circuit current (J.) and
fill factor (F'F')). This improvement can be attributed to accurate interface control
allowing for fine-tuning the stoichiometry of the initial perovskite deposited onto
the substrate. Furthermore, the use of templating layers allows for the fabrication
of high-performance devices on both organic and inorganic CTLs in the same
batch, which shows the universality of using templating layers in different device
architectures. Overall, this templating strategy offers co-evaporated perovskites
more freedom in the selection of substrate materials and provides a way to exert

fine control over the bottom interface in perovskite optoelectronic devices.

5.3 Results and Discussion

5.3.1 Selection of Templating Layers

In this study, perovskite films with the composition FAj¢Csgy1PblsCl, is fab-
ricated using the four-source, co-evaporation of formamidinium iodide (FAI), CslI,
Pbl; and PbCl; under high vacuum. the initial co-evaporation process is monitored
by introducing one additional shuttered quartz crystal microbalance (QCM) in

close proximity to the substrate position. Having a shuttered QCM allows us to
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record substrate rates at different points throughout the process. Therefore, by
simultaneously opening the QCM and substrate shutters, the rates are recorded
only after starting deposition on the substrate. The findings show that it takes
some time for the rate to stabilise on a bare shuttered QCM during the initial
stages of the evaporation. This stabilisation time increases when the shuttered
QCMs are pre-coated with CTLs (Figures 5.1a and 5.1b). This finding confirms
that depending on the type of substrate used, a number of different initial crystal
growth processes can affect the incorporation of subsequent precursors and the
continuity of crystal growth. This then inevitably influences how effective charge
transport through the perovskite film is, and finally has a significant impact on
device performance.'® One concern arising from this observation is the difficulty in
individually assessing the quality of the bottom interface since the bulk perovskite

is also unavoidably changed when different substrates are employed.

A potential solution to this problem is to utilise a templating layer which can
regulate the crystallisation and growth of perovskite films, such that the influence
of the underlying substrate is obviated. Alkylammonium halides readily adsorb
onto the surface of metal halides to form perovskites,®® while evaporating metal
halides onto various substrates is reproducible owing to excellent adhesion. For the
sequential, two-step deposition technique, the inorganic layer (Pbly) is deposited
onto the substrate followed by either the solution or vapour-based deposition of
the organic layer, after which the film is annealed.’® Although this process may

suffer from issues arising from the diffusion of the organic layer,8

it presents an
interesting approach in terms of using Pbl; as a templating layer. To examine this,
Pbl, is pre-coated onto the shuttered QCM and indeed find that this effectively

reduces the time taken for the readings on the QCM to stabilise (Figure 5.1c).
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Figure 5.1: The substrate rate of initial co-evaporation process recorded by the
QCMs. QCM shutter and substrate shutter are opened simultaneously at Time =
0s. (a) The initial process of FAg9Csg1PblsCly co-evaporated on the open QCM,
bare QCM (shuttered QCM without pre-coating), C60 pre-coated shuttered QCM and
spiroTTB pre-coated shuttered QCM. (b) The initial process of FAI and Pbl, single
source deposited on the open QCM and bare shuttered QCM. (c¢) The initial process
of FAy9Csg.1Pbl3.Cly co-evaporated on the open QCM, ultra-thin MHP pre-coated
shuttered QCM, Pbly pre-coated shuttered QCM and bare shuttered QCM. (d) The
initial process of FA(.9Csg.1Pbls.«Cly, ultra-thin MHP pre-coated shuttered QCM, Pbly
pre-coated shuttered QCM and ultra-thin MHP-spiroTTB pre-coated shuttered QCM.
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However, the presence of Pbl, still might introduce non-stoichiometric perovskite

near the bottom interface.

To overcome these issues, I develop a novel approach of depositing a templating
layer consisting of a stoichiometric ultra-thin (estimated 15 nm) MHP via a vapour-
based, two-step sequential deposition approach. Specifically, using thermal vapour
deposition, I co-evaporate the inorganic precursors (Pbl,, Csl, and PbCly) to a
total thickness of 9 nm, and then deposit a 9-nm film of FAI on top. Then this
film is annealed at 135°C for 2 minutes in pure N, gas at atmospheric pressure to
form the ultrathin-MHP templating layer. This templating layer then acts as a

seed for the growth of fully co-evapoated MHP layers.

Figure 5.1d shows that pre-coating the shuttered QCM with this templating
layer results in the shortest stabilisation time of the rate. To verify that the use
of this templating is able to totally circumvent the compositional variations found
during the initial phases of growth on un-templated substrates, it is also deposited
on a 2,2".7.7'-tetra(N,N-di-p-tolyl)amino-9,9-spirobifluorene (spiroTTB) pre-coated
shuttered QCM. Here, the rate stabilises almost immediately, pointing towards a
significantly reduced likelihood of compositional variation at the CTL/perovskite
interface. As such, I proceed to investigate the effect of this templating layer on

the properties of co-evaporated perovskite films.

5.3.2 Morphology Characterisation

To probe the universality of our templating approach, I select 5 different CTLs

which are often used in high performance PSCs: spiroTTB, nickel oxide (NiOx), tin
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spiroTTB

Figure 5.2: Top-view scanning electron microscopy images of the ultra-thin templating
layers deposited on spiroTTB, NiOx, SnO9, C60 and PTAA, respectively.

oxide (SnOs), C60 and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA).
The perovskite films are then simultaneously co-evaporated onto all these sub-
strates with or without a templating layer, named as “templated” or “control”

films, respectively.

After the templating layers are deposited, the initial characterization results
show that these templating layers have consistent morphology on different CTLs
(Figure 5.2). Then, the influence of the templating layer on the morphology of
perovskite films is investigated using scanning electron microscopy (SEM) and
present the data in Figure 5.3. Top-view SEM images show that both control
(Figures 5.3a-¢) templated (Figures 5.3k-0) films form uniform, homogenous films.
Figures 5.3a-e show that control films deposited on the various substrates have
significant morphological changes. This is particularly evident on the inorganic
substrates, in this case, NiO, and SnO,. Conversely, the morphology of templated
films (Figures 5.3k-0) is very similar in all cases, suggesting that the crystallisation
dynamics are now independent of the substrate material. Cross-sectional SEM
images, consistent with top-view SEM images, show significant differences in the
vertical ordering of apparent grains (Figures 5.3f-j). Specifically, on spiroTTB and
SnOs, control films appear to have columnar growth, whereas on NiO, and PTAA,
films appear to consist of small, randomly sized grains with noticeable gaps. On

C60, control films are also comprised of smaller crystallites of random orientations.
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Interestingly, when films are grown on the templating layer, in all cases the crystals
appear to have formed more columnar structures with fewer voids and visible
boundaries (Figures 5.3p-t). This suggests more continuous grain growth and thus,
the formation of higher quality perovskite thin films, specifically with regards to
improved charge transport through the absorber. As previously mentioned, MHPs
have been used as top cells in perovskite/Si tandems, achievinging the highest
performance of any double-junction monolithic tandem solar cell. It is worth noting
that the most efficient perovskite/Si tandems are constructed using textured Si as
the bottom cell. Depositing conformal perovskite layers on such substrates via spin-
coating is non-trivial and as such, devices of this sort are often fabricated using
one of three types of two-step deposition methods: either entirely vapour-based,
hybrid vapour/solution-based, or entirely solution-based.'®®16! With this in mind,
I consider the feasibility of using this templating approach to control the deposition
of co-evaporated perovskite films on textured Si. Here, control and templated films
are deposited on Si substrates with pyramid heights of over 10 um (Figures 5.3u-x).
The results show that co-evaporation can readily produce conformal, pinhole-free
films on top of the pyramidal structures. However, as with the substrates previously
investigated, the cross-sectional profile of control films grown on the textured
Si shows multiple crystallites stacked on top of each other in the other in the
vertical direction, while templated films again form vertically continuous, columnar
structures. These initial results show the likelihood of successfully transferring our

templating approach to a variety of substrates.
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5.3.3 Structure and Composition Characterisation

However, merely having similar morphology is insufficient to confirm the utility
of the templating layer. I now proceed to probe the structure and composition
of control and templated films. First, Table 5.1 presents the bandgap values of
these films, extracted from the absorption onsets fitted using the Elliott model.™
The absorption coefficient of a particular material should be consistent as it is an
intrinsic property. However, if the absorption coefficients of perovskite on different
substrates are varied, this might suggest the presence of non-perovskite components
in these films. Surprisingly, the bandgap values of control films grown on different
substrates vary within the range of 1.57-1.60 eV. It is worth noting that these
films are deposited during the same deposition run, and as such, their bandgaps
should be identical, making a 30 meV difference in bandgap significantly larger
than one would expect. This lends credence to the hypothesis that variations in
the composition of the first few nm of perovskite can indeed affect the stoichiometry
of the bulk material.!> Encouragingly however, with the inclusion of a templating
layer the absorption coefficient and bandgap of the deposited films (1.59 eV) are
consistent, regardless of the nature of the underlying substrate. This suggests that
the templating layer can reproducibly control the crystallisation and composition

of the perovskite.

