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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES

Physics and Astronomy

Doctor of Philosophy

OPTICAL PROPERTIES OF LEAD HALIDE PEROVSKITES FOR
OPTOELECTRONICS

by Christopher Bailey

This thesis presents a collection of work investigating the optical properties of lead
halide perovskites for optoelectronic applications. Lead halide perovskites are currently
the state—of-the—art in terms of efficiency for thin-film photovoltaics, yet they are not
fully understood and require further studies to elucidate their fundamental properties.
Firstly in this thesis, the optical constants for lead halide perovskite thin films are de-
termined using spectroscopic ellipsometry, providing important information for future
optical modelling and calculations of the electronic structure. Following this, physical
insights into the charge carrier dynamics in these materials are provided, revealing the
effects of material disorder over a large range of temperatures. In relation to the charge
carrier dynamics, the crucial topic of grain boundaries in lead halide perovskites is also
investigated, showing their detrimental effects by providing non-radiative recombina-
tion centres in perovskite materials. Lastly, an application of colloidal semiconductor
nanocrystals for perovskite solar cells is investigated, with the aim to enhance photocur-
rent in the devices. The prospect of this is shown by the successful dispersion of colloidal
CdTe core-type quantum dots in the hole—transporting layer within solution-processed
photovoltaic devices. This work is a promising advancement towards perovskite solar

cells employing additional light harvesting processes from nanomaterials.
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Chapter 1

Introduction

Fossil fuels are our primary source of energy but due to the finite reserves, it is estimated
that only a few hundred years’ supply is available at our current rate of consumption,
which is ever increasing. As the concentration of gas in the atmosphere that contributes
to global warming increases due to this fossil-fuel consumption, deforestation, and many
other factors, we are beginning to observe the unprecedented detrimental effects. One
such effect is a rise in global average temperature, with 16 of the 17 warmest years
ever recorded having occurred since 2001 [1] and a likely range of global temperature
increase of 2.0 — 4.9 °C by the year 2100 [2]. By of diversifying our energy portfolio, these
effects can be minimised and economic benefits may be enjoyed due to the use of locally
available energy resources. Renewable energy sources provide the ideal mechanism of
achieving this. For example, converting energy from sunlight at only 10 % efficiency,
using 1 % of Earth’s land area would deliver twice the world’s energy demand [3].
One solar-energy conversion technology is photovoltaic (PV) solar cells, which convert
sunlight directly into electricity. One of the major drawbacks with PV technologies is
that they are initially more expensive than many other sources of electricity. Costs for
PV systems are dropping, from over $100 per peak watt in the 1970s to now less than
$0.50 [4]. Despite this, production costs still need to continue to decrease considerably,
however there are many other factors that influence the success of PV as a renewable

energy technology. The properties that are currently targeted by scientific research and
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engineering include the energy cost of producing solar cells, the applicability of PV

systems for various scenarios, and of course, the performance of the devices.

Most PV systems that are produced, sold and implemented are based on the material
silicon. This is one of many contributions to the expense of PV systems but another
issue is the energy required to produce silicon solar cells. Although silicon is abundant,
the process to produce solar cells from raw material is very energy intensive and in most
cases it takes several years for a PV system to produce the same amount of energy
used in its production. One other major drawback of silicon-based PV is that due
to fundamental limitations (and current manufacturing techniques), the resulting solar
cells are relatively thick (several pm is required, but in practice > 100 pm is used). As
a result, silicon photovoltaics cannot provide the solution to applications that require
flexible or semi-transparent devices. However, emerging ‘thin-film’ technologies aim to
fill this gap, using different photovoltaic materials that can be used to manufacture
solar cells, with entire devices being on the order of 1 pm in thickness. A group of
materials called ‘perovskites’ have emerged in the field of thin-film photovoltaics in the
past decade. Perovskite is the name given to the family of materials that share the
crystal structure of calcium titanate (CaTiOs3). Many of these materials have gained
recent interest in the fields of optoelectronic devices such as solar cells [5], light emitting
diodes [6], photodetectors [7] and lasers [8, 9]. They have the general chemical formula
of ABX3, where A can be an inorganic or organic cation, B is a smaller metal cation
and X is an anion bonding to both. For photovoltaic (PV) applications, A is usually
methylammonium ‘MA’ (CH3NH3"), formamidinium ‘FA’ (CH(NHy)21) or Cs™, B is
Pbo™ or Sno™, and X is a halide such as I=, CI~ or Br~. Methylammonium lead
iodide or MAPbDI3, with the formula CHsNH3PDblg, is the archetypal perovskite material
pertaining to PV. MAPbI3 was first reported in the cubic perovskite phase in 1978 [10]
but it was not until 2009 that the first solar cell was reported using MAPbI3 as the
absorbing layer [11]. Since, the power conversion efficiency (PCE) of perovskite solar
cells has inclined rapidly with the record device now reaching a PCE over 25 % [12],

with state-of-the-art devices comprised of mixed-cation, mixed-halide perovskites.

Entire perovskite solar cells (PSCs) can be fabricated to be < 1 pm thick due to the high
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absorption coefficient of the active layer [13, 14] and can be entirely solution-processed
at low temperatures. Their success as solar cell materials is owed to these factors and
also other factors such as the high yield of free charges following photo-excitation, slow
charge recombination, and excellent ambipolar charge transport properties [15-17]. Ad-
ditionally, the optical bandgap of perovskites can be tuned between 1.30 — 2.30 eV by
varying the X-site halide or A-site cation content [18-23], providing the potential for
perovskite tandem solar cells utilising a larger portion of the solar spectrum. This can
be achieved using more than one layer of perovskite of varying composition [24-26] or
combining a perovskite absorbing layer with an absorbing layer of a different material.
The latter have been fabricated using silicon for example, with a record PCE of 28 %
[12, 27-30] and also copper indium gallium diselenide (CIGS) with > 20 % PCE [31-
33]. Wide-bandgap perovskites also present an application for building-integrated PV,
as modules can be made transparent to a portion of the visible spectrum and hence

integrated with windows [34-40].

Since the emergence of perovskite solar cells, device performances have improved pre-
dominantly via empirical research, with studies of optimisation of fabrication techniques
leading the progress. As a result, the understanding of the science underpinning the suc-
cess of the technology has naturally taken the back seat and hence is currently lagging
behind. However, when the technology begins to approach the theoretical limit of its
performance, an exhaustive comprehension of the fundamental mechanisms responsible
for its success will be come of greater importance. Moreover, the unique science of
perovskites can be of interest to other fields of optoelectronics and also fundamental

semiconductor physics.

Another broad group of materials of interest to PV are those that have at least one
dimension on the manometer scale, known as ‘nanomaterials’. Particular examples
that have been applied to photovoltaic technology include semiconductor nanocrystals,
plasmonic nanoparticles and upconversion nanoparticles. In general, these examples
of nanomaterials have desirable optical properties relating to PV that are unique to
their material class. Nanocrystals for example have high absorption cross-section and

the ability to tune their optical energy-bandgap by varying their size only. Spherical
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nanocrystals that are deposited from a colloidal solution, known as colloidal quantum
dots (CQDs) have been implemented with limited success in solar cell technologies with
the active layer exclusively comprised of QDs. CQD solar cells are limited by their charge
transport properties which are hindered by insulating molecules surrounding each QD,
necessary in most cases to prevent aggregation of material when dispersed in a liquid

solution. Hence, the world record PCE for QD solar cells is just 16.6% [12].

Another approach is to utilise the optical properties of nanotechnology and the pro-
ficient charge-transport properties of bulk semiconductors to form hybrid-technology
optoelectronic devices [41]. Nanocrystals have been hybridised with bulk semiconduc-
tors in solar cells where processes such as luminescent down-shifting (LDS) and resonant
energy transfer (RET) have been utilised to convert higher energy photoexcited states to
lower energy excited states. The nanocrystals can by used to absorb light and transfer
the energy non-radiatively via RET or radiatively via LDS to the bulk semiconductor
PV material. Due to the tunability of the nanocrystals, light from any portion of the so-
lar spectrum can be efficiently harvested, regardless of the spectral response of the bulk
PV material. Such principles have been demonstrated for inorganic PV devices [42-44]
and also light-emitting diodes [45, 46], where the principles are reversed; the superior
electrical properties of bulk semiconductors are exploited to inject charge into the highly
emissive nanocrystals. A similar approach has also been adopted for upconversion and
plasmonic nanoparticles. The former are used to convert multiple lower energy photons
to a photon with higher energy, optimised for absorption by the bulk PV material in a
device [47] whereas the latter are used in devices to increase photon scattering in the

plane of the device [48].

1.1 Thesis Structure and Style

This thesis is comprised of nine chapters in total, with four covering the main experi-
mental research work carried out during this PhD project. The writing style changes

accordingly throughout the thesis, switching between the active and passive voice. The
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research chapters use mainly the active voice, since this is more appropriate when report-
ing results, especially from collaborative work. Each of these chapters begins with an
introduction, then several sections that essentially comprise the results and discussion,

lastly finishing with a conclusion and note on contributions.

Chapter 2 is an introduction to the science of PV, highly relevant to the later chapters.
Starting with bulk semiconductors, the chapter continues through to the physics of full
PV devices.

Chapter 3 follows from the theoretical background by a reviewing the literature asso-
ciated with perovskite materials for PV, which has become a very rich, diverse, and
currently highly active research field. This is necessary as the reader may be unaware of
the major differences and uniqueness of perovskite materials in comparison to traditional
semiconductors. Moreover, there have been many recent advances in both theoretical
and experimental work surrounding this material confined mainly within past decade,

which are worth covering.

Chapter 4 covers the experimental techniques and processes that are utilised in sub-
sequent chapters. All the techniques mentioned in the later experimental chapters are
touched on, with more in-depth sections for those most important for the experiments

in the thesis.

Chapter 5 is the first experimental research chapter of the thesis. Here, spectroscopic
ellipsometry and spectrophotometry is used to identify optical transitions in MAPDbI;
thin films and determine the optical constants over a wide spectral range. The work
provides the reader with a step-by-step process of analysing ellipsometry data for thin
absorbing films such as MAPbI3. The work provides important information relating to

the band structure of MAPbI3 and the potential applications of the material.

Chapter 6 presents a study of the charge carrier recombination in lead halide perovskite
thin films. It is the first chapter in which the photoluminescence properties of perovskites
are studied. In the chapter, absorption spectroscopy is used to show that there is a
coexistence of structural phases in MAPbIs_,Cl, at low temperatures. The data from

these experiments is further analysed to determine the binding energy for excitons in the
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material across a range of temperatures. A model is produced to describe recombination
of free carriers and excitons, showing that both are subject to trapping and re-excitation
via shallow traps. This provides an explanation for unusually long lifetimes observed in
lead halide perovskites. Analysis of the trap-state density versus temperature suggests
that their main origin is a consequence of disorder, which is increased at temperatures

close to the phase transition.

Chapter 7 follows from chapter 6, where the photoluminescence properties are observed
in more detail. The effect of grain boundaries on the photoluminescence properties is re-
vealed by utilising scanning near-field optical microscopy to map the photoluminescence

on a nano-scale.

Chapter 8 is the final experimental chapter, outlining subjects of future research. Col-
loidal inorganic semiconductor QDs are applied to inverted planar perovskite solar cells.
Photovoltaic devices using a PEDOT:PSS/QD hole-transporting layer are fabricated,

with an enhancements observed compared to reference devices without QDs.

Chapter 9 marks the end of main body of the thesis, summarising the work and providing

an outlook on the research.



Chapter 2

Theoretical Background

2.1 Bulk Semiconductors for Optoelectronics

A semiconductor is a type of solid with electrical conductivity lying between that of
a conductor (i.e. metal) and an insulator. Semiconductors are the most important
materials for optoelectronic devices, including solar cells. Therefore the science of semi-
conductors is a natural starting point for understanding the properties of photovoltaic
(PV) materials and ultimately the design of the devices. In solar cells they are used
as the active layer where light is absorbed and charge is generated. They are also used
as the charge extraction layers, allowing electrical energy to be used in an external cir-
cuit. This section introduces some basic concepts of semiconductor physics, which will
be prerequisite for the next section and later chapters. Semiconductors exist in many
forms and can be comprised of many different chemical compounds. Semiconductors
may be elemental such as silicon, the most well-known and applied semiconductor, or
carbon in many different forms such as fullerenes and nanotubes. They may also be
inorganic compounds such as GaAs or CdTe, or organic compounds such as regioreg-
ular poly(3-hexylthiophene-2,5-diyl) (P3HT). These all have a range of different periodic
(crystalline) structures, giving rise to delocalisation of electrons and hence conductivity.
Yet they differ from metals as their conduction and valence energy bands do not overlap

(Figure 2.1), as will be explained in the following sections.
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Figure 2.1: Energy bands in solids. Solid materials can be grouped in to
three categories depending on their electrical conductivity. Insulators low con-
ductivity, with a large gap between the conduction and valence bands. Conduc-
tors have the high conductivity and their valence and conduction band overlap.
Semiconductors are have intermediate values of conductivity, with a moderate
gap between their conduction and valence bands, usually falling between the
infrared and ultraviolet photon energies.

2.1.1 Electronic Structure

The major distinguishing feature of semiconductors is the presence of energy gaps (the
bandgap) in their electronic structure that can be observed experimentally from exci-
tation spectra. This means that a material will only absorb photons that have an energy
equal to or greater than the width of the gap. Although insulating materials also possess
an energy gap, their conductivity at room temperature is significantly lower due to the
larger width of the gap. Semiconductors are defined conventionally as materials with
resistivity in the range of 1072 — 10? © cm or materials that possess an energy gap of 0
— 4 eV [49]. Hence, most of the interaction between semiconductors and light occurs in

the ultraviolet, visible and infrared portions of the electromagnetic spectrum.

By close examination of the energy-band structure of a material, many fundamental
properties and much of its behaviour can be understood. Quantum mechanics provides
a suitable description for the interactions of electrons in a semiconductor with a periodic
potential, such as that found in a crystalline material. However, solving the many-body
problem for the large number of electrons in such solids is not possible, so group theory

is utilised for this analysis. By combining this mathematical tool with some major
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approximations, various computational techniques can be used to calculate electronic
band structures. The choice of approximations is crucial and should depend on which
properties are to be investigated. Methods using very few approximations have been
developed that can calculate the resulting energy from all interactions between particles
in a crystalline system. These ”ab initio” techniques have proven successful for both

predicting and providing explanation for optoelectronic properties of semiconductors.