Next, I explore the degree of crystallinity of these films, using X-ray diffraction
(XRD). Figures 5.4a and 5.4b show the XRD patterns of control and templated
films. Apart from the Pbl, peaks and ITO peaks, all other peaks in control
149

and templated films can be assigned to the cubic perovskite phase (Pm3m).

The intensities of the perovskite (200) peaks in templated films are 2 to 10 times
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E, (V) | Eg (meV) | ~ (meV) | Amp (a.u.)
Ctrl | UT | Ctrl | UT | Ctrl | UT | Ctrl | UT
On spiroTTB | 1.59 | 1.59 | 6.3 | 6.2 | 19.8 | 18.5 | 78.0 | 78.9

On NiOy 1.58 | 1.59 | 7.0 | 7.6 | 20.5 | 22.0 | 787 | 71.5
On SnO, 1.60 | 1.9 | 7.5 | 7.5 [ 229|231 | 714 | 72.6
On C60 1.57 1159 | 7.1 | 7.8 | 21.4 | 21.7 | 78.8 | 70.5
On PTAA 1.57 1159 | 5.2 | 82 | 195|233 |76.6 | 704

Table 5.1: Parameters extracted from Elliott fits to the absorption onsets of Ctrl and
UT films on different substrates. E; representing the optical bandgap, Ep representing
the exciton binding energy, ~ representing the electron-phonon coupling, and Amp
representing the amplitude of the spectrum. Elliott fits performed by Jae Eun Lee.

higher than those in the control films (Table 5.2). The significantly higher peak
intensity, as well as smaller full width half maximum (FWHM) in templated films
suggests that perovskite films grown on this templating layer have a higher degree
of crystallinity and are more highly oriented. To probe the crystal orientation,
grazing incidence wide-angle X-ray scattering (GIWAXS) measurements are further
conducted. Figure 5.4c shows diffuse rings, representing many weak reflections
across the entire arc, indicative of a polycrystalline film with many randomly
oriented crystallites. Conversely, Figure 5.4d clearly shows discrete spots in the
diffraction pattern of templated films, indicating a higher level of orientation. This
change in orientation is depicted schematically in Figures 5.4e and 5.4f, respectively.
While these measurements are carried out on quartz substrates, the trend holds

on relevant CTLs such as spiroTTB (Figure 5.5).

5.3.4 Optoelectronic Property Characterisation

Having established that when deposited on CTLs, the morphological and structural

properties of control films are highly dependent on the nature of substrates, and
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Figure 5.4: Structural characterisation of FAg¢Csg 1Pbls Cly perovskite films de-
posited with and without an ultra-thin MHP layer, labelled UT and Ctrl respectively.
X-ray diffraction (XRD) patterns of Ctrl (a) and UT (b) films on spiroTTB, NiOy, SnOa,
C60, PTAA and textured Si. Grazing incidence wide-angle X-ray scattering (GIWAXS)
results of Ctrl (c¢) and UT (d) films deposited on z-cut quartz. Simplified schematic

representations of randomly oriented Ctrl films (e) and highly oriented UT films (f).
GIWAXS measurements performed by Karim A. Elmestekawy.

Scattering X-ray intensity (arb. units) | FWHM of (200) 20 peak (degree)
Ctrl uT Ctrl uT

On spiroTTB | 4220.51 11987.63 0.1331 0.1227
On NiOy 17094.67 105002.70 0.1403 0.1061
On SnOy 879.00 8844.78 0.1397 0.1299
On C60 922.35 18436.99 0.1409 0.1105
On PTAA 2524.18 48903.79 0.0954 0.1195
On textured Si | 292.57 1491.93 0.2029 0.1345

Table 5.2: Intensity and full width half maximum (FWHM) of (200) peak of Ctrl and
UT films on various substrates.

100 1000

Figure 5.5: GIWAXS results of Ctrl and UT films spiroTTB (a and b), respectively.
GIWAXS measurements performed by Karim A. Elmestekawy.
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THz mobility (cm? V71 s71) | &y [1071°] (em® s71)
Ctrl 46.56+2.15 1.41+£0.01
UT 43.62+£1.53 1.37£0.01

Table 5.3: Charge carrier mobility and second order recombination rate of Ctrl and UT
films obtained from the OPTP measurement. Data analysis performed by Jae Eun Lee.

that the insertion of a templating layer circumvents these issues, I proceed to investi-
gate the impact of this layer on the optoelectronic properties of the perovskite films.
Figure 5.6a shows, in the absence of CTLs, a slightly increased absorption coefficient
for templated films, while control and templated films have very similar absorption
onsets at approximately 1.59 eV and have overlapping photoluminescence (PL)
emission. Time-resolved terahertz photoconductivity spectroscopy is performed to
assess the effect of the inclusion of a templating layer on the charge-carrier dynam-
ics. Control and templated films are probed using the optical-pump tetraherz-probe
(OPTP) technique (Figure 5.6b).1%%163 The bimolecular recombination constant
ko was extracted from the fluence-dependence transient photoconductivity decays.
Similar &y values indicate the almost unchanged electron-hole recombination in
these two films. The corresponding charge-carrier mobilities (listed in Table 5.3)
further show that the short-range mobilities are unaffected by the insertation
of the templating layer. Then I probe control and templated films via time-
resolved PL (Figure 5.6¢ and Table 5.4) to extract the trap-assisted recombination
(monomolecular recombination) k1% and observe no significant difference between

control (2.3 x10° s71) and templated ( 1.8 x10% 1) films.
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Figure 5.6: The optoelectronic properties of perovskite films. (a) Absorption coefficient
and the unnormalized PL spectra (excited by the 470 nm laser) of Ctrl and UT films.
(b) OPTP photoconductivity transients of Ctrl and UT films on quartz at various
(¢) PL dynamics of Ctrl and UT films on quartz (805 nm
emission), at fluence 60 nJ/cm?, fitted by stretched exponential without diffusion. The
data is normalized to the value at 3 ns following the laser pulse allow for better
visualisation. OPTP measurements performed by Jae Eun Lee.

photoexcitation fluences.

Te (08) | B | Tavg (08) | k1 [105] (s71)
Ctrl | 214.35 | 0.94 220.50 ~ 2.27
UT | 268.56 | 0.96 273.48 ~ 1.83

Table 5.4: First-order non-radiative trap-mediated recombination parameters of Ctrl

and UT films.



5. A Templating Approach to Controlling the Growth of Coevaporated Halide

Perovskites 118
23
o r 2 %5 a 122 7
s B ol T §
<1.05t Ji. 1 1 == 121 4
N . . 1 120 E
1.00 | - 119 &
20 t t }
L 10.85
3 18 0 T <% loso
é ;‘. J:: [T
O . v~ Jors©
a 16 .J_-' 1 °. ’
. L 10.70
14 1 1 1 1
Ctrl uT Ctrl uT
c 25 d 100 25
— 20 25 — 80 20 -
) /0 i — |
g 15 | @io R S S R R A B S 60} 15 g
< 51(5) Ctrl: 18.2% w <
E10t 5 < 40 10 £
8 > —o— Ctrl I
5F 00 0 5 20 20 —o— UT 15
Time (s)
O N N 1 1 1 0 1 1 O
0.0 0.2 0.4 0.6 0.8 1.0 400 600 800
Voltage (V) Wavelength (nm)

Figure 5.7: The improvement of device performance. The absorber layers are
FA( 9Csg.1Pbls.«Cly perovskite films with and without an ultra-thin MHP layer, labelled
UT and Ctrl respectively. (a) Statistical results of Ctrl and UT device parameters. (b)
J-V characteristics and corresponding SPO (inset) for the champion cell using the Ctrl
and UT films. (c¢) EQE, and integrated Jy. for the devices. The integrated J. values for
the Ctrl and UT devices are 22.2 and 23.9 mA cm™2, respectively.