An example of a commonly used approximation is the Born-Oppenheimer approx-
imation. Since the ions in a crystal are far heavier than the electrons, they vibrate
much more slowly (at a lower frequency), typically less than 10'3 s=! [49]. In order to
excite electrons in a semiconductor, an energy greater than the bandgap is required.
This is on the order of 1 eV for most semiconductors, corresponding to a frequency of
10'® s~!. Using this as an estimate for the response time for electrons, the ions can
be considered stationary from the perspective of the electrons. The ions only interact
with a time-averaged adiabatic electronic potential. Considering this approximation,

the Hamiltonian of an ideal crystal is the sum of three terms:

A~

H = ﬁions(Rj) + ﬁe(riy RjO) + ﬁefions('riv 6Rj)a (21)

where R; is the position of the jth ion and r; is the position of the ith electron.
Hions (R;) is the contribution from the total ionic motion, I:Ie(ri, Rj)) is the electronic
Hamiltonian with stationary ions in their equilibrium positions Ry and He ions (ri,0R;)
is the electron—phonon interaction arising from the change in energy caused by movement

of ions 0 R; from the equilibrium positions. Importantly, the electronic Hamiltonian is

given by
2 2 2
N D; 1 / € Zje
H.(ri,Rjp) = L — -7 — ’ 2.2
e(r; ]) : 2mi+2;4ﬁeo|ﬂ—7’i” ;47T60|Tz‘_Rj0| (22)

Here, p; is the momentum operator for electrons, m; is the mass of the electron, Z;
is the atomic number of the nucleus and Y ' denotes a summation only over pairs of

non-identical indices.

The final major approximation is that all electrons experience the same average potential
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V(r) (the mean-field approximation). As a result, the Schrédinger equation for a single

electron becomes:

2

p
L V(r) ) tnlr) = Bt 23)

Heytpn(r) = <

where H,; is the single-electron Hamiltonian, 1, (r) is the wavefunction eigenstate and
E, is the corresponding energy eigenvalue. To obtain these energy states, V(r) must
first be calculated. This can be achieved using various approaches with knowledge of
the geometrical symmetry of a crystal. Self-consistent approaches including Hartree
or Hartree-Fock are more complicated whereas simpler methods consider a periodic

arrangement of screened Coulomb potentials.

2.1.2 Energy Bandgap and Transitions

There are essentially two main categories of band structure calculations. The first group
of methods involve adding terms to the periodic electronic potential as perturbations.
The weak periodic potentials are called pseudopotentials and therefore these methods are
known as pseudopotential methods. The second category of techniques starts from
the atomic orbitals of the atoms that form the solid. The orbitals positioned at every
atom site are summed over in the crystal and the interaction between neighbouring sites
is considered and hence the wave function overlap is the perturbation. These methods
include the linear combination of atomic orbitals (LCAO) and the tight-binding

method.

Regardless of approach adopted, it is found that electron states in a periodic potential
form bands of energy that may have gaps between, where no states exist. The eigenstates

of the electrons in a periodic potential are referred to as Bloch waves, given by
Or,i(r) = €* up(r), (2.4)

where

Uk,i(1) = upi(r)(r + R), (2.5)
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k is the wavevector and 7 is the index of the energy band. The Bloch waves are hence a
product of a plane wave and a lattice periodic term wuyg ;(r). The periodicity allows the
dispersion relation (E versus k) to be reduced to the first Brillouin zone (primitive cell
in the reciprocal lattice). The extrema of energy bands tend to lie in the centre and the
edges of the Brillouin zone. The energy bands are most often approximately parabolic

at the extrema, shown in Figure 2.2. Band calculations of semiconductors result in a

Direct Indirect
Bandgap Bandgap

Conduction

Band
Phonon /
Energy
Bandgap P\I::J/::;
"""""""" Valence
Band
E (k)

L..

Figure 2.2: Dispersion for direct- and indirect- semiconductors. The
allowed energy levels in a semiconductor form almost continuous bands of levels,
separated by a gap of forbidden energy values. Indirect-bandgap semiconduc-
tors allow electronic transitions between bands via absorption or emission of
phonons. Indirect-bandgap semiconductor transitions require phonon absorp-
tion or emission additionally, due to momentum conservation.

formation of a gap in the allowed energy levels for electrons in a semiconductor. Bands
of energy levels form with very little energy difference between the discrete states they
contain and thus the bands can be treated as almost continuous, with electrons able to
occupy any energy within the band. However, only two electrons of different spin may
occupy each state (Pauli’s exclusion principle). The bands of energy above the gap are
referred to as the conduction bands since electrons that occupy states within the band are
mobile and hence can contribute to conduction. The bands below the gap are referred to
as valence bands since they are comprised of states belonging to valence electrons. The
gap forms at the Fermi level (Ef), between the absolute conduction band minimum and

valence band maximum. The Fermi level is an energy level that has a 50% probability of
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being occupied by an electron at any given time at thermal equilibrium. However, if the
Fermi level lies within the bandgap such as in a semiconductor, an electron is forbidden
from occupying it of course, which renders the Fermi level only a statistical entity. At
zero temperature, the energy states of the valence band should be completely occupied
by electrons and the conduction-band states empty. Since electrons are Fermions, they
obey Fermi-Dirac statistics and their energy distribution is therefore given by the Fermi-
Dirac distribution, f(E) at thermal equilibrium:

1

HE) = o mrist 1 1 (2.6)

The distribution is a function of the temperature, T and the Fermi level, Er, and also
includes Boltzmann’s constant, kg. Since the Fermi energy lies within the bandgap for
semiconductors, the population of energy states within the conduction band will zero at
zero temperature, and can only become occupied non-zero temperatures (Figure 2.3).

Semiconductors can have the ability to absorb and emit light, transferring energy be-

A
f(E)=0 fE)=0
- Conduction - Conduction
o Band o Band
@ Q
c c
L L
----------------- Ep
fE)=1 fE)=1
| > | >
T=0K f(E) T>0K f(E)

Figure 2.3: Effect of temperature on the occupancy of states in a
semiconductor. At zero temperature, all electrons occupy states in the va-
lence band only. As the temperature is increased, the Fermi-Dirac distribution
dictates the occupancy of electrons and can be non-zero in the conduction band,
allowing electrons to occupy states within it.

tween photons, electrons and phonons within the material. If photons have sufficient

energy, they may excite electrons from energy states in the filled valence bands to states
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in the empty conduction bands. Therefore, optical spectroscopy measurements of semi-
conductors are can be used effectively to gain an insight to their electronic properties.
Often photons can also interact with phonons and with charges localised on defects,
which can also be investigated via optical spectra. Their optical properties are the basis

of their applications as optoelectronic devices.

A material is referred to as a direct-bandgap semiconductor if its absolute conduc-
tion band minimum lies at the same k as the valence band maximum. This is often
at the I-point (i.e. k = 0) of the Brillouin zone. Semiconductors for which this is not
the case (energy band extrema lie at different k value) are said to have an indirect
bandgap. Semiconductors with a direct-bandgap can absorb and emit photons easily.
The reason for this is that electronic transitions between band extrema via only photon
interactions are allowed, since photons with energies similar to the bandgap energy have
almost no momentum on the scale of the Brillouin zone. Hence the transition is almost
purely a transfer of energy, given by a vertical transition, as depicted in Figure 2.2.
For an indirect-bandgap semiconductor to absorb or emit photons, momentum must be
contributed to (or transferred from) the electron for the transition to occur. This is
usually facilitated by electron—phonon interactions and is one of the many ways tem-
perature plays an important role in the behaviour of semiconductors, regarding their

optical properties.

2.1.3 Fermi’s Golden Rule

Fermi’s Golden Rule has importance in semiconductors regarding electron transitions
as most cases can be described using this approximation, which is based on first order
perturbation theory. Fermi’s Golden Rule for the the full quantum mechanical transition
rate and states that the probability per unit time of a transition from an initial filled
state |i) with an energy E; to a final empty state |i) with energy E; with an energy

difference of F due to the result of a perturbing Hamiltonian H' is given by

27

TG H | )P3(Br — B + B). (2.7)
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The bracketed term is a matrix element coupling initial and final states, describing the
interaction under perturbation from a light field, phonon interactions, carrier interac-

tions etc.

Band-to-band transitions occur during free-carrier generation and recombination. In
a perfect direct-bandgap semiconductor only radiative recombination occurs since this
is the only thermodynamically unavoidable form of recombination, as discussed in the
following section. In indirect-bandgap semiconductors, such as silicon and germanium,
electron—hole pairs can recombine radiatively only via phonon-assisted transitions due
to the difference in wavevector between the conduction band minimum and valence band

maximum.

If 7, is the lifetime of an electron and a hole before radiative recombination occurs and
the free electron and hole concentrations are, n. and nj respectively, then the rate of

photon emission following recombination is nenp /7.

2.1.4 Free Charges and Excitons

The Coulombic interaction of electrons and holes with the same wavenumber gives rise
to bound states called excitons, manifested just below the conduction band. From the
hydrogenic effective mass equation in a crystal potential, the binding energies for exciton
states are given by

* 2
EB — H EORY

2.8
P (2.8)

where p* is the reduced effective mass of the electron—hole pair, €, is the dielectric

constant (relative permittivity) of the material, €y is the permittivity of free space, R,

is the Rydberg energy and [ = 1,2, 3... is the angular momentum quantum number.

The exciton binding energy, Ep in optoelectronic materials is an insightful value,
since it determines the type of charge carriers that are predominant in the material un-
der given conditions. The type of charge carriers generated by absorbed photons within
photovoltaic materials affects both the electrical and optical characteristics significantly.
If the exciton binding energy is large (excitons are tightly bound), the carriers formed

are termed Frenkel excitons. Frenkel excitons typically have exciton binding energies
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> 100 meV and as a result may be observed at room temperature, where thermal energy
is 26 meV. The types of carriers typically found in bulk (non-spatially confined) inor-
ganic semiconductors at room temperature are free electrons and holes or weakly-bound
excitons, known as Wannier—Mott excitons. This is due to their large dielectric con-
stant, screening the coulombic interaction between electrons and holes; examples include
group IV semiconductors such as silicon (Eg = 14.7 meV) and compounds such as GaAs
(B = 4.2 meV) [50]. As a result, Wannier-Mott excitons are usually only observed at
low temperatures in most bulk inorganic semiconductors. However, strong interaction
in some ionic crystals mean that Frenkel excitons can actually exist, being localised to

individual or two nearest-neighbour unit cells (Figure 2.4). Photo-generated carriers in

Frenkel Exciton

O
O
O

00000
OO0O0O000O

g

00O

O00000O
OO00QO0O
OO0

ier-Mott Exci

=
o
S
=
o
o
—
o
3

O
ogo

Valence
Band

00000
OLOVWO
@OgOO

¥

00000

@)
O
O
O
O
O

Figure 2.4: Types of excitons in semiconductors. Exciton states exist
at energies just below the conduction band. The exciton binding energy is the
energy difference between the conduction band and first exciton state. Frenkel
excitons are often localised to individual unit cells, whereas Wannier—-Mott ex-
citons can span several unit cells.

organic semiconductor materials for photovoltaics such as P3HT, PCBM and PCDTBT
manifest as Frenkel excitons, typically localised to individual molecules or unit cells of

a molecular crystal.
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2.2 Absorption and Emission Processes

2.2.1 Elliott’s Theory

Elliott’s theory describes the intensity of optical absorption of direct bandgap semicon-

ductors near the band-edge. According to the model, the absorption coefficient is given

by [51],
A [ X 4nE? Ep 21/ 52

aB)y=2|Y —B5(E- (Ea- + e 9(E — Eg)
E n=1 n? n? 1 —exp (—271' Eiﬂ%c)

(2.9)
where F is the photon energy, A is a scaling factor that accounts for the transition dipole
moment (1,|qr|t)?, Ep is the exciton binding energy and Eg is the bandgap energy.
The theory encompasses the contribution of absorption of photons by both exciton states
within the bandgap, and also via band-to-band transitions. The former is characterised
by a series of delta functions due to the discrete nature of exciton transitions. The band-
to-band (free-carrier) absorption is described by a step function, proportional the square
root of the photon energy for all real values of \/m and zero elsewhere. This
function represents the joint density of states in a direct bandgap semiconductor.
Figure 2.5 shows the typical shape of equation 2.9, where the transitions are broadened

due to electron—phonon interactions at non-zero temperatures.
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Figure 2.5: Elliott’s theory for absorption in direct-bandgap semi-
conductors. Elliott’s theory describes the absorption coefficient in terms of
exciton and band-to-band transitions. The delta and step-like functions given
in equation 2.9 are broadened due to electron—phonon interactions.
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2.2.2 Photoluminescence

Photoluminescence is the spontaneous emission of light following the absorption of

light, shown in Figure 2.6. If a photon with above-bandgap energy is incident on semi-

Thermalisation

Ne/

VW\» VWA Eg
Photon Photon
aiabk Bl ~SEb bbb E,

Thermalisation

Figure 2.6: Principle of photoluminescence. A photon is absorbed and the
energy is transferred to an electron. The electron transitions to the conduction
band and thermalises to the band edge via phonon emission. The electron—hole
pair recombines and emits a photon.

conductor, the photon can be ‘absorbed’ and the energy is transferred to an electron
which transitions from the valence band to the conduction band. This process forms a
free electron—hole pair, which may then form an exciton, depending on the material and
conditions. The electron will transition to a state at some energy above the conduction
band edge (FE.), depending on the energy difference, AE between the absorbed photon
energy, E,, and the bandgap energy, Eg (AE = Ep, — Eg). The electron at the en-
ergy E. + AFE will then transition to a state close to the band-edge (depending on the
occupancy of states), transferring the additional energy AFE to phonons via a process
called thermalisation. The same process occurs with the hole in the valence band, and
hence the thermalisation energy AFE is actually split between the free electron and hole.
The electron at the band edge may then recombine radiatively with a hole to emit a

photon of lower energy than the one absorbed. If the electron—hole pair instead formed
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an exciton, the principle is still the same, except instead of thermalising to the band

edges, they form an exciton state with energy less than Eg before recombining.

The spectral intensity of the photoluminescence for a direct-bandgap semiconductor,

with a joint density of states given by /(Epn — Eg) is given by [49],

IpL(Epn) o< £/ (Epn — Eg)e Pen=Fa)/(keT) (2.10)

for E,, > Eg, where Ey, is the emitted photon energy. However, a Gaussian distribution

is often used as a method to characterise the linewidth of the transition.
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Figure 2.7: PL spectrum of GaAs due to a band-to-band transition.
PL spectrum of GaAs following a band-to-band transition (dashed line), mea-
sured at room temperature and at 29.4 kbar. The solid curve is a plot of 2.10

with 7' = 373 K [49).