5.3.5 Device Performance

Our results thus far show that the templating layer gives us better control over the
crystallisation and composition of vapour-deposited MHP films, while preserving
their optoelectronic properties. To investigate the efficacy of this approach in solar
cells, these films are incorporated into an all-vacuum-deposited, p-i-n device with
the structure I'TO/spiroTTB/control or templated MHP films/C60/Bathocuproine
(BCP)/Ag (as shown in Figure 5.7a). After optimising the thickness of the per-

ovskite layer to 630 nm (Figure 5.8), I show the best performing devices using
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Figure 5.8: Statistical results of UT devices with the perovskite thickness of 510 nm,
630 nm, and 780 nm, respectively.

control and templated films devices in Figure 5.7b and 5.7c, and list the perfor-
mance parameters in Table 5.5. The statistical results shown in Figure 5.7a are
taken from a total 16 devices across 3 different batches, and show that devices
made with the templating layer have a narrower distribution in performance than
control devices, indicating better reproducibility. Interestingly, the insertion of
the templating layer results in improved device performance, boosting the PCE
from 18.3% (18.2% stabilized power output (SPO)) to 19.3% (19.1% SPO), as
shown in Figure 5.7c. This improvement is a result of an increase in J,. and FF
in templated devices. The integrated J,. values obtained from the corresponding
external quantum efficiency (EQE) (Figure 5.7d) are 22.2 mA cm~?2 and 23.9 mA
cm~2 for control and templated devices respectively, which are in close agreement
with the measured values. Additionally, Table 5.5 illustrates the discrepency of
average SPO between templated (18.3+0.1%) and control (16.94+0.3%) devices,

confirming the efficiency enhancement in templated devices.
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Device Jee (mMA em=2) | V. (V) | PCE (%) FF SPO (%) | Rsh (k) | Rs (£2)
Ctrl (champion) 21.7 1.06 18.3 0.80 18.2 17.6 10.3
Ctrl (average) 21.1+0.2 1.07£0.02 | 17.0£0.3 | 0.76 +0.04 | 16.9£0.3 | 9.1 £3.1 | 11.2+1.3
UT (champion) 22.2 1.06 19.3 0.82 19.1 15.0 8.4
UT (average) 21.840.1 1.074+0.02 | 18.5 0.1 | 0.80%0.02 | 18.3£0.1 | 14.0£0.7 | 8.4+0.1

Table 5.5: Champion and average device performance parameters for solar cells
fabricated from FAg 9Csg.1Pbl3.«Cly perovskite films with and without an ultra-thin MHP
layer, labelled UT and Ctrl respectively. The values given in this table represent scans
from open-circuit to short-circuit conditions.

The Urbach energy (E,), which is a measure of the degree of electronic dis-
order in semiconductor films, can be obtained by fitting the tail of the EQE
spectrum.41%5 The results (Figure 5.9) show that the E, values are nominally the
same (14.0+0.1 and 13.940.1 meV for control and templated films, respectively),
implying similar electronic disorder in both films, in line with both the OPTP
results and V. values of control and templated devices. Given that the performance
improvement is clearly not obtained through altering intrinsic materials properties,
I re-examine the J-V curves to gather more information about the device stacks.
Table 5.5 shows the average shunt resistance (Rg,) and series resistance (Rj).
Compared with control devices, in templated devices, the average R, is reduced
from 11.24+1.3  to 8.440.1 2, and the average R, increases from 9.14+3.1 k{2 to
14.0£0.8 k2. The reduced average R, for the templated devices may be ascribed to
the absence of a Pbly-rich layer at the bottom interface.'®® This would also explain
the increase in J,. as the reduced resistance at the interface would allow for more
efficient extraction of charges. In addition, as low R, values are usually linked with
pinholes and uneven perovskite films,'%617 the improved Ry, in templated devices
may be attributed to the formation of higher-quality films comprised of columnar
crystallites which have fewer boundaries in the direction of charge transport, and

a more uniform distribution of the perovskite at the bottom interface.
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Figure 5.9: The Urbach energy extracted from the tail of EQE spectra of (a) Ctrl and
(b) UT devices. Urbach energy measurements performed by Jay B. Patel.
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Figure 5.10: The impact of the ultra-thin MHP layer on different charge transport
layers. The absorber layers are FAg9Csg.1Pbls«Cly perovskite films with and without
an ultra-thin MHP layer, labelled UT and Ctrl respectively. Schematics for the p-i-n
device architecture (a) and n-i-p device architectures with SnOg (c¢) and C60 (e) n-type
layers, with the corresponding statistical PCE results of Ctrl and UT devices (b, d, f).
J-V characteristics (g), statistical SPO (h), statistical PCE (i), EQE, and integrated Js.
(j) for the champion p-i-n and n-i-p UT devices made in the same batch.
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Figure 5.11: Statistical results of both p-i-n and n-i-p devices made by depositing Ctrl
and UT films on organic (PTAA and C60) and inorganic (SnO3) substrates.

Finally, I show that this templated growth approach is relevant for a wide
range of solar-cell device architectures, not just p-i-n devices utilising spiroTTB.
Control and templated films are deposited on organic (PTAA and C60) and in-
organic (SnQOy) substrates to fabricate both p-i-n and n-i-p devices, as shown
in Figures 5.10a-f. In all cases, device performance is markedly improved when
the templating layer is inserted, due to the increased Js. and F'F in these de-
vices (Figure 5.11). Furthermore, by growing the templated films on spiroTTB,
SnO,, and C60 substrates, p-i-n and n-i-p devices can be fabricated in one de-
position run. This process was previously non-trivial as deposition conditions
needed to be optimised for specific substrates. The J-V characteristics of cham-
pion spiroTTB/templated-MHP, SnO, /templated-MHP and C60/templated-MHP
devices shown in Figure 5.10g illustrate that the J,. values in these three-types

of devices are comparable. The small difference in V. can be explained by the
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Device Jse (mA cm=2) | V. (V) | PCE (%) | FF | SPO (%)
spiroTTB/UT 22.8 1.06 19.8 0.82 19.8
SnO,/UT 22.7 1.10 19.0 0.76 17.8
C60/UT 22.6 1.08 18.8 0.77 18.6

Table 5.6: Champion p-i-n and n-i-p device performance parameters for solar cells
fabricated from UT films measured under 1 sun simulated AM1.5G solar illumination.
The values given in this table represent scans from open-circuit to short-circuit conditions.

slightly different energetic alignment between perovskite and various CTLs. Figures
5.10h-5.10i show the statistical SPO and PCE results. For the best-performing
spiroTTB/templated-MHP, SnO,/templated-MHP and C60/templated-MHP de-
vices, the PCEs are 19.8% (19.8% SPO), 19.0% (17.8% SPO) and 18.8% (18.6%
SPO), respectively (Table 5.6). The integrated J,. values obtained from the EQE
data in Figure 5.10j are consistent with the J-V measurements. This finding
confirms that the use of perovskite templating layers allows for the fabrication of
high performance p-i-n and n-i-p devices in the same batch, as a result of providing
an effective and reproducible route of improving the quality of the CTL/perovskite
interface and exerting fine control over the composition and crystallisation dynam-

ics of vapour-deposited perovskite films.

5.4 Summary and Outlook

In conclusion, this chapter has successfully established a method of controlling
the buried interface in vapour-deposited perovskite films, and have decoupled the
nucleation and growth of these films from the influence of substrate materials. By
inserting a templating layer between the perovskite film and the substrate, highly

oriented co-evaporated perovskite films can be formed with identical morphology,
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structure, and optoelectronic properties on a variety of different materials. The in-
clusion of this templating layer results in improved solar-cell device performance, as
a result of reduced interfacial resistance (increased Js. and F'F). This improvement
can be attributed to our ability to exert fine control of the composition of the initial
perovskite deposited onto the substrate. These results provide an effective and
reproducible method for controlling the buried charge transport layer/perovskite
interface in vapour-deposited perovskite solar cells, further increasing the com-
petitiveness of this deposition technique, moving the field closer to large-scale

fabrication of a wide-range of efficient perovskite optoelectronic devices.
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6.1 Broad Context

Metal halide perovskites have emerged as highly promising photovoltaic materials
due to their excellent optoelectronic properties, simple fabrication processes, and
compatibility with low-cost, scalable manufacturing. However, their long-term
performance is often limited by interfacial defects, which can promote non-radiative
recombination and ion migration. The passivation of these defects is essential for
improving both the efficiency and stability of vapour-deposited perovskite solar
cells and enabling commercialisation of perovskite optotelectronic devices. The
most widely used passivation agents are ammonium-based salts which can form a
thin layer on the surface of the perovskite film, or transform the surface structure
of 3D perovskite to a low-dimensional structure, hence passivating the perovskite
surface. The resulting passivation layers, which are highly dependent on fabri-
cation conditions, can exhibit different effects and, consequently, influence both
energetic alignment and overall device stability in distinct ways. Meanwhile, recent
advances in applying passivation approaches to vapour-deposited perovskite films
and the ability to modulate the orientation of vapour-deposited passivation layers
by controlling the deposition parameters offer new opportunities for efficiency and

stability improvements of vapour-deposited perovskite solar cells.