2.2.3 Shibata Model

For any semiconductor, the intensity of photoluminescence will vary with the excitation

intensity. For direct bandgap semiconductors, Schmidt [52] and Shibata [53] describe
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a model for the dependence of photoluminescence on excitation intensity. The model

considers various possible transitions between different states, outlined in Figure 2.8 and

Energy
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Figure 2.8: Recombination transitions affecting photoluminescence
intensity. The various forms of recombination that effect the excitation inten-
sity dependence of photoluminescence in direct-bandgap semiconductors, con-
sidered in the model by Schmidt. Recreated from ref [52].

uses the following set of coupled rate equations:

d
d—TtL =iL —an® — gn(Np — Npo) — enN 4o,
d 1
IR =an® + 4L — | — + nrg — bnreNpo — enrp N 4o,
dt TFE  Tpp
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dnAX 1 1
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In these equations, Np and N4 are the total concentrations of donor and acceptor
states, N and NG are the concentration of neutral (occupied) donors and acceptors,
7rg and Ty are the radiative and non-radiative recombination rates for free excitons,
TDX,Thys TAX,T4x are the radiative and non-radiative rates for donor- and acceptor-
bound excitons, ngg,npx, and n4x are the concentration of free and bound excitons,
and L is the excitation intensity. The coefficients a—h represent the strength of the tran-
sitions shown in Figure 2.8, ¢ is the strength of the non-resonant excitation transition,

Jj is the strength of the resonant excitation transition (free-exciton generation)

Upon analysis of equations 2.11-2.16, it is found that the excitation intensity L relates
to the observed photoluminescence intensity I with a power law given by I oc L%,
where x depends on the nature of the recombination. Providing the excitation has
Eyn > Eg (non-resonant excitation), x = 1-2 is indicative of free- and bound- exciton
recombination, whereas < 1 corresponds to trap-assisted recombination (see section
2.3.2). Under resonant excitation (Ep, = Eg), the coefficient « for free-exciton emission

becomes equal to 1.

2.3 General Principles of Photovoltaics

The photovoltaic effect is a process that converts light energy directly to electrical energy.
This can be understood from the perspective of the quantum theory of light, where
photons are absorbed by electrons in their ground state. The photon energy is transferred
to excite electrons to higher energy states, in which they are mobile. In order to make
use of this energy, the electron must be extracted while it is still in the excited state,
before it relaxes to the ground state and loses its energy gained from the photon. Since
the main application of photovoltaic devices is converting sunlight energy to electricity,
they are often referred to as solar cells. The key group of materials for solar cells
are semiconductors, as with many electronic devices. There are many reasons why
semiconductors are used, as discussed in the previous chapter. To form a photovoltaic
device, usually several layers of semiconductor material are used. They can be the same

material stacked adjacently (homojunction), often with different Fermi-energy levels
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Figure 2.9: The AM1.5 global solar spectrum.

due to doping or they can be two different semiconductor materials (heterojunction).
A solar cell is a device that can absorb photons and ultimately separate free electrons
and holes so they can be used in an external electrical circuit. There may be intermediate
steps involved, which are discussed in subsequent sections. Solar cells can be connected

together in arrays to form solar cell modules.

A solar cell generates a voltage across its terminals and will provide a flow of current
providing that it is connected in a circuit with a non-infinite load resistance. The voltage
developed when the terminals are isolated (or connected to an infinite load resistance)
is called the open-circuit voltage, V,.. The current flowing when the terminals are
connected is called the short-circuit current, I ., although it is common to refer to
the short-circuit current density Js. instead since this is independent of the area of the
solar cell (which can vary greatly between devices). The short-circuit current generated
by a solar cell is directly proportional to the intensity of light absorbed by it. In the dark
a solar cell behaves like a regular diode, permitting current flow in only one direction
(forward-bias) with a non-linear resistive response. A very small current flows when
the polarity is reversed (reverse-bias), called the reverse saturation current Iy (or re-
verse saturation current-density Jy). The additional photocurrent provided by absorbed

photons acts to shift the diode response by an amount equal to the photocurrent. The
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current density for an ideal diode in the dark as a function of voltage V is given by
Jaark(V) = Jo(e?V/ksT — 1) (2.17)

where ¢ is the elementary charge, kp is the Boltzmann constant and 7" is the temperature
in the Kelvin scale. If we take the photocurrent to be positive, the net current density

can be found by summing the dark current and the photocurrent densities,
J(V) = Jse(V) = Jaark » (2.18)
which after inserting 2.17 becomes
J(V) = Jee(V) = Jo(e®/FsT — 1) . (2.19)

The open-circuit voltage V. occurs when the net current is zero, and hence is given by

kpT (JSC >
Voe = ——1In | Z¢ 41 2.20
. 7 (2.20)

from 2.4. The current—voltage curve for a solar cell is shown in Figure 2.10. The short-

circuit current acts to shift the curve downwards when the solar cell is illuminated.
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Figure 2.10: Current—voltage behaviour of a solar cell. A solar cell
behaves as a regular diode when not illuminated. When the cell is illuminated,
the diode response is translated downwards by an amount equivalent to the
short-circuit photocurrent. This amount is proportional to the incident light
intensity.
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A solar cell can therefore be modelled electrically as a diode in parallel with a current
generator (Figure 2.11). With the diode effectively providing the photovoltage, acting

as a potential divider with the load.

CD Rsh Vv

Figure 2.11: Shockley equivalent circuit for a solar cell. A solar cell
can be effectively modelled with a current source in parallel with a diode. The
series and shunt resistances can be modelled as lumped elements.

The power-conversion efficiency of a solar cell is given by the ratio of the maximum
electrical power produced by the solar cell and the power of the incident sunlight (or

the power densities):
Vmax Jmax

PCE =
Pil’lC

(2.21)

Vinax and Jyax are the voltage and current density at the maximum power point respec-
tively and Py is the incident power per unit area of the sunlight. Ideally, a solar cell
will have values of Vi.x and Jyax that are identical to V. and Jg but in practice this

is impossible. The ratio
Vmaxjmax

FF =
VOC ']SC

(2.22)
is called the fill factor. A fill factor of 100% would result in a square-shaped J-V curve.
The four values Vi, Jsc, FF and PCE are the main figures of merit for solar cells.

Another important metric for PV devices is external quantum efficiency (EQE),
which gives the photon-to-electron conversion ratio as a function of photon energy for

light incident to the device by,

electrons/second Iy /e

EQE = (2.23)

photons/second ~ Pie/hv’
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where I is the photocurrent, Py, is the optical power incident on the device and hv
is the photon energy. An EQE measurement system uses monochromatic light at a
given intensity and measures the short-circuit current as a function of photon energy.
The theoretical short-circuit current Iy, for a device under AM1.5G illumination can be

calculated from the EQE spectrum using,
Iy = q/qb(E)EQE(E)dE, (2.24)

where ¢(FE) is the photon flux spectrum (Figure 2.9) as a function of photon energy FE.

Real solar cells have both resistance to current flow through the device and also leak-
age currents between the contacts. The first can be modelled using a non-zero series
resistance as a lumped component in the equivalent circuit and the second a finite
shunt resistance. The main effect caused by these resistances is a reduction of the fill
factor. The series resistance arises from the internal resistance of the materials in the
device, including the contacts. The extra resistance produced by the non-ideal contact
between any layer also contributes to the series resistance. In the extreme case of high
series resistance, the short-circuit current is reduced, whereas it does not affect the open-
circuit voltage. The shunt resistance should be ideally infinite, however current may flow
between contacts either directly though leakage pathways in the device or around the
device layers. The extreme case of low shunt resistance lowers the open-circuit volt-
age but does not affect the current at short-circuit conditions. Figure 2.11 shows the

equivalent circuit with series and shunt resistances added. The diode equation becomes

_ V+JAR,

J(V) = Jee(V) = Jo(edH/ARI/IBT _ 1) =
P

: (2.25)

where R; is the series resistance, R, is the shunt resistance and A is the active area of

the solar cell.

The maximum efficiency of a solar cell is dependent on the bandgap of its absorbing
material, given by the Shockley—Queisser limit (Figure 2.12) [54]. The optimum
bandgap is 1.4 eV and results in a theoretical maximum PCE (maximum PCE of a

single-material active-layer device) of 33% for the solar spectrum [55].
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Figure 2.12: Shockley—Queisser limit. The theoretical efficiency limit of
PV technologies as a function of material bandgap.

2.3.1 Generation

Charge generation is crucial to photovoltaics and is the main purpose of a device. Gen-
eration in a semiconductor is a process of electronic excitation, producing a free-carrier
pair or exciton. Recombination is the relaxation process, where the energy is transferred
from the excited state to a photon (radiative recombination), phonon (non-radiative re-
combination) or the kinetic energy of another charge carrier (Auger recombination), as
discussed in the following subsection. The input energy of generation also comes from
these processes. The most important form of generation for solar cells is of course where
the input energy is from a photon (photogeneration). Providing that the photon energy
is above the bandgap of the material, an electron can be excited from the valence band
to the conduction band. Alternative processes include excitation from the valence band
to a localised state within the bandgap or from a localised state to the conduction band.

The first produces only a mobile hole and the latter only a mobile electron.

The amount of charge generation will depend on the incident light intensity and spec-
trum, the bandgap energy of the material and temperature (particularly for indirect
bandgap semiconductors). The amount of energy absorbed is not important for genera-
tion but instead the number of excitation events. Photons with above-bandgap energy
may transfer the surplus energy to the electron but will quickly be lost. The electron

relaxes to the conduction band edge via a process known as thermalisation. The electron
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loses its extra energy (kinetic energy) by undergoing multiple collisions with the lattice,
hence transferring energy to phonons. This process occurs on the order of picoseconds
[55], meaning that the energy is lost before the carrier can be extracted. There is much
research devoted to extracting the energy from electrons before thermalisation; solar

cells with this capability are known as ‘hot carrier’ solar cells.

2.3.2 Recombination

Charge-carrier recombination in semiconductors is an important factor for electronic
devices. Recombination in solar cells is an essential process as photogenerated electrons
that do work in an electrical circuit containing a solar cell will at some time then re-
combine with holes in the device, for example in a hole-transporting layer. However,
recombination that occurs before carriers are extracted may limit the amount of charge
and hence current that can be extracted from the absorbing material. The most pro-

nounced effect of recombination is on the voltage produced by a solar cell.
The recombination of charges n in a semiconductor can be given by the equation,

C(li—:: =G — R(n), R(n)=Fkn+kyn® + ksn’. (2.26)

Here, G is the generation rate, R(n) is the recombination rate, n is the number of mo-
bile charge carriers and k1, ko, and k3 represent components of the recombination rate
associated with three different processes. kp is the rate associated with the recombina-
tion of excitons or recombination that is assisted by a trap state within the energy gap.
This is commonly referred to as monomolecular, trap-assisted or Shockley—Read—
Hall recombination. This mechanism is a form of non-radiative recombination in
a semiconductor, and may also result in further recombination of the trapped carrier
with carriers in the band edges. ko is related to the recombination of electrons and
holes, which is often radiative recombination resulting from band-to-band transitions.
This is often referred to as electron—hole, band-to-band or bimolecular recombi-
2

nation, since it is dependent on both the electron and hole densities nen;, = n*. The

last process, related to k3 involves the interaction of three carriers. An electron may
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recombine with a hole and transfer kinetic energy (and momentum) to a third carrier,
where further phonon emission or absorption may occur. This is referred to as Auger or
trimolecular recombination [56]. It is strongly dependent on the charge carrier density
and usually not observed at low levels of excitation. Figure 2.13 shows the different

semiconductor recombination processes. The recombination rate is of course linked to

Phonon

Band-to-Band

Figure 2.13: Schematic diagram of recombination processes in a semi-
conductor. Diagram showing trap-assisted (SRH), band-to-band and Auger
recombination. Adapted from Ref. [57].

the diffusion of charges and the charge-carrier diffusion length, Lp(n) depends on the

global recombination rate, R(n) directly as,

. (2.27)

Solar cells operate in relatively low levels of charge-carrier concentrations ~ (10'°-10'6

m? [15]); hence, k; has the largest impact on R(n) in solar cells. Impurity species
in the material or crystal defects can introduce energy states within the bandgap that
trap carriers. Therefore, a large effort is usually made to improve material quality, thus

reducing the density of defects and hence trap states.

Radiative recombination in semiconductors is an unavoidable process and is not in-
dicative of an unsuitable photovoltaic material. Counter intuitively, an ideal solar cell
material should radiate all of the light incident on it provided that it is not connected

to an external circuit (open-circuit condition) [58]. The reason for this is that radiative



28 Chapter 2 Theoretical Background

band-to-band recombination is the reverse process of mobile charge-carrier generation.
Consideration of this fact is crucial for obtaining the highest possible V¢ from a solar
cell material in the limit of a perfect (defect-free) material. The Voo relates to the
external luminescence efficiency, next (ratio of photons emitted to photons incident, or

carriers injected), by the equation,

¢Voc = qVoc—1deal — kT |In Next | , (2.28)

where Voo_1deal is the ideal Ve and T is the temperature [59, 60]. If a solar cell ma-
terial is isolated from any electrodes, energy from photoexcited electrons should ideally
be transferred to photons. Any energy not re-radiated must have been transferred via
non-radiative decay channels and hence lost. Therefore a material with high photolumi-

nescence efficiency is desirable since it indicates a lack of non-radiative recombination.

In photoluminescence measurements, an equal number of electrons and holes are excited
(as opposed to electroluminescence, where an extra minority carrier is injected). Since
the intrinsic carrier concentrations are typically low, it is usually easy to optically excite
carriers so that the photoexcited species greatly outnumber the intrinsic carriers. In
addition to radiative recombination processes, the photoexcited charge carriers can also
recombine non-radiatively with a rate of 1/monrad, Where the energy is dissipated as
heat via electron—phonon coupling. The total decay rate (1/7it) of the photoexcited
population is given by

! = ! + ! (2.29)

Ttot Trad Tnonrad

where 1/7,q is the radiative recombination rate.

2.3.3 Junctions

Photovoltaic energy conversion requires charge generation, separation and transport.
Junctions between materials with different electrical properties facilitate charge sepa-
ration in solar cells. Junctions provide the driving force to separate charges and can
do so with various different mechanisms. Some junctions utilise a built-in electric field

that is established in equilibrium due to differences in material composition. Effective
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fields can be produced by differences in work function, bandgap energy, electron affinity
and effective band density of states. An example is the p—n junction, where materials
with different carrier densities for electrons and holes are brought together, producing a
depletion (or space-charge) region. In this region, there is a built-in potential gradient
(net electric field) in equilibrium which provides the driving force. However, although
the p—n junction is the classic model for diodes such as solar cells, they are not required
for photovoltaic action. Instead, materials that prevent the transfer of one type of charge
carrier and allow the flow of the other can be used on either side of the absorber mate-

rial, as shown in Figure 2.14. This produces a gradient in carrier density of a given type
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Figure 2.14: Generic solar cell architecture. Diagram of energy levels in
an ideal solar cell employing two charge extraction layers.

(electrons or holes) at the interface and can be considered as electron or hole sinks. In

this case, a diffusion current is established.

Solar cells employing organic materials require that the excitons formed are to be dis-
sociated for charges to do work in an external circuit before recombining. Due to the
excitons having large binding energies and small diffusion lengths, organic solar cells
are confined to architectures where the average distance from a heterojunction is small

in the active layers. Another perspective is that dissociation must occur as early as
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possible following photo-generation to prevent recombination. The most successful ar-
chitecture that well obeys this notion is the bulk heterojunction. Since these materials
have non-crystalline or molecularly crystalline natures, charge transport occurs via hop-
ping between molecules across a potential-energy landscape. This is typically achieved
using a heterojunction where there is a large difference between the work function of the

two materials.
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2.4 Low—Dimensional Semiconductors

Materials with one or more dimensions less than 100 nm are often referred to as nanoma-
terials. Dimensions are often however 1-10 nm, and hence smaller than the Bohr radius
of electrons within the material. This section introduces some basic concepts of low-
dimensional semiconductor materials, with the focus on zero-dimensional (all dimensions
less than 100 nm) such as spherical semiconductor nanocrystals. Such nanostructures
are referred to as quantum dots (QDs). They may exist a features on a larger substrate,
achieved by etching or be isolated completely by coating the surface with molecules
known as ligands or surfactants. The latter are known as colloidal quantum dots, since
they are use to form colloids of QDs in a liquid solution. This makes QDs compat-
ible with ‘solution processing’ techniques; a facile approach to semiconductor device

fabrication involving the deposition of solid materials from liquids.

2.4.1 Quantum Confinement in Semiconductor Nanocrystals

The confinement of excitons in semiconductor nanocrystals can be understood from
first considering the one-dimensional case. Electron confinement in one dimension is
analogous to the the infinite square-potential (particle in a box) problem of quantum
mechanics, shown in Figure 2.15. Although this better represents the quantum confine-
ment observed in quantum wells (where electrons are confined to a 2D plane) rather
than quantum dots, it can be extended to all dimensions. The particle in a box model
involves a potential that is zero-valued between two walls and infinite outside them. The

time-independent schrodinger equation is given by,

-2y v = By, (2.30)
which for one dimension is
2OV LV @) = Bule), (2:31)

h2  Ox
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Figure 2.15: Schematic of the particle in a box.

where m is the mass of the particle, 1(x) is the wavefunction of the particle, 7 is the
reduced Planck constant, V' (z) is the potential and F is the energy of the particle. The
solution to this problem yields

n?m2h?

for the allowed energy eigenvalues, where n is an integer corresponding to the energy
state and L is width of the potential well. The result shows that the energy states are
proportional to 1/L? and thus by varying the width of the quantum well, the electronic
energy states can be tuned. Note that additionally these states no longer form continuous
bands as in bulk semiconductors, but instead form discrete levels analogous to individ-
ual atoms. Such quantum wells can be achieved by semiconductor heterostructures,
with a common example being a thin layer of GaAs sandwiched between the larger-
bandgap Al,Gaj;_;As. The result is similar when extended to electron confinement in
three dimensions which can be achieved by fabricating semiconductor nanosphere cores
surrounded by a shell of a different semiconductor. Such QDs are called core-shell QDs.
Alternatively the core can be used as a stand-alone QD, with the potential barrier pro-

vided by the vacuum energy (core-type QDs).

The dependence of electronic state energies with QD radius allows for tuning of the

optical absorption emission spectrum. The discretisation of the energy levels in QDs
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also causes the density of states to form Dirac-like functions.






Chapter 3

Review of Perovskite Solar Cells

3.1 Properties of Bulk Perovskite Semiconductors

3.1.1 Structure

Perovskite is the name given to any crystalline material with the general structure of
calcium titanate (CaTiOg). The most interesting compounds for optoelectronic appli-
cations have been lead-halide perovskites that have the aristotype framework of a cubic
structure in the space group Pm3m and a general formula of ABX3. In 1926 Gold-
schmidt proposed that a solid only forms a perovskite structure if the ionic radii Ra, Rp
and Rx conform to Ra + Rx = t\/é(RB + Rx), where t is the tolerance factor between
0.8-1 [61]. A is a large cation such as methylammonium ‘MA’ (CH3NH3"), formami-
dinium ‘FA’ (CH(NHy)21) or Cs™, B is Pby™ or another post-transition metal cation,
and X is the halide such as I7, C1~ or Br~. Methylammonium lead iodide (MAPI), with
the formula CH3NH3Pbls has been the most ubiquitously reported perovskite material

for solar cell applications.

In 2009, the first report (peer-reviewed journal article) of a solar cell with MAPT as the
active layer was published by Kojima et al. [11] and subsequently the power conversion
efficiency (PCE) of perovskite solar cells has improved with an unprecedented rate, with
the record now over 25 % PCE [12]. Perovskite materials typically adopt the psuedo-
cubic tetragonal and orthorhombic phases but can also exist in the higher-symmetry

35
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Figure 3.1: Perovskite ABXj3 structure and absorption spectra. (A)
Cubic perovskite structure. (B) Absorption coefficient spectra for perovskite
films with varying iodide-bromide ratios. Figures taken from Refs. [62] and
[63].

cubic (Pm3m) phase in certain conditions. For example MAPI adopts the orthorhombic
(pnma) phase below ~ 160 K, the tetragonal (/4/mcm) phase between ~ 160 — 315
K and the cubic phase above ~ 315 K [64-66]. Coexistence of phases is also likely,
for example spectroscopic evidence is found simultaneously of both the tetragonal and
orthorhombic phases at lower temperatures [67-69]. It has also been proposed that the
continuous phase transition from the tetragonal to orthorhombic phase in MAPI is not

possible [64].

3.1.2 Photophysics and Charge Transport

Perovskites exhibit many desirable photophysical properties, such as an easily tuned
bandgap energy close to the ideal value according to Shockley—Quiesser theory and
a high extinction coefficient for photons with above-bandgap energy. They also have
excellent electrical properties such as high charge carrier mobilities (> 30 cm?(Vs)™1),
long lifetimes [15] and long diffusion lengths (> 1 pm) [17]. The primary photoexcited
species in perovskites at typical operating conditions for PV is generally agreed to be
free charge carriers [69-72] allowing for successful use of perovskites for the planar solar

cell architecture.

A vast array of methods have been employed to investigate the photophysics of perovskite

materials, including transient/time-resolved absorption spectroscopy (TAS) [73, 74],
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time-resolved photoluminescence (TRPL) [75, 76], time-resolved infrared spectroscopy
[77], terahertz and microwave spectroscopy [15, 78], and many other specialised tech-
niques. Despite these considerations, the underlying physics of perovskite materials are
not well understood. Specific examples include the contributions of excitons to the pho-
toexcited states at different temperatures, the nature of the band structure, transitions
during generation and recombination processes, the effect of trap states and defects,
and the understanding of device operating principles. Studies of these subjects are
complicated by the sensitivity of the material properties to fabrication methods and
compositions used. The fact that there are so many reported routes to perovskite fab-
rication exacerbates this issue, although conversely shows the versatility of the material

for use in photovoltaics.

3.1.2.1 Charge Carriers

Many studies have been carried out from which the exciton binding energy of perovskite
materials can be inferred, with values ranging from 2 meV to >60 meV [72, 79-86] at
room temperature for MAPI. The reports of intermediate values for the exciton binding
energy describe a picture of photogeneration of both excitons and free carriers at room
temperature, with a ratio of ~ 1 : 10 [70]. Miyata et al. reported a value of 16
meV at low temperature, measured directly via high-field magneto-optical absorption
spectroscopy [71]. In the same study, the effective mass of MAPI was determined to
be m* = 0.104 £ 0.003m, from magnetic-field-dependent optical transitions [71], in
agreement with previous theoretical work [84]. This confirmed that the exciton binding
energy is well below kT at room temperature and hence free carriers should be generated
upon photoexcitation. However, many reports that have determined Ep using other
spectroscopic techniques have concluded the value to be larger, indicating the presence
of excitons at room temperature. The large discrepancy in these values remains yet to
be fully explained. He et al. argue that most spectroscopy studies have been carried
out with pump fluences much larger than those found in the typical operating regime
for solar cells and their results suggest that at lower fluences, the PL is dominated by

the recombination of weakly localised excitons [87].
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One method of determining the origin of PL in semiconductors is to analyse the PL
behaviour as a function of excitation fluence. According to a model introduced by
Shibata et al., based on work by Schmidt et al., the near band—edge PL following a
power law I o L*, where I is the PL intensity, L is the excitation fluence and x is the
power index, can be well described by free exciton, bound exciton, free-to-bound exciton,
donor—acceptor pair or free electron and hole transitions, depending on the value of x

[52, 53] (see section 2.2.3).

Many studies have used spectroscopy techniques using terahertz (THz) and microwave
(MW) radiation for perovskite materials. These techniques specifically involve interac-
tion with free carriers and thus the presence of free carriers has been observed by Drude-
like terahertz photoconductivity spectra [15, 75] and MW photoconductance [16, 78, 80]
in perovskites at room temperature. Despite this, at temperatures lower than ~ 200
K, a peak in the absorption spectrum at an energy lower than the bandgap has been
identified as an exciton transition [72, 88, 89]. The explanation for this is a temperature-
dependent dielectric constant that reduces the Coulombic interaction between charges.
Evidence has shown that the collective rotational motion of organic cations activated
above a certain temperature is the cause of this Coulombic screening of exciton transi-
tions at higher temperatures [81, 88, 90, 91]. Despite an excitonic feature and a large
absorption edge blueshift (100 meV) at lower temperatures, it is still found that the low-
temperature PL is centred at the absorption onset of the room temperature (tetragonal)
phase [75, 92]. Several theories for this have been reported, including the consideration
that small regions of the tetragonal phase remain at lower temperatures and most pho-
togenerated charges accumulate in or are rapidly transferred to these states due to the

lower energy conduction band of the tetragonal phase inclusions [69, 92].

3.1.2.2 Bandstructure and Rashba Splitting

Density functional theory calculations show that in MAPI, the valence band maxima are
comprised of 6s lead and 5p iodine orbitals, and the conduction band minima mainly
6p lead orbitals [93]. The organic component (methylammonium in MAPI) does not

directly contribute to the electronic band structure but is important in maintaining the
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Figure 3.2: Drude factor and monomolecular recombination rate as
a function of temperature. (A) Drude factor as a function of temperature
calculated from THz transmission data. Values of 1 indicate ideal Drude be-
haviour. (B) First-order (monomolecular) recombination rate as a function of
temperature obtained from fitting TRPL data. Figures taken from Ref. [75].

crystal structure [94]. MA possesses a static dipole moment and is free to rotate within
the unit cell [95, 96]. This is thought to cause the dielectric constant to be dependent

on temperature and electric field frequency, as discussed above [83, 88].

It is usually assumed that perovskites such as MAPI are direct-bandgap semiconduc-
tors [97], demonstrating high absorption coefficients and light emission typical in the
presence of a direct bandgap. However, one property that requires explanation for per-
ovskite materials is their slow charge recombination properties, typical of an indirect
bandgap transition via phonon emission [98]. Another surprising observation is that the
radiative recombination rate increases with temperature, suggesting that it is a ther-
mally activated process [78], whereas the opposite trend is found with direct-bandgap

semiconductors such as GaAs [99].

Many models have been proposed that describe the slow recombination in terms of
trap-assisted recombination (direct-bandgap) [76, 100, 101]. However, slow recombi-
nation is also found in perovskite single crystals where the trap-state density is very
low, suggesting that trap-assisted recombination may not be the prevailing mechanism
contributing to long recombination lifetimes [102]. From investigations to explain this
paradox, theoretical evidence has been found that perovskites may actually possess an
indirect—bandgap and that slow recombination is facilitated via an indirect transition
[91, 103-106]. This has been attributed to the collective orientations of organic cations

[91] and due to the effect Pb spin-orbit coupling (SOC) [103, 105].
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Figure 3.3: Calculated electronic band structure of MAPI. (A)
Schematic of dispersion, showing interpretation of absorption and recombina-
tion processes. The conduction bands are split around the R-point. Photo-
generated electron—hole pairs, relax to their respective band edges forming a
quasi-equilibrium distribution of carriers. The excess electrons and hole popu-
lations can recombine radiatively without phonon assistance if the transitions
are vertical, as shown. (B) QSGW band structure for a section of the M-R-T'
lines. Splitting of the conduction band is shown centred at R (E ~ 1.75 eV).
Figures taken from [103].

Figure 3.3 shows the band structure calculated within the framework of the quasiparticle
self-consistent GW approximation (QSGW') and proposed recombination mechanism.
It is suggested that the slow recombination is inherent due to the split-spin indirect
bandgap and therefore not due to trap-assisted recombination alone. Strong local elec-
tric fields act on the SOC in the conduction band minimum comprised of the lead 6p
orbitals, splitting it to a pair of minima [103]. This is referred to the Rashba effect
or Rashba splitting. It has been found that the radiative recombination rate increases
with excitation fluence [76, 100] which has been previously attributed to trap-assisted
recombination effects. However Azarhoosh et al. propose that in the spin-split band
structure, an increase in excitation fluence results in a larger overlap in the density
of states of the CBM and VBM, opening recombination channels that do not require
phonon transfer, as shown in Figure 3.3. This provides an interpretation that does
not involve trap states as the underpinning mechanism of excitation-dependent recom-
bination dynamics in perovskites, thus bypassing the paradox of a direct-bandgap and

slow recombination. Zheng and co-workers developed a tight-binding model for MAPI
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in which Rashba splitting results in faster spin-allowed and slow spin-forbidden recom-
bination pathways [104]. The mechanism described by their model allows perovskite
materials to behave like direct-bandgap semiconductors on absorption of photons and

indirect bandgap semiconductors on radiative emission, as observed experimentally.