In this work, various arylammonium halide molecules are explored as vapour-
deposited passivation agents for co-evaporated perovskite films; with a specific
focus on how measurement atmospheres, annealing treatments and fabrication
parameters affect the film structure, passivation, and device performance. These
findings provide valuable insights towards the development of advanced passivation

strategies for next-generation perovskite devices.
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6.2 Introduction

Metal halide perovskites (MHPs) have made significant strides in photovoltaic
applications due to their excellent optoelectronic properties and rapid progresses in
fabrication techniques.'*%*% Combined with their manufacturing advantages—such
as low-cost source materials, simple fabrication processes and compatibility with
roll-to-roll printing—perovskite solar cells (PSCs) have emerged as one of the most
promising photovoltaic technologies.!%1% However, before commercial deployment,
a major challenge is to achieve and maintain high solar cell performance in the long
term.!™ For perovskites, the rapid crystallisation process results in the formation
of polycrystalline films, which inherently contain a non-negligible level of defects.
While the most thermodynamically favoured defect species in perovskites are shal-
low defects which do not strongly localise charge carriers; structural defects at
surfaces, interfaces and grain boundaries often act as non-radiative recombination
centres and trap charge carriers. Additionally, the presence of shallow defects can
cause ion migration and accumulation at the interface, resulting in photocurrent
hysteresis, unfavourable band bending and even phase segregation.®>134171 As such,
the passivation of these defects is crucial for achieving a concomitant increase
in efficiency and long-term stability of PSCs. To date, tremendous efforts have
been devoted to the development of passivation strategies, which have been proven

to be the most effective approaches to improve the efficiency and durability of

PS(g, 107,143,172,173

In the context of PSCs, the most established passivation strategy is chemi-

cal passivation, which reduces charged defects by forming chemical bonds with
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undercoordinated cations or anions.!”™ !7® Given that most defects inducing non-
radiative recombination are located at surfaces, interfaces or grain boundaries, a
vast number of defect passivation studies concentrate on surface passivation, or
interface engineering.!”” ¥ Among the various passivation materials, ammonium
salts—comprising alkylammonium, cycloammonium and arylammonium cations with
halide anions—are the most widely used agents to passivate the perovskite film
surface. 81715 Ammonium cations can bind to the surface through A-site vacancies
or hydrogen bonding, forming a thin molecular layer at the surface of the perovskite
film which then passivates the interface. However, these ammonium cations can
also transform the surface structure of 3D perovskite and form the low-dimensional
perovskite structures under certain conditions. Teale et al. have demonstrated
that the resulting passivation layer—whether an organic layer, a 2D perovskite
or a mixed 2D /organic layer-would have different influences on the passivation
mechanism, energetic alignment and overall device stability.'®® Notably, the type
of passivation layer formed is highly dependent on fabrication conditions, including
precursor concentration, temperature, solvent polarity, 3D perovskite composition,

steric hindrance and the reactivity between 2D and 3D cations.?"187 191

While the formation energy and the structure of defects in perovskites can vary
substantially based on growth conditions, recent studies have successfully adopted
passivation approaches which were initially developed for solution-processed per-
ovskite films and devices, to their vapour-deposited counterparts.!72192°198 Thig
advancement presents a promising opportunity to boost the efficiency and improve
the stability of vapour-deposited PSCs. Meanwhile, Choi et al. have reported that

a highly ordered butylammonium-based Ruddlesden-Popper (RP) phase perovskite

layer in the out-of-plane direction can be obtained via vapour deposition.'®” By
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controlling the deposition rate of the RP phase perovskite, they were able to directly
modulate the orientation of the resulting RP perovskite layer. This suggests that
one can modulate the structure of vapour-deposited passivation layers through
precise control of fabrication parameters. Therefore, a systematic investigation
into the effects of vapour-deposited passivation agents on vapour-deposited 3D
perovskites is of great interest. Such a study could examine the underlying passi-
vation mechanisms and explore how fabrication conditions—such as solvent use and
annealing treatments applied to the passivation layer—might influence the formation

and transformation of surface structures.

This work highlights that measurement atmosphere can significantly affect the
observed optoelectronic properties, and that post-deposition annealing can drive
surface structural transformations, thereby altering the passivation mechanisms.
Comparisons between vapour-deposited and spin-coated passivation layers further
reveal that the same organic molecule can exhibit different structural and functional
properties depending on the deposition methods. These results offer valuable

insights for the development future passivation approaches.

6.3 Results and Discussion

6.3.1 Evaluation of the Sublimation Behaviour of Candi-
date Passivation Agents

Here, 4 different arylammonium halides (Figure 6.1a), including 4-fluoro-phenyl-
ammonium iodide (FPAI), 4-fluorobenzyl-ammonium iodide (FBZAI), 4(trifluoro-

methyl)benzyl-ammonium iodide (TFMBAI), and 4-fluorophenethyl-ammonium



6. The Surface Passivation of Co-evaporated Perovskite Thin Films for
High-Performance Solar Cells 150

iodide (FPEAI) are selected to passivate the surface of the co-evaporated 3D
perovskite for a variety of reasons; firstly, arylammonium salts are among the first
spacers investigated for multilayer 2D perovskites as well as passivation molecules
and have been extensively studied in solution processing, offering a myriad of valu-

199-201

able references for this study. Secondly, the aromatic rings may be beneficial

for charge transport by delocalising electrons through the conjugated system.?0?
Additionally, it has been reported that fluorinated substituents on these aromatic
rings can result in stronger bonding between the ligand and the perovskite, resulting
in enhanced defect passivation and more durable perovskite solar cells.!8%:203:204
Furthermore, the properties of the passivation surface can be modulated by tuning
organic spacers with different bond lengths and bond angles,?%>2% for example,
the corresponding 2D perovskite structure with different distances between two
inorganic sheets, various stacking interactions of aromatic rings if they form 2D /3D

heterostructures, or change the work function of the surface if they play the role

as passivation molecules (Figure 6.1b).

Previous studies have shown that despite the apparent simplicity of thermal
evaporation, the details of the precursor evaporation and film formation are rather
complex.?!! In particular, the deposition of organic molecules proves difficult to
control and reproduce. The main challenge is that the non-directional evapora-
tion of organic precursors results in the diffusion of materials into the entirety of
the evaporation chamber; significantly different from inorganic precursors which
have long mean free paths due to their directional evaporation process under high
vacuum.% Additionally, the substrate-dependent adsorption behaviour of organic

molecules further complicates the process. As a result, their evaporation may lead
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Figure 6.1: Schematic diagram of passivation molecules (a) and potential two-
dimensional perovskite structures (b), sourced from the Cambridge Crystallographic
Data Centre (CCDC) (FPAI CCDC number 1143977%°7, FBZAyPbly CCDC number
18198542%% TFMBA,Pbly CCDC number 2041929%%, FPEA,Pbl; CCDC number
2013268210).

to unstable rate readings, poor control over deposition, and potential contamina-
tion of the chamber since heating up other sources may cause resublimation of
residual organic molecules deposited within the chamber. More importantly, if
the organic molecules are too volatile, they can increase the background pressure
of the vacuum system by 2 to 3 orders of magnitude during deposition. This
will shorten the mean free path of precursor vapors and increase the possibility of

molecules reacting in the vapour phase before being adsorbed onto the substrate.
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To address these challenges, two main criteria are adopted to select suitable organic

molecules for thermal evaporation.

1. The rise of background pressure is less than one order of magnitude (i.e., from

3x107% mbar to 3x107° mbar).

2. The thin film has the same molecular structure as the organic molecule.

Based on criterion 1, the change of the chamber pressure is monitored when heating
all four molecules with a target substrate rate of 0.10 A/s. For FBZAI, TFMBAI
and FPEAI the increase of chamber pressure is less than one order of magnitude
when both the source temperature and substrate rate are stable. However, for FPAI,
the chamber pressure rapidly increases from 5x10~% mbar to 5x10~* mbar at a
source temperature lower than 80 °C without an obvious substrate rate reading
(Figure 6.2). This indicates that FPAI is too volatile to allow for controllable
thermal evaporation. Therefore, FBZAI, TFMBAI and FPEAI are selected for

the following study.

To test whether the vapour-deposited film has the same molecular structure
as the organic precursor, X-ray diffraction patterns (XRD) and attenuated to-
tal reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, experimental
details in Chapter 3.5) are performed on both precursor powders and vapour-
deposited films. Figure 6.3a shows that for vapour-deposited FBZAI and TFMBAI
films, their XRD patterns display feature diffraction peaks consistent with those
of powders, which indicates that the vapour-deposited films preserve the same
crystal structure as their precursor powders. However, for FPEAI, the vapour-

deposited film does not show the diffraction peaks at 5.6° and 11.2° compared with
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Figure 6.2: Evaporation parameters of FPAI, including source rate, substrate rate,
source temperature and chamber pressure during the evaporation.

its precursor powder. Instead, new diffraction peaks emerge at 9.0° and 18.0°, which
may occur as a result of different orientations in the vapour-deposited FPEAT film.
To distinguish whether the weak XRD signals observed here are due to the low
crystallinity, or decomposition of FPEAI during thermal evaporation, ATR-FTIR
measurements are further conducted (Figure 6.3b). The vapour-deposited FPEAI

film and FPEAI powder exhibit similar ATR-FTIR spectra, indicating that they
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Figure 6.3: (a)XRD patterns of FBZAI, TFMBAI and FPEAT precursor powders and
vapour-deposited films. (b) ATR-FTIR spectra FPEAI precursor powder and vapour-
deposited film.

have the same chemical composition. Therefore, the low XRD signals and new
XRD peaks likely suggest that the vapour-deposited FPEAI film lacks long-range

order (lower degree of crystallinity) and adopts a different orientation.

Hence, these results have determined that the molecular structures of the three
organic molecules—-FBZAI, TFMBAI and FPEAI-remain the same after forming
the vapour-deposited films. This confirms that all three organic molecules do not
decompose after evaporation. However, FBZAI and TFMBAI form crystallised

structures in the as-deposited films, while FPEAI film exhibits a lower degree of
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crystallinity and different orientations compared with its precursor powder.