Experiments revealing the indirect—bandgap nature of perovskites have also been per-
formed. Here, slow recombination and absorption was identified from shallow states
below the conduction band edge. However, when probed with time-resolved microwave
conductance these states were revealed to contain highly mobile charges rather than
immobilised, trapped charges [78]. It is also found that the second-order recombina~
tion (corresponding to radiative recombination between conduction-band electrons and
valence-band holes) increases with increasing temperature. Therefore, a band structure
is proposed that is comprised of two conduction band minima (one direct, one indirect)
as shown in Figure 3.4. The conduction-band minimum is shifted in k-space to the
valence-band maximum and hence the radiative recombination of electrons between the
two is forbidden. However, as temperature is increased, thermal energy is transferred to
the electrons so that may populate the higher-energy direct conduction band minimum.
Therefore, radiative recombination becomes more prominent at higher temperatures and
an activation energy for the process is calculated to be 47.0 £ 1.2 meV, extracted from
the Arrhenius equation [78]. Interestingly, this value is on the same order of magnitude

as the calculated energy difference between the two bandgaps.

3.1.2.3 Trap States, Defects and Ambient Effects

The room-temperature photoluminescence spectrum of lead halide perovskites typically
has a single peak, showing no low-energy emission from sub-gap trap states. Therefore
the trap-assisted recombination in perovskites is a non-radiative process that should
be mitigated. At low temperature however, multiple peaks have been observed, with
lower energy emission potentially originating from trap-assisted recombination [69]. The
influence of trap states and defects on the charge carrier recombination in perovskites is

another topic that is widely debated. The density and nature of trap states of perovskite
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Figure 3.4: Proposed band diagram for MAPI. (A) Schematic of the
direct—indirect band structure for MAPI, showing the lower energy minima of
the conduction band to be indirect. (B) Time-resolved photoluminescence de-
cay for several temperatures. The second-order recombination rate increases as
temperature is increased, suggesting that electrons are thermally excited from
the non-emissive CBM states to the CBp band where they can the recombine
radiatively. Figures taken from [78].

materials varies largely depending on the fabrication protocol. A wide range of trap-
assisted (monomolecular) decay rates have been reported, corresponding to lifetimes on
the order of ns to pus (k1 =1-250 x10% s=1) [17, 72, 100, 107-112]. Solution-processed
polycrystalline films have been found to have calculated trap state densities between
~ 101 — 10! cm™3 [9, 113]. Inferred from measurements of PL intensity, these values
are both temperature and excitation dependent, with an order-of-magnitude reduction
following light exposure demonstrated by Mosconi and co-workers (photobrightening or
photocuring); a phenomenon explained by the suppression of iodine vacancy /interstitial
Frenkel pairs [114]. Previous theoretical work suggests that these defects can easily
diffuse across a crystal (migration activation energy ~ 0.1 eV) [115]. deQuilettes et al.
showed that the increase of PL intensity under illumination is caused by an order-of-
magnitude reduction in trap-state density, which is correlated to iodine migrating away

from the illumination spot [116].

Increases in photoluminescence quantum yield (PLQE) have been linked not only to
light irradiation but also the environment in which the sample is kept. Specifically,
it has been demonstrated that both the combination of light soaking and exposure to

oxygen increases the PLQE over the time scale of hours [117-120]. Motti et al. showed
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that trap states are induced following light exposure in inert environments (shown by
a reduction in PLQE after several minutes following continuous light soaking) and can
subsequently be passivated by exposure to oxygen [119]. One explanation proposed for
this effect is the formation of superoxide (O ') following the reaction between an absorbed
oxygen molecule and a free electron [121]. The O, can passivate defects such as iodine
vacancies, resulting in an enhancement of radiative recombination. However, the highly
reactive O, has also been attributed to the long term degradation of perovskite materials
[122, 123] and therefore utilising these observations as a post-fabrication treatment may
be problematic in terms of device stability. Trap state densities have also been found
to be spatially non-uniform, with trap state densities spanning two orders of magnitude

on a single sample [124].
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Figure 3.5: Excitation and recombination processes in M API. Interpre-
tation of the recombination processes in MAPI for different excitation densities.
Recombination rates are also shown. Figure taken from [73]



44 Chapter 3 Review of Perovskite Solar Cells

3.2 Photovoltaic Devices

3.2.1 Architectures and Device Performance

The first device architectures were adopted from the field of dye-sensitised solar cells
(DSSCs), where typically an organic dye absorbs light and transfers it to a conductive
oxide. This effect was discovered in 1968 [125] and the first high-efficiency devices were
realised in 1991 based on titanium dioxide (TiOz) [126]. Perovskite materials were first
used in solar cells as a sensitiser for the standard TiOz DSSC solar cell architecture [11].
Later it was found that when TiOs is replaced with AlaOg scaffold (insulator), device still
functioned, hence ambipolar charge transport occurs through perovskite [108, 127, 128].
This allows perovskites to be used in planar solar cell architectures, although the most

efficient devices are still based on the mesostructures architecture.

There are now four main architectures used for perovskite solar cells (shown in Fig-
ure 3.6): p—i—n planar, n—i—p planar, p—i—n mesostructured, and n—i—p mesostructured.
The n—i—p mesostructured device typically consists of transparent cathode which is usu-
ally fluorine-doped tin oxide or FTO, an ~ 70-nm compact ETM layer (typically TiO2)
followed by a 150 to 300 nm thick mesoporous metal oxide (mp-TiO2 or mp-AlyOs)
that is penetrated with perovskite material, a 300-nm perovskite active layer on top of
this, then a ~ 200 nm thick HTM of 2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-

9,9-spirobifluorene (spiro-OMeTAD), and a ~ 100 nm metal anode (Au or Ag).

Devices fabricated with the n—i—p structure (ETM deposited first) are often referred to
‘standard architecture’ devices due to the fact that they were the first to be fabricated,
whereas the p—i—n devices (HTM deposited first) are referred to as ‘inverted architecture’
devices. The purpose of the mesoscopic layer is to provide a scaffold and is thought to
enhance charge collection by increasing surface area of contact between perovskite and
the ETM, and also increasing light absorption by scattering effects. A relatively thin
mesoporous layer of ~ 200 nm results in optimum crystallinity of the perovskite layer
and hence optimum efficiency [129]. The previous record PCE value of (20.2%) was
measured from a mesostructured cell as described [130]. The planar n—i—p structure is

was developed from mesoscopic structure by using the same materials but removing the
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mesoporous layer. Device engineering with particular attention to the interfaces has now

led to high efficiency devices (19.3 % PCE) with the mesoporous layer omitted [110].

A n-i- p mesoscopic B n-i- p planar C p-i-n planar D p-i-n mesoscopic
Metal Cathode (Al) Metal Cathode (Al)
H'I"M (Spiro-MeOTAD) HTlI (Spiro-MeQTAD) ETM (PCBM) ETM (PCBM)
L R X 2t
HTM (PEDOT:PSS)
Transparent anode (ITO)
Glass Glass
Sunlight

Figure 3.6: Perovskite solar cell architectures. Schematics of perovskite
solar cell architectures, with typical materials used for the standard architecture
(A) n—i—p mesostructured, (B) n—i—p planar, and inverted architecture (C) p-
i-n planar, and (D) p—i—n mesostructured configurations. Figure taken from
[129].

In the case of the inverted (p—i—n) planar perovskite device the HTM is deposited first
on a transparent (indium tin oxide or ITO) typically using a layer of ~ 50 nm p-type
transparent conducting polymer such as poly(3,4-ethylenedioxythiophene) poly(styrene-
sulfonate) (PEDOT:PSS). The active layer is a ~ 300 nm perovskite film and the ETM
on the rear of the device is an organic ETM which is typically [6,6]-phenyl C61-butyric
acid methyl ester (PCBM) and a metal cathode (Al or Au). This device architecture
lends its origins to organic photovoltaics, where these transport layers are commonly
used. Research of the inverted device structure has involved switching the selective
contacts from organic to inorganic materials (NiO, NiMgLiO, TiNbOg, and ZnOTiOs,),
even being used to fabricate large-area (1 cm?), high-efficiency (15% PCE) devices which
is a crucial landmark along the journey to commercialisation of perovskite solar cells

[131, 132).

3.2.2 Perovskite Compositions

A plethora of perovskite compositions have been developed for PV applications, proving

the material to be diverse and widely adaptable to given applications. Much of the work
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investigating different perovskite compositions is focused on high-efficiency but also the

development of a material that is stable under illumination and ambient conditions.

The second most common composition in perovskite PV literature is MAPb(3_,)Cly,
where the Cl is introduced via PbCls or MACI in the precursor solution. The role of
chlorine and its inclusion in the final material has been debated, with conclusions that a
negligible amount of Cl is present [133-135]. Yet, the effect of chloride on the formation
process of perovskite films is well documented [133-137]. One of the main observations
is that inclusion of chlorine in the precursor solution results in higher electron and hole

diffusion lengths and reduced trap-state density [113].

Part of the increase in device performance of perovskite solar cells is attributed to tuning
of the band gap to the optimum value for the solar spectrum. It has been found that
varying the X-site halide in perovskites with increasing atomic size (from Cl to Br to I)
leads to a decrease in the bandgap energy [18]. Alternatively, increasing the size of the
cation also decreases the bandgap energy (from Cs to MA to FA) [18, 138]. Using these
methods, the bandgap can be varied over almost the entire visible spectrum from 1.5 to

2.3 eV.

Caesium based perovskites have also gained attention in the past few years, with atten-
tion focused on the prospect of improving stability of perovskite solar cells. This is based
on the rationale that organic-based semiconductors are often found to encounter issues
with degradation as they are often more reactive and prone to changes in composition
when subjected to high amounts of energy (heat or light). All-inorganic perovskites
are indeed found to have better stability at high temperatures, although devices have
much lower PCE when compared to other compositions [139, 140]. CsPbX3 perovskites
have been found to be particularly useful as materials for nanocrystals, with caesium
the most prominent cation used for perovskite nanocrystals [141-143]. Most state of
the art devices use a perovskite absorbing layer composed of a mixture of cations and
halides. For example Saliba and colleagues used a triple-cation mixture (Cs, MA and

FA) to fabricate devices with PCE above 21 % [21].
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3.2.3 Fabrication Methods

3.2.3.1 Precursor Solutions

Arguably the most important factor for fabricating solution-processed perovskite ma-
terials and solar cells is the precursor composition. Typically, metal-halide salts are
combined with cation-halide compounds in a polar aprotic solvent such as dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), v-butyrolactone (GBL) or acetonitrile.
The most common solution used is with methylammonium iodide (CH3NH3I or MAT)
and lead iodide (Pbly) with a 1:1 molar ratio in DMF. Recently however, work by Noel
and co-workers developed a precursor solution based on acetonitrile and methylammine
as solvents. Methylammine gas is bubbled through the solution containing precipitated
precursor salts and acetonitrile, forming a clear yellow solution [144]. This solvent sys-
tem is far less toxic than those commonly used and owing to its low boiling point, able

to induce rapid crystallisation of of the perovskite, resulting in improved morphology.

3.2.3.2 Spin Coating

The most widely used method for fabricating solution-processable solar cells for research
is spin coating. This method involves dispensing a liquid solution of the solid material
or solid precursor materials on to the substrate, and rotating the substrate to coat it
with a thin film of the material. This technique has proved very successful for fabri-
cating relatively small-area (< 2 cm) perovskite based solar cells but is not scalable
and has low reproducibility. Therefore, it is confined to the realm of small-scale re-
search only. For depositing the perovskite layer alone, there are several different routes
to achieve a perovskite thin film via spin coating. These range from simple methods
such as one-step spin coating [127, 145, 146] to more elaborate multi-step processes
[147-149]. Following these processes, the solid precursors precipitate to form a bulk
(three-dimensional) polycrystalline film upon evaporation of the solvents. Conversion
to the perovskite tetragonal/cubic phase can occur during spin coating, following the

formation of intermediate phases [147]. This is usually followed by an annealing step
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which functions to fully evaporate the solvent and additionally in some cases, complete

the conversion to the perovskite crystal phase.

Depending on the precursor solution used, it is often found that spin coated films have
large surface roughness and result in devices with a poor performance. A highly success-
ful method to overcome this problem uses a mixed solvent system and a gas quenching
or gas-assisted method, shown in Figure 3.7 [35, 146, 150]. With the mixed solvent
system of DMSO and DMF for example, Pbly forms complexes with the DMSO upon
evaporation of the DMF, producing an intermediate crystal phase and retarding the fast
reaction between precursors [147, 151]. A high pressure flow of gas (~ 6 Bar) is used to
rapidly dry the parent solvent (DMF) and this consistently results in smooth, pinhole-
free films [146]. Zheng and colleagues recently demonstrated this technique successfully
without the need for spin coating [152]. The most widely used technique for removing
the parent solvent is typically referred to as ‘solvent quenching’, which involves drop-
ping an anti-solvent (such as toluene) on the film following deposition [147]. This has a
similar effect to the gas-assisted method but is well known to produce far less consistent

results and is less robust.

DMF precursor
with salt-DMSO
complexes

e > o) -
N =

Figure 3.7: Gas-assisted spin coating method. The process for spin coat-
ing the DMSO-complex based precursors via the gas-assisted method. Figure
taken from [146].

3.2.3.3 Upscaling

One potential route for up-scaling the fabrication of perovskite PV is vapour deposition.

This has been achieved by co-evaporating solid precursor materials using a multi-source
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evaporation system. It is found that the resulting films are smoother, with far supe-
rior uniformity and controllability in thickness [153-155]. Other explored pathways to
large area devices include spray-coating [156-158], slot-die coating [159, 160] and inkjet

printing [161, 162].

3.2.4 Applications

3.2.4.1 Semi-Transparent Solar Cells and Building Integrated Photovoltaics

One major potential application of perovskite materials is for semi-transparent solar
cells. In this case, high visible transmittance is valued alongside high PCEs. Such devices
are prime candidates for structural integration with buildings, e.g. for use as window
panes where light is harvested predominantly at non-visible wavelengths. This is known
as building-integrated photovoltaics or BIPV. Perovskite solar cells have the ability to
be fabricated as semi-transparent devices owing to their high absorption coeflicients,
allowing ultra-thin active layers to be used. The major challenged faced when designing
such devices is that all layers must be transparent, including the electrical contacts. As
a result of this plus optical losses, semi-transparent devices are always less efficient than

their non-transparent counterparts.

Another challenge presented by BIPV is due to the importance of aesthetics in build-
ing design. Neutral-coloured modules are the most highly desired, since they have
little impact on the appearance of the building, being indistinguishable from tinted
windows. There have been many different approaches to designing a neutral-coloured
semi-transparent perovskite solar cell. One method reported by Eperon et al. is to use
a microstructured perovskite layer, comprised of small islands of solid material. This
resulted in the most efficient devices with ~ 8 % PCE and ~ 7 % average visible trans-
mittance (AVT) and the most transparent devices at ~ 3.5 % PCE, ~ 30% AVT [39)].
Later Ramirez Quiroz fabricated devices having ~ 37% AVT with 7.8 % PCE, and also
~ 46% AVT and 3.6 % PCE using a ‘solvent-solvent extraction’ method (Figure 3.8) [35].
The choice of contacts for semi-transparent perovskite cells include an ultra-thin metal-

lic layer [34], silver nanowires [28, 35, 37], dielectric-metal multilayers [36], sputtered
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Figure 3.8: Transparent perovskite solar cell fabricated using the
‘solvent-solvent’ extraction method. After spin-coating the perovskite pre-
cursor solution (GBL solvent), the film is submerged in toluene (an antisolvent
for the precursors), resulting in improved transmittance. Figure taken from [35].

ITO [25, 27, 29, 38, 163, 163], ZnO:Al [40] and a polymer-embedded metallic grid [164].
Since transparent conducting oxides (TCOs) are already typically used as front elec-
trodes, they seem an obvious route for rear transparent contacts. The ideal deposition
method for most TCOs is magnetron sputtering as it allows for control over the com-
position of the deposited film. As a result, sputtering procedures have been developed
over a long time and optimised for TCOs with both high transparency and conductivity.
However, this presents a problem for compatibility with the main established perovskite
solar cell architectures; since the rear contact is usually the last to be deposited, the
layer beneath should be mechanically stable enough to withstand the high impact force
that it is subjected to during sputtering. For the most efficient devices, this layer is
an organic material that is easily damaged by sputtering. One method that has been
adopted to overcome this problem is the deposition of a buffer layer, such as MoOg [40]
or AZO nanoparticles [163] before the final TCO layer (ITO) is deposited. Bush et al.
demonstrated that the perovskite cell benefits greatly from using ITO as a transparent
electrode as it acts as encapsulation, protecting the device from degradation. A Tgg
lifetime of 124 hours is measured with the device subjected to 100 °C. This method
is now the most widely used for semi-transparent perovskite solar cells, particularly in

cases where they are used for a sub-cell for a perovskite tandem device.
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3.2.4.2 Tandems

Arguably the most viable application of perovskite as a material for PV is in tandem
solar cells. Solar cells made from materials that benefit from a wealth of research and
engineering spanning decades could be improved by adding a perovskite sub-cell. Such
‘tandem solar cells” have been realised with crystalline silicon and CIGS. Since perovskite
typically absorbs visible and ultraviolet wavelengths (Ag ~ 800 nm), it is optimally used
as front cell to collect higher energy photons. Devices can be made to be transparent
for longer wavelengths, so that they can be harvested by the cell beneath which are

optimised for infrared energy conversion.

Individual cells can be mechanically stacked following the separate fabrication of each
device. In this method, they may be connected in series to form a two-terminal tandem
cell or simply retain their individual contacts (four-terminal tandem). Alternatively, a
two-terminal tandem can be fabricated by integrating both sub-cells monolithically. This
requires that the current output is matched between each sub-cell. Four-terminal tandem
modules would require separate control systems (maximum power-point tracking) and
electrical connections for each sub-cell, which is an advantage for efficiency but would

increase the initial costs of a PV system.

Currently the most successful tandem devices have been fabricated with crystalline-
silicon bottom cell. Mailoa and colleagues fabricated the first two-terminal tandem
based on amorphous silicon with a relatively low efficiency of 13.7 % due to parasitic
absorption of light in the HTM of the perovskite sub-cell [28]. Werner et al. also
fabricated a monolithic device with a silicon heterojunction bottom cell, reaching a
maximum of 21.2 % PCE on an area of 0.17 cm? and 19.2 % PCE on a device with area
1.22 cm? [27]. Recently Bush and co-workers also fabricated a monolithic device with a
mixed caesium-formamidinium perovskite and a tin oxide buffer layer, deposited using
atomic layer deposition. A record efficiency of 23.6 % was achieved [30]. Recently a
PCE of 20.7 % has been achieved with a four-terminal perovskite-CIGS tandem device.
Here, Guchhait et al. investigated different buffer layers for the ITO deposition, finding
that a thin layer of silver was the most effective [32]. Finally, recent progress towards

large area tandems have been made by Paetzold and co-workers. They recently achieved
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a PCE of 17.8 % by stacking a perovskite module on a CIGS bottom module with an

area of 3.76 cm? [165].
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Figure 3.9: Monolithic perovskite-silicon tandem solar cell. Schematic
of a monolithic two-terminal perovskite-silicon tandem solar cell. The SEM
images shows the perovskite top-cell. Figure taken from [27].

All-perovskite tandems can also be realised owing to the ability to tune the bandgap.

Hence tandems have been fabricated by using multilayers of differently composed per-

ovskite [24-26].

3.3 Nanocrystals for Perovskite Solar Cells

Perovskite nanocrystals similarly to their bulk material counterparts have attracted a

large amount of attention in recent literature. Since the first report of a perovskite

solar cell with nanocrystal sensitisers grown on TiOg-based solar cells [11], colloidal

perovskite nanocrystals have been developed with high reported PL quantum yield (up to

90 %) [141]. These materials have been successfully applied as light emitters for infrared

and visible LEDs [166-168] and absorbers in solar cells [169]. Although perovskite

nanocrystals lead in the field of perovskite-based LEDs, they fall short of the PCE
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produced by solar cells based on bulk-perovskite by more than a factor of two. The
likely reason for this is that the high efficiency of bulk-perovskite solar cells is largely
owed to its excellent ambipolar charge-transport properties; a trait that nanocrystals do

no not typically exploit.

The combination of inorganic nanocrystals and bulk perovskite has also been explored,
mainly for the application of light emitting materials. Ning et al. introduced ‘quantum-
dot-in-perovskite solids’ as a hybrid material for light emission, using PbS quantum dots
dispersed in a bulk MAPI matrix [170]. This configuration utilises the charge transport
properties of bulk perovskite and the high radiative efficiency of the PbS quantum dots.
Charge is transfered from the bulk perovskite to the lower-bandgap PbS quantum dots,
where infrared light is emitted. In this case, the bulk perovskite crystals are reported to
be grown epitaxially on the surface of PbS quantum dots. It is proposed that the process
of heteroepitaxy occurs due to the compatibility between the two crystal structures (both
are related to the cubic system) and each have a six-coordinated Pb atom, with Pb-Pb

distances within 4.6% of each other [148].

One issue that is presented by incorporating colloidal QDs to a crystalline film is the
organic ligands needed to prevent QD aggregation and allow them to be dispersed in so-
lution. This introduces long-chained dielectric species to the bulk film and thus increases
the likelihood of the formation of crystalline defects, recombination centres, trap-states
etc. This issue is overcome by a ligand-exchange strategy based on previous work involv-
ing the replacement of organic ligands with iodide [171, 172]. This allows for atomic-level
coherence between the QDs and MAPI and also allows the inorganically-terminated QDs
to be dispersed in a solution with Pbls. The QDs become passivated by the perovskite
film that grows on their surface, demonstrated by a 100x increase in photoluminescence
quantum efficiency (PLQE) compared to when Nal (an incompatible lattice) is grown on
the surface of the QDS [170]. This work was continued to produce infrared field-emission
photodiodes using the same approach with resulting detectivities of > 10'2 Jones [173].
This represents an important step towards optoelectronic devices such as solar cells and

LEDs using QD-in-perovskite materials.
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Figure 3.10: Theoretical model of MAPI grown on PbS QDs. (A)
Atomistic model of PbS QDs embedded in a perovskite matrix. (B) Cross-
section of a single QD in MAPI crystal. (C) Modelling of PbS and MAPI
crystal structure and their interface, showing the XZ plane and (D) the X-Y
plane. Grey represents lead; purple, iodine and yellow, sulfur. Figure taken
from [170].

PbS QDs have also been used in perovskite solar cells as a HTM and also an interme-
diate layer. Inorganic HTMs are preferred over their organic counterparts due to the
host of issues harboured by organic charge transport layers such as PEDOT:PSS and
spiro-OMeTAD. Hu et al use PbS QDs as the HTM in planar inverted perovskite solar
cells, extending the photon-to-electron conversion to infrared wavelengths [174]. In this
study, QDs with various bandgaps are investigated, with the optimum found to be 1.4
eV, yielding a 7.5 % efficient device. Li and co-workers adopted a similar approach,
demonstrating devices with 8 % PCE using PbS quantum dots as an inorganic HTM
in place of spiro-OMeTAD for the standard architecture mesoscopic devices [175]. An
increase in Jg is attributed to the additional absorption provided by the PbS QDs and
is reported to result in a relative efficiency increase of 70 %. CulnS; and NiO QDs
have also been used as a HTM in perovskite solar cells, further demonstrating the ap-
plicability of inorganic nanomaterials for charge transport layers in the research field

(176, 177).

Yang and Wang fabricated perovskite solar cells with a layer or PbS QDs between the
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bulk perovskite and TiO2 in mesostructured devices [178]. The PbS quantum dots are
produced using a successive ionic later adsorption and reaction method on the surface
of TiOs. The hybrid devices showed both enhanced efficiency and stability, which are
proposed to be due to the PbS layer improving the crystallisation of the perovskite.
Graphene QDs have also been used as an interlayer in a similar manner, increasing the

speed of electron extraction by more than double [179].

Another application of nanocrystals has been the replacement of mesoporous TiO9 as
the charge collection layer with ZnO nanorods in perovskite solar cells [180]. Here,
Son et al. create devices with > 11 % PCE by infiltrating ZnO nanorods (ETM) with
perovskite. The solar cells have almost ideal EQE spectral shapes and a high Jy. (20.08

mAcm~2) but a relatively low fill factor (56 %).

3.4 Conclusion

A multitude of unique physical characteristics have been observed in metal halide per-
ovskites, rendering the crystal family difficult to classify within the existing framework of
material science. Understanding of the material is evolving rapidly due to the exponen-
tial rate of research. The development of field is known to be hindered by contradictory
reports, fuelled by oversights of external factors such as sample variation and experiment
conditions. The fundamental material properties should be decoupled from observations
that can be largely affected by sample quality, sample history or environmental factors.
Properties that are coherently identified throughout literature should be attributed to
the material and those that vary widely should be assigned to factors related to sample
preparation. In spite of these factors, it appears that perovskite materials are strong
candidates for solution-processed optoelectronic technology, close to the point of com-
mercialisation, given that the issue of material stability is overcome. Most of the device
fabrication research is focused on improving efficiency using only perovskite as the ab-
sorbing material. Little has been explored in combining perovskite with nanomaterials
within the same device, despite the fact that technology based on multiple materials is

predicted to have a large presence in the future PV market.
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The most promising application of perovskite materials to photovoltaics is tandem solar
cells, employing both perovskite and traditional semiconductor materials. Directly com-
peting with well-established technologies is difficult and to some extent non-productive
when the combination of new and old generation materials holds the greatest potential
in terms of device performance. ”If you can’t beat them, join them”, literally, in this

case.



Chapter 4

Experimental Methods

This chapter describes the experimental procedures and materials corresponding to later
chapters. Each section or subsection typically begins by introducing the apparatus,
technique or material by providing some background principles. Following this, the

specific details of the methods used for this work are stated.

4.1 Thin Film and Device Fabrication

4.1.1 Spin Coating

Spin coating is a technique commonly used for deposition of thin films from liquid
solution. It is mostly used in research applications, where small prototype samples are
required. It is not a particularly scalable technique and generally yields a relatively
poor uniformity of layers on larger scales. It is however very useful as a simple, tunable
deposition technique for small-scale depositions. It is used extensively for the application
of photoresists for example, used for lithography. During the process of spin coating,
the precursor solution is dispensed on to the substrate which is rotated at some given
angular speed, w. The dispensing of solution can either be carried out in situ while the
substrate is spinning or alternatively before the spinning begins. These methods are

referred to as ‘dynamic’ and ‘static’ dispensing, respectively. In most cases, the final

o7
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1

film thickness is inversely proportional to the rotational speed, i.e. d oc —=, where d is

the film thickness.

The process of spin coating is outlined in Figure 4.1. Typical rotational speeds are on
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Figure 4.1: Spin coating process. The solution is dispensed on to a sub-
strate which rotates. The rotation causes the solution to be spread outwards,
with most of it leaving the substrate. The solvent begins to evaporate, leaving
a solid film remaining.

the order of 1000 RPM. When the sample is spinning at this rate, the rotational forces
exerted on the liquid causes the majority to be expelled from the edges. This is one
major disadvantage of spin coating, since much material is wasted during the deposition
process. When the thickness of the liquid layer becomes thin enough, it will rotate
with the spinning substrate. The solvent evaporates, leaving behind the solutes of the

solution, which may then undergo further chemical reactions or crystallisation processes.

In Chapters 5, 6, 7 and 8 spin coating used used to produce the samples (detailed in the
sections below). The spin coater used is a Laurell WS-400-6NPP-LITE Spin Processor,

which is installed inside a glovebox.

4.1.2 Thermal Evaporation

Thermal evaporation is another technique that can be used for the deposition of thin
films. Thermal evaporation is a form of physical vapour deposition (PVD), since it
involves the evaporation of a material to form a vapour, which is directed towards the
substrate. The schematic for a thermal evaporator is shown in figure Figure 4.2. High

vacuums are required for coating materials via thermal evaporation in order to remove
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Figure 4.2: A thermal evaporator. The substrate is held an an inverted po-
sition in a vacuum chamber. The source material is connected to a transformer
filament, which provides a high current through the source material. As the
source heats up, it begins to evaporate and the vapour travels upwards towards
the substrate. A layer of material is gradually deposited on the substrate.

any vapour in the chamber, providing a large mean free path for the desired vapour to

travel.