6.3.2 The Impact of Measurement Atmosphere on Neat
and Passivated Films

To understand how these passivation molecules influence the optoelectronic prop-
erties of 3D perovskites, I deposit these passivation molecules on the top surface of
co-evaporated FA(¢Csg1Pbls_,.Cl, perovskite films and conduct steady-state pho-
toluminescence (PL) and time-resolved PL (time-correlated single photon counting,

TCSPC) measurements.

Note that previous studies have reported the ‘photo-brightening’ and ‘photo-
darkening’ phenomena of metal halide perovskite, referring to the evolution of
PL intensity during exposure to light, which was strongly dependent on the at-
mosphere.?'27216 Godding et al. have demonstrated that under illumination, the
superoxide species created from oxygen in the ambient environment can form Pb-
O bonds at the perovskite surface. This oxidation process can reduce the number
of shallow surface trap states, leading to the ‘photo-brightening’ . However,
degradation of the perovskite occurred spontaneously due to the loss of MA and
formation of Pbl,, which highly depended on the humidity level and light intensity.
Therefore, when the degradation overtook the passivation effect of Pb-O bonds,
‘photo-darkening’ started until the perovskite fully degraded.?'” Since the PL
intensity evolution likely suggests the change of the trap density or the degradation
of the perovskite, it is necessary to find a stable measurement atmosphere without

the presence of gases and molecules that may account for the illumination-induced
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variations. Therefore, this work first compares the photophysical behaviours of the

control and passivated films in air, vacuum and nitrogen atmospheres (Figure 6.4).

Figures 6.4a and 6.4b show the PL evolution of the control film when exposed
to air under continuous ultraviolet light illumination. After 398nm pulsed laser
illumination with the fluence of 36.5 nJ/cm? for 1800 s, the PL intensity increases
fivefold, and the lifetime increases from 60.9 ns to 137.9 ns. The steady-state
and time-resolved PL measurements both indicate that illuminating under ambient
conditions can greatly inhibit non-radiative recombination and significantly reduce
the number of defects. Since the PL intensity remains unchanged after storing the
sample in the dark and nitrogen for over 12h, the passivation of control films under
illumination in air is an irreversible process. The difference in surface hydropho-
bicity observed between the control and passivated films (Figure 6.5) suggests a
change in surface following the bonding of passivation molecules to the perovskite
surface. As a result, the control and passivated films have different numbers of
available surface sites that can be passivated by oxygen during illumination in air.
This introduces an additional variable that affects the optoelectronic properties of
the perovskite films. Therefore, evaluating the effectiveness of passivation agents
by comparing the optoelectronic properties of the control and passivated films

measured in air is not a valid comparison.

Meanwhile, Figures 6.4c, 6.4d and 6.6 unveil that measuring in vacuum slightly
alters the charge carrier dynamics of passivated perovskite films with different
thicknesses of FPEAI. Compared with conducting the measurement in air, PL
spectra of the control films are more stable under vacuum (Figure 6.4c). However,

the PL intensity of FPEAI passivated film decreases significantly over the same
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Figure 6.4: Optoelectronic characterisation of the 550 nm thick control (labelled as
ctrl in the figure) and passivated FA(9Csp 1Pbls_,Cl, perovskite films on z-cut quartz
substrates in air, vacuum and nitrogen atmospheres. (a) Steady-state PL (398 nm
excitation) spectra of the fresh control film and 1800s-illuminated control film after
storing in the dark glovebox for 12h in air. (b) Time-resolved PL measurements of
the fresh control film and 1800s-illuminated control film after storing in the glovebox for
12h in air, excited by the 398 nm pulsed laser with the 1MHz repetition rate and the
fluence of 36.5 nJ/em?. (c) Steady-state PL (398 nm excitation) spectra of the fresh
control film and 240s-illuminated control film in vacuum. (d) Steady-state PL (398 nm
excitation) spectra of the fresh passivated film with FPEAI-900s and 240s-illuminated
Passivated film with FPEAI-900s in vacuum. Time-resolved measurements of the control
film and passivated films with different thickness values of FPEAI in vacuum (e) and in
nitrogen (f), excited by the 398 nm pulsed laser with the 1MHz repetition rate and the
fluence of 36.5 nJ/cm? (all samples illuminated from the film side).
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Figure 6.5: Contact angle measurements for control (a) and passivated (b-
FA¢.9Csp.1Pbls_,Cl, perovskite films (water used here as the solvent).

time interval (Figure 6.4d). One possible explanation for this is that the organic
molecules may be loosely bonded to the surface of the perovskite, and hence can

be easily removed under high vacuum.?'®

Henceforth, the steady-state and time-resolved PL measured in nitrogen exclude
the impact of adsorbed gases and molecules, and ensure stability of the passivated
surface. In this case, for both control and passivated films, time-resolved PL
decays follow the monoexponential decay, suggesting similar charge carrier dynamic
processes in both cases (Figure 6.4f). Moreover, no significant PL evolution or

irreversible changes in photophysical properties occur across all samples.

6.3.3 Optoelectronic and Structural Properties of Passivated
Perovskite Films

To verify whether the as-deposited passivation layers would directly form low-
dimensional phases FA, _1A’5Pb,l5,11 (A’ refers to FBZAI/TFMBAI/FPEAI in
this study), different thicknesses of FBZAI, TFMBAI and FPEAI are deposited on
top of co-evaporated 3D perovskite films. The steady-state PL measurements show
that FBZAI and FPEAI (Figures 6.7a and 6.7¢) exhibit intensified low-dimensional
perovskite signals with increased thickness of the passivation layer. Specifically, for
FBZAI, PL intensity from n = 2 (around 575 nm) is higher than those from n = 1

(around 525 nm) and n = 3 (around 625 nm). In the case of FPEAI, most of the
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Figure 6.7: Optoelectronic and structural properties of passivated FAg 9Csg.1Pbls_,Cl,
perovskite films. Steady-state PL (398 nm excitation) spectra of the 550 nm thick control
(labelled as ctrl in the figure) and passivated films with different thicknesses of vapour-
deposited FBZAI (a), TFMBAI (b) and FPEAI (c) on z-cut quartz substrates (all samples
illuminated from the film side). XRD patterns of the passivated films with different
thicknesses of vapour-deposited FBZAI (d), TFMBALI (e) and FPEAT (f).
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low-dimensional PL signals originate from the n = 1 (around 515 nm) RP phases
with a weaker PL peak from n = 2 (around 565 nm). For TFMBAI (Figure 6.7b),
increasing the passivation layer thickness does not enhance low-dimensional PL
features. Instead, the passivated films only exhibit a slight peak shift from 802 nm
(1.55 eV) to 790 nm (1.57 eV), which may be related to the formation of mixed
3D/quasi-2D structures with high n values (n > 7).2% These results suggest that
while FBZAI, TFMBAI, and FPEAI can all directly form low-dimensional phases
upon deposition on co-evaporated 3D perovskite, the preferentially formed n-values
vary, which may stem from differences in their formation energies. In addition,
XRD measurements on these samples (Figures 6.7d-f) reveal reflections from lower
dimensional structures only in the FPEAI-passivated films. For the other samples,
despite clear PL signals from lower dimensional structures, the XRD patterns do
not show characteristic reflections from lower dimensional phases. This discrepancy
is likely due to the lower sensitivity of XRD compared to PL for detecting small

amount of low-dimensional phases.??

To evaluate the effects of passivation agents, their impacts on the optoelectronic
properties of photogenerated carriers are investigated by characterising the steady-
state and time-resolved PL with a 640 nm excitation source. This ensures the
excitation of the 3D perovskite as opposed to the low-dimensional phases (Figure
6.8). The results show that after individually optimising the deposition time for
each passivation layer, co-evaporated 3D perovskite films passivated with FBZAI,
TFMBAI and FPEAI all exhibit stronger PL intensities with longer charge-carrier

lifetimes compared to the control films.
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Steady-state PL (640 nm excitation) spectra of the passivated
FA(.9Cso1Pbl3_,Cl, perovskite films with different thicknesses of vapour-deposited
FBZAI (a), TFMBAI (c) and FPEAI (e), using the relative PL intensity compared with
the 550 nm thick control films (labelled as ctrl in the figure) on z-cut quartz substrates.
Time-resolved PL measurements of the passivated films with different thicknesses of
vapour-deposited FBZAI (b), TFMBAI (d) and FPEAI (f), excited by the 640 nm pulsed
laser with the 500 KHz repetition rate and the fluence of 113.6 nJ/cm? (all samples
illuminated from the film side).
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6.3.4 The Effect of Passivation Molecules on the MHP /CTL
Interface under Different Treatment Conditions

Previous studies have illustrated the significant changes in the chemical composition
and structure of the surface-passivated perovskite films with and without annealing
the passivation layer.'® These changes can influence the charge-carrier dynamics,
device operation and even long-term stability.??! Considering that the annealing
of the passivation layer (100°C for 5 min, Figure 6.9a) might also have an effect
on the 3D perovskite itself, Figures 6.9b and 6.9c compare the steady-state and
time-resolved PL of the control films with and without the extra 5 min annealing
at 100°C. After annealing, the PL intensity of the control film is slightly enhanced
with lifetime increasing from 97.6 ns to 119.4 ns. Although the change is not
substantial, it is noteworthy that the minor variations in steady-state and time-
resolved PL observed for the passivated films after annealing may result from the

improvement of 3D film rather than the influence of the passivation layers.

To study the effect of the passivation agents with and without annealing, 640 nm
excitation is employed to selectively excite the 3D perovskite. Figure 6.10 shows
that the annealing of the passivation layer significantly alters the optoelectronic
properties of the passivated films. For all three passivation agents, the initial
enhancement in PL intensity when depositing the passivation layer without extra
annealing diminishes upon annealing, resulting in lower PL intensities and shorter
charge-carrier lifetimes. The influence of annealing on the passivated films is
opposite to its influence on the control films, suggesting a possible alteration of

the passivation effect after extra annealing.
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Figure 6.9: The influence of annealing on the 550 nm thick control (labelled as ctrl in the
figure) FA( 9Csg 1Pbls_,Cl, perovskite films on z-cut quartz substrates. (a) Schematic
diagram of the extra post-treatment. (b) Steady-state PL (640 nm excitation) spectra of
the control films without (ctrl) and with (ctrl-ann) extra annealing at 100°C for 5 min.
(¢) Time-resolved PL measurements of the control films with and without extra annealing
at 100°C for 5 min, excited by the 640 nm pulsed laser with the 500 KHz repetition rate
and the fluence of 113.6 nJ/cm? (all samples illuminated from the film side).
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Figure 6.10: Steady-state PL (640 nm excitation) spectra of the 550 nm thick control
(labelled as ctrl in the figure) and FBZAI- (a), TFMBAI- (b) and FPEAI- (c¢) passivated
FA(9Csg.1Pbls_,Cl; perovskite films with and without extra annealing at 100°C for 5
min on z-cut quartz substrates, using the relative PL intensity compared with the control
films without extra annealing. Time-resolved PL measurements of the control films and
FBZAI- (d), TFMBAI- (e) and FPEAI- (f) passivated films with and without extra
annealing at 100°C for 5 min, excited by the 640 nm pulsed laser with the 500 KHz
repetition rate and the fluence of 113.6 nJ/cm? (all samples illuminated from the film
side).
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Figure 6.11: Steady-state PL (640 nm excitation) spectra of the 550 nm thick control
(labelled as ctrl in the figure)/C60 and FBZAI- (a), TFMBAI- (b) and FPEAI- (c)
passivated FA(9Csp1Pbls_;Cl, perovskite/C60 films with and without extra 5 min
annealing at 100°C on z-cut quartz substrates, using the relative PL intensity compared
with the control/C60 films without extra annealing. Time-resolved measurements of the
control/C60 films and FBZAI- da), TFMBAI- (e) and FPEAI- (f) passivated/C60 films
with and without extra 5 min annealing at 100°C, excited by the 640 nm pulsed laser
with the 500 KHz repetition rate and the fluence of 113.6 nJ/cm? (all samples illuminated
from the film side).

When the passivation layers are deposited between the 3D perovskite and the
electron transport layer (ETL), C60 (Figure 6.11), neither the PL intensity nor
the charge-carrier lifetime shows significant changes. However, when the passiva-
tion layers are deposited between 3D perovskite and hole transport layer (HTL),
spiro-OMeTAD (Figures 6.12), the PL intensities increase twofold for TFMBAI
and tenfold for FPEAI when annealing the passivation layers, accompanied with
significant enhancement of lifetimes, indicating more effective interface passivation
and suppressed non-radiative recombination. In contrast, the differences between

the control/spiro-OMeTAD films and those using the passivation layers without

extra annealing are negligible.

The results thus far show that the passivation layers without extra annealing can

enhance the optoelectronic properties of the perovskite films but exhibit minimal
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Figure 6.12: Steady-state PL (640 nm excitation) spectra of the 550 nm thick control
(labelled as ctrl in the figure) /spiro-OMeTAD and FBZAI- (a), TFMBAI- (b) and FPEAI-
(c) passivated FAg9Cso1Pbls_;Cl, perovskite/spiro-OMeTAD films with and without
extra 5 min annealing at 100°C on z-cut quartz substrates, using the relative PL intensity
compared with the control/spiro-OMeTAD films without extra annealing. Time-resolved
PL measurements of the control/spiro-OMeTAD films and FBZAI- (d), TFMBAI- (e) and
FPEAI- (f) passivated/spiro-OMeTAD films with and without extra 5 min annealing at
100°C, excited by the 640 nm pulsed laser with the 500 KHz repetition rate and the
fluence of 113.6 nJ/em? (all samples illuminated from the film side).

improvement at the perovskite/C60 and perovskite/spiro-OMeTAD interfaces. As
for the passivation layers after extra annealing, they exhibit minimal or even
detrimental effects on the optoelectronic properties of the perovskite films, with
negligible impact on the perovskite/C60 interfaces. However, they significantly
enhance the optoelectronic properties of the perovskite/spiro-OMeTAD samples,
particularly when using the FPEAI with extra annealing. Since the improvement
does not arise from the passivation of the defects at the 3D perovskite surface, it

is likely to occur as a result of the reduction of trap states at the perovskite/spiro-

OMeTAD interface.
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Figure 6.13: Performance parameters of p-i-n device by using the control (labelled as
ctrl in the figure) and passivated (FBZAI, TFMBAI, FPEAI) FA( 9Csp 1Pbls_,Cl, per-
ovskite films without (a) and with (b) extra annealing as the active layers. Performance
parameters of n-i-p device by using the control films and passivated films without (c) and
with (d) extra annealing as the active layers. In the box plots, the central line inside
each box represents the median value of the dataset. The box edges (lower and upper
sides) indicate the first quartile (Q1) and third quartile (Q3), corresponding to the 25"
and 75" percentiles, respectively. The whisker extends from the box to the smallest and
largest data points within 1.5 times the interquartile range (IQR) from Q1 and Q3. Data
points lying outside of this range are plotted individually as outliers.

6.3.5 The Effect of Passivation on P-I-N and N-I-P Device
Performance

Next, it is interesting to study whether the above-mentioned difference between the
control and passivated films could be reflected on the device performance in both

p-i-n and n-i-p architectures (Figure 6.13, Tables 6.1 and 6.2). The performance
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avg Jy (mA cm™?) | avg V. (V) | avg SPO (%) avg FF

p-i-n Ctrl 21.03 £ 0.21 1.07 £ 0.01 | 17.07 £ 0.29 | 0.77 £ 0.01
p-i-n FBZAI 17.00 + 1.97 1.06 +£ 0.02 | 9.61 & 1.71 | 0.51 + 0.07
p-i-n TFMBAI 19.41 4+ 0.58 1.06 = 0.02 | 11.02 £ 0.81 | 0.57 £ 0.02
p-i-n FPEAI 20.73 £ 0.23 1.06 £ 0.02 | 14.84 £ 0.58 | 0.68 £ 0.03
p-i-n Ctrl-ann 21.07 + 0.16 1.06 £ 0.01 | 16.88 £ 0.24 | 0.76 + 0.01
p-i-n | FBZAI-ann 20.84 + 0.20 1.06 = 0.01 | 16.70 £ 0.57 | 0.77 £ 0.02
p-i-n | TFMBAI-ann 20.83 £+ 0.27 1.05 £ 0.02 | 16.65 + 0.42 | 0.77 £+ 0.02
p-i-n | FPEAI-ann 20.39 £ 0.32 1.07 £ 0.01 | 15.53 £ 0.50 | 0.73 £ 0.02

Table 6.1: Average performance parameters for p-i-n devices by using the control

(labelled as ctrl in the table)and passivated FAg9Cso.1Pbls_;Cl, perovskite films with
and without extra annealing as the active layers. The values given in this table represent
scans from open-circuit to short-circuit conditions (reverse scan).

parameters are taken from 10-12 devices for each group. The control and passivated
perovskite films are applied as active layers in p-i-n solar cells with the structure
ITO/spiro-TTB/3D perovskite/passivation layer/C60/Bathocuproine (BCP)/Ag.
When applying the passivation layers without extra annealing (Figure 6.13a), the
average steady power outputs (SPOs) decrease compared to control devices, ac-
companied by lower short-circuit current density (Jg.) and fill factor (F'F'). When
using the passivation layers with extra annealing (Figure 6.13b), the average SPOs
of passivated devices enhance with improved J,. and F'F' compared with their as-
deposited counterparts. Furthermore, for devices treated with FBZAI and TFM-
BAI, annealing leads to narrower distributions across all measured device parame-

ters.