When used in combination with a deposition mask, the deposited thin film may be
patterned. This is particularly used for microfabrication and patterning electrodes for
optoelectronics. The source material can be many different kinds of solids but metals are
the most common materials used. Typically, the material is placed in a crucible which is
heated via a surrounding coil through which electrical current is passed. Alternatively,
the material may be placed directly on the current-carrying coil. The deposition rate
can be controlled by the amount of current supplied to the coil, with higher currents
producing more heat and hence higher rates of evaporation. Very thin layers may be
achieved via thermal evaporation (several nm) with a reasonable level of control. To
monitor the thickness, a piezoelectric crystal is typically used, which can detect small

variations in the oscillating frequency as material is deposited.
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4.1.3 Lead Halide Perovskite Thin Films

Precursor solutions for LHPs typically use a polar aprotic solvents such as dimethyl-
formamide (DMF'), dimethylsulfoxide (DMSO) and acetonitrile (MeCN). The solutes
are ionic compounds containing the components to be incorporated in the resulting per-
ovskite crystal. For MAPbDI3, these are usually lead iodide (Pbls) and methylammonium
iodide (CH3NH3). These are dissolved to form an ionic solution which to be deposited

on the substrate.

For the studies in this thesis, two different precursor solutions are created in order to
form either MAPDbI3 or MAPbI3_,Cl,. Glass substrates were cleaned by sonicating in
Helmanex IIT solution with dionised water, and subsequently sonicating in isopropyl al-
cohol. They are then treated with oxygen plasma for 10 minutes before being transferred
to an inert environment for deposition. For the MAPDbI3 solution, a mixed solvent sys-
tem is used with DMF and dimethylsulfoxide (DMSO). Pbls and MAT is combined with
a molar ratio of 1:1 in a DMF:DMSO (~ 9:1) solvent to form a Pbl,-DMSO complex.
The MAPDI5 solution was dispensed on the glass substrate and spin coated at 3000
RPM and ~ 10s after the the procedure is initiated, a flow of nitrogen gas is applied
to the film to dry the parent solvent and produce smooth films. The MAPbDI3 films are
then annealed for 10 mins at 100 in a nitrogen atmosphere. For the MAPbI3_,Cl,
films, a precursor solution of methylammonium iodide (MAI): Pbly : PbCly with a mo-
lar ratio of 4:1:1 is prepared in dimethylformamide (DMF) with a weight ratio of 40 wt
%. The MAPbI3_,Cl, solutions are dispensed on the glass substrates at a speed of 4000
RPM for 30 s in a nitrogen atmosphere, yielding an active layer of ~ 300 nm thickness.
Smooth, highly specular films are achieved, without the need for a quenching technique.
The MAPbI;_,Cl, films are then placed on a hotplate at 80 for 2 hours in a nitrogen

atmosphere to anneal.

4.1.4 Inverted Planar Perovskite Solar Cells

In the field of perovskite photovoltaics, ‘Inverted’ solar cells refer to device architectures

that have the hole-transporting layer in the ‘front’ of the device, i.e. the side of the device
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which faces the illumination. This is in contrast to ‘standard’ architecture devices, which
are fabricated with the electron-transport layer at the front. ‘Planar’ means that the
device layers are flat and arranged sequentially. This is opposed to a common standard
device architecture which uses an absorber deposited on a mesoporous scaffold (such
as TiOz), reminiscent of dye-sensitised solar cells. Usually the fabrication procedure
starts with a transparent substrate (such as glass), coated with a transparent contact.
This contact is typically a transparent conducting oxide (TCO) such as indium tin oxide
(ITO) or flourine-doped tin oxide (FTO). The next layer to be deposited is a charge-
transport layer, which needs to be transparent in order for light to reach the absorber
layer sandwiched between charge-selective contacts. The final layer is another contact,
which is typically a conductive metal such as gold, silver or aluminium. This layer may
also be transparent, especially if the devices are to be used for applications such as

tandem solar cells (see Chapter 3).

The solar cells fabricated in this thesis use poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) as the hole transporting layer and [6,6]-phenyl-C7;—butyric
acid methyl ester (PC7gBM) as the electron transporting layer. To fabricate the solar
cells, firstly glass substrates coated with a 100 nm layer of indium tin oxide (ITO)
(Osilla) are cleaned by sonicating for 10 minutes using a solution of Hellma Analytics
Hellmanex IIT and deionised (DI) water. The substrates are then rinsed twice with DI
water before being sonicated in isopropanol for a further 10 minutes. The substrates are
dried and placed on a hotplate at 120 °C before depositing the hole transporting layer
by dispensing PEDOT:PSS (Osilla) while the substrate is spinning at 6000 RPM for 30
s, giving a film of ~ 40 nm thickness. The substrates are then placed on a hotplate at
120 °C for 30 minutes in a nitrogen atmosphere to ensure that any remaining water is
evaporated. The substrates are cooled to room temperature before depositing the active
layer as described in section 4.1.3. Subsequently, a layer of PC7yBM is spin-coated on
the sample at a speed of 1000 RPM using a solution of 50 mg/ml in chlorobenzene. The
metallic contact is formed using an Edwards E306 vacuum coating system housed inside
a nitrogen glovebox. A ~ 100 nm thick layer of aluminium is deposited at a rate of
0.1 nm/s. The final devices are encapsulated with epoxy (Ossila) and a glass coverslip.

The MAT is purchased from Ossila and the Pbly, PbCly and all solvents are from Sigma
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Aldrich. The devices are outlined in Figure 4.3, showing a photograph of a perovskite
thin film (a) and pixelated solar cell (b), a cross-sectional SEM image (c), and schematic

of the device (d).

a)

PCBM

Perovskite

PEDOT:PSS
ITO

Figure 4.3: Inverted-planar perovskite solar cells. a) Photograph of a
smooth mirror-like MAPbI3 thin film. b) Photograph of inverted planar per-
ovskite solar cells with a pixelated architecture. There are eight pixels, which
comprise individual solar cells with an active area of 0.026 cm?. c) Cross-
sectional SEM image of the device. d) Device architecture for the inverted
planar perovskite solar cells.

In Chapter 8, blends of PEDOT:PSS and CdTe quantum dots (QDs) are fabricated. For
this work the QDs were purchased from Plasmachem. The film thickness of all layers

were determined using profilometry.

4.1.5 Optimisation of Devices

When attempting to fabricate solar cells, there exists an essentially infinite parameter
space to be explored, as with the development of any technology. Within this parameter
space, there are well-known parameters that are commonly investigated to comprise the

first iterations of device design. For thin-film solar cells, some examples include the
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thickness of the layers, composition of layers, deposition rates and annealing tempera-
tures. Even when fabricating solar cells by following a known ’optimised’ process for
the first time in a particular laboratory, several parameters often need to be re-tuned in
order to achieve the same performance. This is due to differences in the conditions that
arise naturally between laboratories. It is extremely difficult to record the conditions in
a laboratory where a process is documented to an extent that ensures reproducibility of
results within experimental error. Moreover, often such information is not recorded or

supplied when reporting a process.

For the reference devices fabricated in this thesis, a fabrication process was followed
according to a known recipe. However, the author was unable to reproduce the typical
performance of reported devices and hence optimisation processes was carried out. A

clear example can be observed in the device parameters shown in Figure 4.4. Here,
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Figure 4.4: Optimisation of inverted planar perovskite solar cells. a)

PCE, b) short-circuit current density, c¢) fill factor, d) open-circuit voltage of
devices as a function of PCBM concentration.

devices were fabricated according to the process described in the previous subsection but
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with MAPDI3 replacing MAPbI3_,Cl,. Due to the enhanced smoothness of the layer
as described in Chapter 7 and Chapter 5, the thickness PCBM layer that is deposited
subsequently should can be reduced while still maintaining a planar layer. The thickness
of the PCBM layer can be controlled by changing the concentration of the solution for
spin coating, with lower concentrations resulting in thinner films. An increase in the
short-circuit current density is observed as the concentration is reduced from 50 mg/ml
(Figure 4.4b), likely due to enhanced charge extraction. However, at a concentration
of 10 mg/ml, the open circuit voltage is reduced by almost a factor of ten (Figure
(Figure 4.4d). This is likely caused by the formation of short-circuit pathways which

effectively reduce the shunt resistance to almost zero.

4.2 Thin-film Characterisation Techniques

In order to understand the characteristics of perovskite thin films, several experimental

techniques are used in this thesis. This section describes the main methods used.

4.2.1 Scanning Electron Microscopy and X-Ray Diffraction

Scanning electron microscopy (SEM) uses a type of electron microscope that scans the
surface of a sample with a focused beam of electrons. The electrons interact with
atoms in the material studied, producing different types of signals which can be used to
obtain information regarding the surface being subjected to the beam. Scanning electron
micrographs are shown in Chapters 7 and 8. For these images, a Zeiss (LEO) 1450VP

Scanning Electron Microscope is used with an accelerating voltage of 20 kV.

Nonconductive samples typically collect charges if they are subjected to an electron
beam, which can cause issues for imaging. Samples should therefore be electrically
conductive at the surface. The samples used in this thesis are therefore coated with an
thin layer of gold, deposited on the sample by sputtering. The type of signal mode used
for the work in this thesis is the secondary electron mode. In this case, electrons are
ejected from the sample following exposure to the beam via inelastic scattering. The

electrons are collected via a detector and an image is produced based on the number of
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electrons detected. The brightness of the image (number of electrons detected) at each
point depends on the angle of incidence, with steeper angles being brighter due to an

increased interaction volume.

An X-Ray diffraction pattern is shown in Chapter 5 to identify the Bragg reflections of
the crystalline structure. For these measurements, the samples were characterised using

a Rigaku SmartLab X-ray diffractometer with a Cu K-alpha 9 kW anode.

4.2.2 Absorption Spectroscopy

Absorption spectroscopy measures the absorption of light by a material for a range of
photon energies, E. This has obvious applications for optoelectronics such as solar cells.
It can be used to determine the bandgap of a semiconductor and also its absorption
coefficient, a(E), for example. The absorption coefficient is an important parameter,
giving the absorption per unit depth of a material, as a function of photon energy.
Absorption of a sample is usually inferred by calculation, using the optical transmission
and reflectance spectra for the material. The processes of absorption, transmission and

reflectance are shown in Figure 4.5.

Reflection

Transmission

Figure 4.5: Processes of light absorption, transmission and reflection.
The time delay between the arrival of the excitation pulse and photon emitted
from the sample is recorded using ‘reverse mode’. A histogram of time events
is developed over many pulses.

In this thesis, two different methods are used to measure the absorption of light in lead

halide perovskites. In Chapter 5, a Jasco V-570 UV /Vis/NIR spectrophotometer is
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used. A spectrophotometer contains several light sources and other optical components
for measuring the optical transmission and specular reflection of a material. Different
light sources provide illumination for different parts of the electromagnetic spectrum,
ranging from ultraviolet (UV) to near-infrared (NIR). The light source is monochromated
to provide a narrow-bandwidth illumination beam incident on the sample, which scans
a through a range of wavelengths. At each wavelength, the detector records a value for

either the transmitted light or reflected light.

In Chapter 6, a custom setup is used instead so that the absorption can be measured
while the sample is contained in a cryostat, in order to perform low-temperature mea-
surements. This setup uses a white light source (Thorlabs), incident on the sample,
providing illumination across the spectral range of the source. The transmitted light
can be collected from the other side of the sample and focused on to a spectrometer, so
that the entire transmitted spectrum can be acquired in one measurement without the
need for scanning the wavelength of the illumination beam. Both specular and diffuse
reflection can be measured using an integrating sphere, positioned on the front surface of
the sample. This allows for a more accurate determination of the absorption spectrum,
since all reflected light is accounted for. Figure 4.6 shows a schematic of the setup to

measure the optical transmission.

Cryostat
Sample
~
T~
White
Light L Spectrometer
Source

Figure 4.6: Absorption spectroscopy setup in transmission configu-
ration. The sample is illuminated with a white light source. The transmitted
light is collected by a spectrometer.

To calculate the absorption coefficient, a reference measurement for the sample is ob-
tained by first measuring the light transmitted by the glass substrate on which the thin

film is successively deposited. In this work, transmission and reflectance spectra are
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measured for lead halide perovskite thin-films. This data, along with the thickness of

the film is used to calculate the absorption coefficient by using the equation:

B 2
o(E) = éln (%ﬁlﬂ?”) (4.1)

where d is the thickness of the film, and R(E) and T'(E) are the reflectance and trans-

mission spectra respectively.

4.2.3 Photoluminescence Spectroscopy

As discussed in Chapter 2, photoluminescence is a process of photon emission following
photo-excitation. To study photoluminescence, a laser is typically used as a source of
photons with energy greater than the bandgap of the semiconductor being probed. This
laser excitation may be either continuous wave (CW) or pulsed, and the beam is directed
at the sample in order to produce photoluminescence. The photons emitted from the
sample are collected and may be analysed by simply counting (intensity measurements)
or by spectrally resolving the photoluminescence to observe the energy of the photons
emitted by the sample. These time-integrated (steady-state) experiments, are useful for
identifying and characterising the electronic transition responsible for photon emission,
and also determining the ratio of photons incident and photons emitted (photolumines-
cence quantum efficiency or PLQE). If a pulsed laser is used, the emitted photons can
be time-resolved, allowing observations of photoluminescence transients following an ex-
citation pulse. Time-resolved photoluminescence is an extremely useful characterisation
tool for semiconductors, and particularly relevant for photovoltaics for several reasons:
a) It can be used to measure the lifetime of charges in the excited state; a character-
istic that should be maximised in order to efficiently extract charges. b) By modelling
photoluminescence transients, the nature of recombination and charge-carrier dynamics
in a semiconductor or device can be investigated. ¢) The effect of non-radiative recom-
bination, which is usually detrimental in photovoltaic materials can be be characterised

by analysis of the time-resolved photoluminescence.
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4.2.4 Time-Correlated Single-Photon Counting

For time-resolved photoluminescence in general, a pulsed laser is typically used with a

time period between pulses that is longer than the decay of photons from the excited state

being investigated. One technique that can be used for time-resolved photoluminescence

measurements is time-correlated single-photon counting (TCSPC). The principles are

represented in Figure 4.7. A TCSPC setup uses a pulsed laser source which is directed
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Figure 4.7: Time-correlated single-photon counting principle.
time delay between the arrival of the excitation pulse and photon emitted from

A histogram of time events is

the sample is recorded using ‘reverse mode’.

developed over many pulses.

After a pulse excites the sample with many photons, the sample will

at the sample.

emit many photons at different times following the pulse, which are directed towards

a detector such as an avalanche photodiode (APD) or a photomultiplier tube (PMT).