When it comes to the n-i-p devices, one would expect to observe more significant
changes in open-circuit voltage (V,.) for passivated devices after annealing based
on the film characterisation results. Here, the control and passivated perovskite

films are applied as active layers in solar cells with the structure ITO/SnO5/3D
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avg Jy (mA cm™?) | avg V. (V) | avg SPO (%) avg FF

n-i-p Ctrl 21.23 + 0.10 1.11 £ 0.01 | 17.43 £ 0.42 | 0.71 £ 0.02
n-i-p FBZAI 21.56 + 0.10 1.11 + 0.01 | 17.09 £+ 0.81 | 0.69 4+ 0.02
n-i-p TFMBAI 21.31 £ 0.16 1.11 £ 0.01 | 17.14 £ 0.49 | 0.70 £ 0.01
n-i-p FPEAI 21.39 + 0.40 1.10 £ 0.01 | 17.02 £ 0.94 | 0.69 + 0.03
n-i-p Ctrl-ann 21.29 + 0.18 1.11 £ 0.01 | 17.22 £ 0.63 | 0.69 + 0.03
n-i-p | FBZAI-ann 21.47 + 0.19 1.10 £ 0.01 | 16.94 £+ 0.67 | 0.69 + 0.03
n-i-p | TFMBAI-ann 21.34 + 0.09 1.10 £ 0.01 | 17.19 £ 0.24 | 0.70 £+ 0.02
n-i-p | FPEAI-ann 21.42 + 0.25 1.10 £ 0.01 | 17.66 £ 0.17 | 0.72 £+ 0.01

Table 6.2: Average performance parameters for n-i-p devices by using the control

(labelled as ctrl in the table) and passivated FAg9Csg1Pbls_,Cl, perovskite films with
and without extra annealing as the active layers. The values given in this table represent
scans from open-circuit to short-circuit conditions (reverse scan).

perovskite/passivation layer/spiro-OMeTAD/Au (Figures 6.13¢ and 6.13d). How-
ever, only when using the FPEAI with extra annealing, devices exhibit slightly
higher SPOs with narrower distribution and improved FF compared with control
devices; there are no significant difference in either V,. or SPO for the other cases.
The inconsistency between the optoelectronic characterisation for perovskite/spiro-
OMeTAD films and the device measurements for the full-device structure suggests
that the passivation effect at the perovskite/spiro-OMeTAD interface is not the
only or dominant parameter governing device performance. To identify the possible

dominant factors, I carry out additional studies in the following sections.

6.3.6 Factors Influencing Final Device Performance
In previous sections, the ‘photo-brightening’” phenomenon observed upon illu-
minating the control samples in air is likely due to the surface passivation by
have demonstrated that the

oxygen at the perovskite surface. Brenes et al.

‘photo-brightening’ enhancement was not as evident when the interaction of the
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atmospheric molecules with the perovskite surface was limited.?!® Hence, while
all device measurements are conducted in air without encapsulation, ‘photo-
brightening’ of the control films is expected to be significantly suppressed after
depositing CTLs. Therefore, it is less likely that ‘photo-brightening’ of the control
films is the primary factor leading to the minimal performance difference observed

between control and passivated devices.
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Figure 6.14: Grazing-incidence angle X-ray scattering patterns (a) and integrated XRD
profiles (b) of vapour-deposited FPEAl-passivated co-evaporated FAg9Csg 1Pbls_,Cl,
perovskite films without extra annealing by using incident angles of 0.05°, 0.15° and
0.25°. (c) Steady-state PL (398nm excitation) spectra of FPEAI-passivated films with
and without extra annealing. (d) Integrated XRD profile from GIWAXS results with the
incident angle of 0.25°.

Considering that the absence of low-dimensional perovskite signals in the XRD
pattern might arise from the limitation of XRD sensitivity, to study the crystallinity
and orientation of co-evaporated 3D perovskite passivated by the vapour-deposited

FPEAI Figure 6.14 implements grazing incidence wide-angle X-ray scattering (GI-
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WAXS) characterisation with different penetration depths. For vapour-deposited
FPEAI-passivated films with and without annealing (Figures 6.14a and 6.14b), a
scattering peak located at q = 0.21 ~! appears. Since vapour-deposited FPEAI-
passivated films with annealing do not have PL signals from low-dimensional per-

ovskites (Figure 6.14c), the scattering signal at q = 0.21 !

is likely from vapour-
deposited FPEAI molecule instead of low-dimensional perovskites. This also sug-
gests that the low-dimensional phases observed in the PL spectra of vapour-deposited
FPEAI-passivated films without annealing have low crystallinity. Additionally,

annealing the vapour-deposited FPEAI causes an enhancement of its crystallinity

and removes the low-dimensional structures with low crystallinity (Figure 6.14d).

Additionally, previous studies have observed the XRD signals from 2D phases
when passivating the 3D perovskite with spin-coated FPEAIL222:223 Therefore, it
is reasonable to raise the question whether the formation of low-dimensional per-
ovskite phases is influenced by the fabrication methods. Out of this consider-
ation, spin-coated FPEAIl-passivated perovskite films are fabricated to conduct
GIWAXS measurements for comparison. Figure 6.15 shows the corresponding
radial intensity profiles averaged the whole images. Interestingly, for spin-coated
FPEAI-passivated films without annealing (Figures 6.15a, 6.15b), when the angle
of incidence is 0.15°, the scattering peak is located at q = 0.32 ~!, arising from
the FPEAIL For an incident angle of 0.25°, the scattering peak shifts to q = 0.36
~1 corresponding to the 2D phase n = 1 (FPEA,Pbl;). This illustrates that
without annealing, more FPEAI molecules are at the surface of the film. As the
penetration depth increases, they gradually transform into 2D phases. In contrast,
for spin-coated FPEAI-passivated films after annealing (Figures 6.15¢, 6.15d), the

scattering peak remains at q = 0.36 ~! when the incident angle increases from
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Figure 6.15: Grazing-incidence angle X-ray scattering patterns (a) and integrated
XRD profiles (b) of spin-coated FPEAI-passivated co-evaporated FA(9Csy1Pbls_,Cl,
perovskite films without extra annealing by using incident angles of 0.05°, 0.15° and
0.25°. Grazing-incidence angle X-ray scattering patterns (c) and integrated XRD profiles
(d) of spin-coated FPEAI-passivated films with extra annealing by using incident angles
of 0.05°, 0.15° and 0.25°.

0.15° to 0.25°, suggesting more uniform formation of 2D phases across different

depths at the surface of 3D perovskite.

GIWAXS results suggest that the main differences between vapour-deposited
and spin-coated FPEAI-passivated films lie in the crystallinity of the passiva-
tion layers and the effect of annealing on the surface structure. For vapour-
deposited FPEAI-passivated films, annealing contributes to enhancing the crys-
tallinity of vapour-deposited FPEAI. For spin-coated FPEAI-passivated films, an-
nealing leads to the further conversion from a substrate/3D/2D/FPEAI to a sub-

strate/3D/2D structure.
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Figure 6.16: Performance parameters of n-i-p device by using the 550nm thick
control (labelled as ctrl in the figure) and passivated co-evaporated FA(9Csg1Pbls_,Cl,
perovskite films with different concentrations of FPEATI without (a) and with (b) extra
annealing as the active layers.

To better understand how the conversion from a substrate/3D/2D/FPEAI
to a substrate/3D/2D structure influences the device performance, spin-coated
FPEAI-passivated films are incorporated as active layers in n-i-p devices with the
architecture I'TO/SnOy/co-evaporated 3D perovskite/spin-coated FPEAI with or
without annealing/spiro-OMeTAD/Au. Figure 6.16a and Table 6.3 show that for
devices passivated by spin-coated FPEAI without annealing, the average SPOs
decrease compared with control devices, accompanied by slightly lower V,. and
wider distribution of device performance. For devices passivated by annealed spin-
coated FPEAI (Figure 6.16b and Table 6.3), the average SPOs decrease more
significantly with increasing FPEAI concentration, accompanied by reductions
across all photovoltaic parameters, particularly V,.. Jiang et al. demonstrated that
the passivation with 2D perovskites was less effective as that of the organic molecule
at the surface of FA;_ MA,Pbls perovskite, leading to diminished performance in
the n-i-p devices.?” The similar trend observed here suggests that the performance

reduction upon annealing the spin-coated FPEAI is likely due to the formation



6. The Surface Passivation of Co-evaporated Perovskite Thin Films for
High-Performance Solar Cells 153

avg Js. (mA cm™?) | avg V,. (V) | avg SPO (%) avg FF

Ctrl 20.71 £ 0.32 1.14 £0.01 | 15.81 £ 0.47 | 0.70 £ 0.03
FPEAI-10mM 20.80 + 0.45 1.09 £ 0.12 | 14.66 + 1.68 | 0.67 £ 0.07
FPEAI-20mM 20.77 £ 0.14 1.13 £0.01 | 15.07 £ 0.86 | 0.67 £ 0.02
FPEAI-30mM 20.89 + 0.32 1.13 £ 0.01 | 15.28 £ 0.95 | 0.67 = 0.04

Ctrl-ann 20.94 £ 0.24 1.16 £ 0.01 | 16.38 £ 0.46 | 0.70 = 0.01

FPEAI-10mM-ann 20.93 + 0.27 1.12 + 0.03 | 14.78 & 1.50 | 0.67 £+ 0.04
FPEAI-20mM-ann 20.60 = 0.37 1.12 £0.01 | 14.30 £ 0.66 | 0.67 £ 0.01
FPEAI-30mM-ann 20.38 + 0.42 1.12 £ 0.01 | 13.21 £ 1.02 | 0.64 £ 0.02

Table 6.3: Average performance parameters for n-i-p devices by using the con-
trol (labelled as ctrl in the figure) and spin-coated FPEAI-passivated co-evaporated
FA(9Cso.1Pbls_,Cl; perovskite films with and without extra annealing as the active
layers. The values given in this table represent scans from open-circuit to short-circuit
conditions (reverse scan).

of 2D FPEA,Pbl at the perovskite/spiro-OMeTAD interface. Furthermore, the
narrower distributions of V,., F'F' and SPOs in devices passivated by annealed spin-
coated FPEAI indicate a more uniform distribution of composition after annealing,

which is consistent with the GIWAXS results.

Based on spin-coated FPEAI-passivated device data, it appears that the forma-
tion of 2D perovskite at the perovskite/spiro-OMeTAD interface is not beneficial for
the device performance. Therefore, the slightly higher SPOs with narrower distribu-
tion and improved FF achieved when using annealed vapour-deposited FPEALI are
likely due to the removal of amorphous 2D phase and more uniform distribution of
composition. However, the main reason that no significant performance difference
is observed between control and annealed vapour-deposited FPEAI passivated
devices remains unclear. By further deepening the understanding of the mechanism
and optimising the fabrication parameters for co-evaporated 3D perovskite, this
issue may be solved, allowing for a more stable system on which to conduct further

passivation studies.
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6.4 Summary and Outlook

The study in this chapter selects three arylammonium halides, 4-fluorobenzyl-
ammonium iodide (FBZAT), 4(trifluoromethyl)benzylammonium iodide (TFMBAT),
and 4-fluorophenethylammonium iodide (FPEAI), which can remain the same
molecular structures after forming the vapour-deposited films, to passivate the top
surface of the co-evaporated FAg¢Csg1Pbls(Cl, perovskite. The optoelectronic
characterisation results show that it is important to perform measurements in
nitrogen instead of in air/vacuum. This can help avoid introducing additional
variables which may also affect the optoelectronic properties of the films. The as-
deposited FBZAI, TFMBAI and FPEAI passivation layers can all directly form low-
dimensional phases on co-evaporated FA(¢Csg1Pbls Cl, perovskite, with various

preferential n values.

While these vapour-deposited passivation agents, without extra annealing, can
effectively passivate surface defects and suppress the non-radiative recombination
in co-evaporated perovskite films, their passivation effects diminish after extra
annealing or when applied at the perovskite/C60 interfaces. In contrast, annealed
passivation layers—particularly FPEAI-can significantly enhance the optoelectronic
properties of perovskite/spiro-OMeTAD samples. However, the improvement of
optoelectronic properties at the perovskite/spiro-OMeTAD interface when applying
vapour-deposited FPEAI with extra annealing, does not directly translate into

enhanced open-circuit voltage and overall performance in n-i-p devices.

To understand whether changes in optoelectronic properties and device perfor-

mance are related to the structural alterations of passivation layers, more studies
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are conducted to explore possible factors. GIWAXS results show that for vapour-
deposited FPEAI-passivated films, annealing can remove the low-dimensional phases
and improve the crystallinity of FPEAI. For comparison, FPEAI is spin-coated
onto the co-evaporated perovskite films with and without extra annealing. For spin-
coated FPEAI-passivated films, annealing converts the structure from a 3D /2D /FPEAI
structure to a 3D/2D structure. The formation of 2D FPEA,Pbl, phase at the
perovskite/spiro-OMeTAD interface impairs device performance, especially open-
circuit voltage. Therefore, slightly higher steady power outputs with narrower dis-
tribution and improved fill factors when using annealed vapour-deposited FPEAI at
the perovskite/spiro-OMeTAD interface are likely due to the removal of amorphous
2D phase and more uniform distribution of composition. While the main reason
that no significant performance difference is observed between control and annealed
vapour-deposited FPEAI passivated devices remains unclear, these findings show
how the surface structure transformation influences the passivation effect and

device performance.

In summary, the studies in this chapter highlight the impact of measurement
atmospheres on the optoelectronic properties of perovskite films, the influence of
surface structural transformation induced by annealing passivation layers on the
passivation mechanisms, as well as the effect of deposition methods (vapour depo-
sition vs. spin-coating) on the crystallinity of the same organic molecule. These
results offer valuable insights into the vapour-phase passivation of co-evaporated

halide perovskites.



Conclusions and Outlook

This thesis has predominantly explored the factors limiting the power conver-
sion efficiency of vapour-deposited perovskite solar cells and proposed potential
strategies to address these challenges. The first research work detailed in Chapter
4.4 revealed the influence of impurities in FAI on solution- and vapour-processed
perovskite solar cells. Through a simple recrystallisation procedure, the as-received
FAI could be purified with the goal of removing the impurities identified via nuclear
magnetic resonance measurements. The presence of these impurities impacted
the optoelectronic properties of both solution- and vapour-processed perovskite
films, hence affecting device performance. While ethyl acetate, as one of the
impurities, can be beneficial for the quality of solution-processed perovskite films by
modulating crystallisation dynamics and passivating defects, for vapour-processing,
the impurities lead to decomposition of the precursor and off-stoichiometry in the
final film. Off-stoichiometry resulted in the formation of non-photoactive phases,
which negatively affected the optoelectronic properties of perovskite thin films.
This impaired both film stability and solar cell performance. The study has demon-

strated that purification and removal of impurities in FAI via recrystallisation is

156
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an effective mitigation strategy to achieve high-quality, reproducible and stable

perovskite films and devices.

While thermal vapour deposition is particularly promising, allowing for high-
throughput fabrication and large-scale production, the ability to control the nucle-
ation and growth of these materials, particularly at the CTL/perovskite interface, is
critical to unlocking the full potential of vapour-deposited perovskite photovoltaics.
Therefore, Chapter 5.4 described a promising strategy to decouple the nucleation
and growth of co-evaporated perovskite films from the influence of substrate ma-
terials. By employing a templating layer, co-evaporated perovskite films displayed
identical morphology, structure, and optoelectronic properties, irrespective of the
substrate choices. The precise control of the interface facilitated fine-tuning the
stoichiometry of the initial perovskite deposited onto the substrate, thus enhancing
photovoltaic performance. These results provided an effective and reproducible
method for controlling the buried charge transport layer/perovskite interface in
vapour-deposited perovskite solar cells, further increasing the competitiveness of
this deposition technique, moving the field closer to large-scale fabrication of a

wide-range of efficient perovskite optoelectronic devices.

The final experimental chapter of this thesis, Chapter 6.4 explored the use of
aromatic ammonium halide molecules as vapour-deposited passivation agents for co-
evaporated perovskite films, examining how measurement atmospheres, annealing
treatments and fabrication conditions influenced their passivation behaviours and
the resulting device performance. The findings highlighted that measurement
atmosphere can significantly affect the observed optoelectronic properties, and that

post-deposition annealing can drive surface structural transformations, thereby



7. Conclusions and Outlook 158

altering the passivation mechanisms. Comparisons between vapour-deposited and
spin-coated passivation layers further revealed that the same organic molecule can
exhibit different structural and functional properties depending on the deposition
methods. These results may offer valuable insights for the development of per-

ovskite passivation engineering in the future.

Overall, this thesis presented a study of vapour-deposited perovskite solar cells,
with a focus on various methods to reduce bulk and interface defect densities in
metal halide perovskite thin films. Future research should systematically inves-
tigate how various chemical additives or reactants influence the sublimation and
decomposition behaviours of precursors during vapour deposition processes. By
selecting a chemical which can modulate the crystallisation kinetics and avoid the
degradation pathway, it is a promising approach to further improve the quality and
stability of perovskite films. The templating strategy explored in this thesis offers
a controlled pathway for directing the nucleation and growth of perovskite films.
Future studies should aim to elucidate the mechanism of this approach, such as
how the orientation and surface energy of the templating layer influence the crystal
growth of the following three-dimensional perovskites. Meanwhile, the templating
strategy can be extended to other deposition techniques and different templating
layers. Recent studies suggest the potential of this approach in strain management,
the optimisation of wide bandgap absorption layers and its integration with pulsed
layer deposition techniques.??* 226 The findings from the molecular passivation
study further demonstrate that the structural and functional properties of organic
passivating species can be tuned through the choice of deposition methodology.
This highlights the importance of interface engineering not only at the materi-

als level but also within the broader context of process design. Furthermore, a
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thorough investigation into the irreversible photo-brightening effect on optimising
the co-evaporated perovskite film quality should be conducted to uncover the
mechanism behind defect suppression. This effect may represent a highly promising
route to significantly improve the quality of co-evaporated perovskite films and

boost device performance.
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