An example of a typical signal emitted by a sample is shown if Figure 4.7. Since the

timescale of this signal is in nanoseconds, a problem arises if the emitted photons are

to be received and processed by electronic detection equipment; there no possibility
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to detect and time-resolve every photon following a single pulse. In fact, for typical
repetition rates of pulsed lasers used for TCSPC (kHz-MHz), not even one photon from
every pulse can be detected and registered. Instead, the emitted light from the sample
must be filtered so that the rate of detection is less than one photon per pulse. Typically
1 photon per 100 pulses are detected [181]. The detector receives a photon from the
sample, which is emitted via a random process. The signal is received by a constant
fraction discriminator (CFD), measuring the relative time of the signal. This signal is
then sent to a time-to-amplitude converter (TAC), producing a voltage ramp that is
proportional to the time elapsed. The TAC essentially waits for another signal to be
received and follows a similar process, except now the signal is the synchronisation signal
of the excitation source (pulsed laser). The voltage stored by the TAC is proportional
to the time difference between the detected emitted photon and the start of the next
pulse from the excitation. By subtracting this time-difference value from the period
of the laser pulses, the time delay between the excitation and emission is obtained.
This delay time is recorded, and a histogram of time events is constructed over many
recordings. This configuration is known as ‘reverse mode’ and is utilised by all TCSPC
measurement systems [181]. This process overcomes the issue of the high repetition rate
of the laser, compared to the response time of the electronics. Once the ‘stop’ signal has
been received, the TAC has to reset and await the next signal from an emitted photon.
If the TCSPC setup were instead to use the opposite approach and time between the
excitation pulse and received photon, the TAC would not have time to register emitted
photons due to the finite response time of the electronics. The time needed for the TAC
to reset to zero is much greater than the time period of the laser pulses. Hence, by
instead detecting emitted photons, which are filtered to arrive ~ 1 in every 100 laser
pulses, the TAC has time to reset and initialise between each timing sequence. Under
these conditions, the histogram faithfully reproduces the shape of the decay. However, if
the rate of detection is increased too much, the histogram will become biased to shorter

times [181] since only the first photon is observed.

For the studies in this thesis, a setup capable of performing both time-integrated and
time-resolved photoluminescence measurements was used, shown in Figure 4.8. The op-

tical excitation at 400 nm is provided by a tunable titanium:sapphire laser (Coherent
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Figure 4.8: Experimental setup for photoluminescence measure-
ments. A pulsed laser provides excitation source and the beam is directed
through a dichroic mirror, then on focused on to the sample through an ob-
jective lens. The same objective lens collects the emitted light from the sam-
ple, after which the beam is reflected by the dichroic mirror. The beam can
then be directed to a spectrometer (time-integrated measurements) or alterna-
tively focused in to a monochromator for time-resolved measurements using the
avalanche photodiode (APD). The APD signal and the synchronisation signal
from the laser is connected to the time-correlated single-photon counting unit.

Chameleon Ultra II), in combination with a Coherent second-harmonic generator. A
pulse picker is used to modulate the repetition rate lowering the pulses frequency down
to 1 kHz. The temperature of the sample in the cryostat is controlled through an Ox-
ford Instruments I'TC503 unit and capable of cooling the sample to ~ 11 K. The PL is
collected through the objective and directed towards an APD for time-resolved photo-
luminescence. Alternatively, the collected beam can be directed towards a spectrometer
(BWTek Glacier X) for time-intregrated studies. For the time-resolved measurements,
the signal from the APD is sent to a Becker Hickl GmbH SP-140 TCSPC card, which
time-resolves the measurements with a 40 ps resolution. The spectral window of the

emission is selected using a Bentham M300 monochromator.
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4.2.5 Combined Atomic Force Microscopy and Scanning Near-Field

Optical Microscopy

In Chapter 7, apparatus is used that simultaneously performs atomic force microscopy
(AFM) and scanning near-field optical microscopy (SNOM). Both these methods are
categorised under scanning probe microscopy (SPM), since they utilise a ‘probe’ tip
that scans the surface of the sample, recording data at different points. With SPM,
nano-scale features can be resolved due to the high sensitivity and unique principles
invoked. This section introduces the principles of both experimental techniques and

describes how the combined system is utilised.

A schematic for an AFM system is shown in Figure 4.9. A probe tip is used to scan the

Detector and
Feedback
Electronics

Photodiode

Cantilever

Tip

Sample

Figure 4.9: Atomic force microscopy. A scanning probe is used to scan the
surface of the sample and is deflected by topological features. A laser is reflected
from the top surface of the probe tip to a quadrant photodiode. Changes in the
deflection of the tip can be recorded by the position of the laser beam on the
photodiode.

surface of the sample, which is deflected as it passes over features of the surface topology.
A laser beam is directed towards the tip and the reflection from the top surface of the
tip is positioned on a segmented photodiode. Deflections of the tip are translated to
deflections of the beam from the centre of the photodiode and can be recorded. An
AFM system can operate in several different modes. In the case of ‘contact’ mode, the

separation between the sample and the tip is minimal and the repulsive force between
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the tip and the sample is essentially measured. In ‘tapping’, also called ‘intermittent-
contact’ mode, an AC electrical signal is supplied to the tip, causing it to oscillate at a
given frequency. The tip periodically contacts the sample and changes in the oscillating
frequency can be measured. AFM can also be performed in ‘non-contact’ mode, where
the tip only experiences the attractive force due to van der Waals forces. A graph of

force against sample-probe distance is shown in Figure 4.10, including the regimes of

contact, tapping and non-contact AFM modes [182].
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Figure 4.10: Atomic force versus sample-probe distance.

Graph of
forces between tip and sample as a function of sample-tip distance. Image
taken from Ref. [182].

SNOM is another SPM technique that provides sub-diffraction limit resolution optical
imaging. In this thesis, it is used for imaging photoluminescence intensity (see Chapter 2)
of perovskite thin films on a nano-scale. When using SNOM, the resolution limit for far
field microscopy can be overcome by utilising the detection of evanescent waves. In the
SNOM measurements in this thesis, the excitation light source (a laser) is guided through
an optical fibre and focused through an aperture integrated with the AFM tip with
dimensions smaller than the wavelength of the laser, resulting in an evanescent field (or
near-field) on the outgoing side of the aperture. The sample is scanned during the AFM

measurement and the photoluminescence is simultaneously collected by a microscope
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objective lens. A schematic of the combined AFM and SNOM system is shown in

Figure 4.11.
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Figure 4.11: Combined atomic force and scanning near-field optical
microscopy system. Schematic of the combined AFM and SNOM setup.
Topology is recorded with the AFM electronics while the photoluminescence is
collected with the microscope objective lens.

Collection
Fibre

In Chapter 7, the system used for the combined AFM and SNOM measurments is a
Nanonics Hydra Bio AFM system, used in tapping mode. The excitation beam is pro-
vided at 420 nm by a Coherent Chameleon Ultra II titanium:sapphire laser, coupled to
the tip via an optical fibre. The photoluminescence is collected in near field configuration

with a cantilevered optical fibre probe that scans the surface of the sample.

In Chapter 8, bright—field confocal photoluminescence microscopy is used to image PE-
DOT:PSS films. For this study, a Zeiss LSM 510 confocal laser-scanning microscope
is used with a Coherent Enterprise II argon ion laser as an excitation source for the

micro-scale PLL mapping.

4.2.6 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a powerful technique used for characterising optical prop-

erties of materials. It is applicable to many different types of materials, and can be used
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to determine properties such as the complex dielectric constant (or complex index of
refraction), thickness and surface roughness of a material. From the dielectric function,
the transmission and reflectance spectra of a sample can also be derived without the
requirement of absorption spectroscopy. With the correct optical dispersion model for
the dielectric function, these parameters can be determined with very high accuracy,

due to the sensitivity of the technique.

The principle of ellipsometry is to use a linearly polarised light source, incident at an
angle to the sample. As the electromagnetic radiation interacts with the material of
the sample, the electric field component undergoes a phase shift and the wave becomes

circularly polarised on reflection from the surface. Figure 4.12 shows the principle of

ellipsometry.
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Figure 4.12: Spectroscopic ellipsometry. Light incident on the sample is
linearly polarised by a polariser. The reflected light is circularly polarised and
the degree of polarisation is measured by the detector, with use of an analyser.
FE; and F, denote the incident and reflected electric field, respectively.

The axes denoted with p and s in Figure 4.12 represent the perpendicular and parallel
polarisation planes, respectively. The parameters obtained in ellipsometry measurements
are usually denoted A and ¥. The incident p-waves and s-waves may have a phase
difference, § between them. Following reflection of the incident beam on the sample,
this phase difference will change, depending on the material properties. The parameter

A is the difference between the phase difference before reflection from the sample, §;
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and the phase difference after the reflection, d5. Hence,

A=68 — b (4.2)

The value of A ranges from -180°to 4180 °. In addition to the phase change between the
p and s polarised light, the amplitudes of each wave will change upon reflection. The
reflection coefficients R, and R for the p-waves and s-waves are the ratio of outgoing
wave amplitude to incoming wave amplitude. The parameter ¥ is the angle whose

tangent is the magnitudes of the reflection coefficients, given by,

(4.3)

Since the reflection coefficients are complex numbers (the p-waves and s-waves are elec-

tromagnetic plane waves), a complex number, p can be defined as,

p=—5 (4.4)

The complex parameter p can be written in terms of ¥ and A as

Ry

R (4.5)

p = tan Pt =

which represents the fundamental equation of ellipsometry [183]. If multiple measure-

ments are made, the pseudodielectric constant can be obtained directly from the equa-

1—p 2
1+ tan?#; <>
1+p

via mathematical inversion, where 6; is the angle of incidence. However, typically a

tion,

(&) = sin? 6, , (4.6)

dispersion model that describes the dielectric constant is used to fit the data.

In Chapter 5, an oscillator model is used to fit the ellipsometry data from perovskite thin
films. Oscillator models are particularly useful when there are relatively few features in
the absorption spectrum of a sample. In the absorption spectrum of a material, there
will be maxima at resonant frequencies where the material has higher probability to

absorb the incident light at a given frequency. This is analogous to the resonance of
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mechanical systems such as a mass on a spring, which absorbs energy from the driving
force when it is close the resonant frequency of the vibrating system [183]. For an
optical system, the incident light provides the driving force and the material experiences
a resonant oscillation that absorbs this energy. There are several oscillator models which
can describe the absorption of materials, and in Chapter 5 the Tauc-Lorentz oscillator
model is used. In the Tauc-Lorentz oscillator model, the imaginary part of the dielectric
constant is given by

Sk G s o E > B @)
0 for £ < Eg

E9 =

Here, E¢ is the bandgap, used as a coupled fitting parameter across all oscillators. The
parameter A; is the amplitude and B; is the broadening of each oscillator peak centred

at the energy F;. The shape of the obtained function is shown in Figure 4.13.

Im. Part Dielectric Fn. €,

Photon Energy (eV)

Figure 4.13: Tauc-Lorentz model. The imaginary part of the dielectric
constant given by the Tauc-Lorentz model. Adapted from reference [184].
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Once the parameters for €5 are obtained, 7 is found using the analytic solution of the

Kramers-Kronig integration, given by, [185]

e1(F) =e1(00) +

AB ay, E} + E} + BE,
—_— n
&4 28E; E? + E2 — BE,
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an = (B — E2) (B2 + B2) + 2B?
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The complex dielectric constant obtained by the model can then be compared with equa-
tion 4.6 from the ellipsometry data, and the difference between the modelled parameters

and experimental data is minimised using a fitting procedure.

For the ellipsometry experiments in Chapter 5 a J.A. Woolam M-2000 spectroscopic
ellipsometer was used to measure the induced polarisation change in the MAPbI3 thin
films for incident angles of 65°, 70°and 75°. The samples were packaged in an inert envi-
ronment and measured immediately after opening to ambient conditions. CompleteEase
(J.A. Woolam) software is then used for the data analysis and dispersion model fitting,

as described above. The root mean squared error is calculated using the equation:

n

) [(NExpi — Nitoa;)? + (Crop; — Chrod,)” + (SEap: — SModi)Z]a
=1

1

3n—m

MSE =

(4.10)
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where n is the number of wavelengths, m is the number of fitting parameters. The sub-
scripts Exp and Mod denote the experimental data and the modelled data, respectively.
The MSE is multiplied by 1000 so that an ideal value is equal to one. The parameters

N, C and S are given by,

N = Cos(27) (4.11)
C = Sin(2¥) Cos(A) (4.12)
S = Sin(2¥) Sin(A). (4.13)

4.3 Device Characterisation Techniques

This chapter describes the two electrical characterisation techniques used for the per-
ovskite solar cells examined in Chapter 8. These methods serve as the standard methods
for characterising solar cells and data data from such measurements is usually the subject
of literature describing the design of new photovoltaic technology and also documenta-

tion for commercial photovoltaic products.

4.3.1 Current-Voltage Measurements Under Simulated Sunlight

Current—voltage measurements are typically used to determine the four major metrics
of solar cells: the power conversion efficiency (PCE), the open-circuit voltage (Voc), the
short-circuit current density (Jsc), and the fill factor (FF). These parameters and the
data obtained from these measurements are described in Chapter 2 and hence this section
only describes the experimental setup. The apparatus is shown in Figure 4.14. To mea-
sure a current—voltage scan of a solar cell, the device is connected to a source-measure
unit (SMU). The SMU provides a voltage (bias) to the device and simultaneously mea-
sures the current through the circuit. If the measurement is carried out in the dark, a
regular diode response is obtained. For measuring the power generating capability of a
solar cell, a light source that replicates the solar spectrum (AM1.5G) is used and the

beam is directed towards the sample during the voltage scan.
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Figure 4.14: Apparatus for current—voltage measurements with a so-
lar simulator. The postive and negative electrodes of the sample are connected
to the source-measure unit. A solar simulator provides a light source that repli-
cates the solar AM1.5G spectrum. A voltage bias is applied to the sample and
the current through the device is recorded as a function of bias voltage.

For the work in this thesis, an Abet Technologies Sun 3000 Solar Simulator is used with
a Keithley 2400 source-measure unit. A forward scan is used (short-circuit to forward-
bias ) from -1 V to +1 V with scan rate of ~ 100 mV/s and an illumination of ~ 1000
W /m?.

It should be noted that the field of perovskite photovoltaics has moved away from using
current—voltage scans as a means of determining the PCE, mainly due to hysteresis (see
Chapter 3). To more accurately determine the efficiency of perovskite solar cells that
exhibit hysteresis, a constant voltage is applied that approximately corresponds to the
voltage of the maximum power point. The current output of the device is then read
over the course of minutes in order to obtain a ‘stabilised PCE’ value. To determine
the maximum voltage however, a current—voltage scan is required which reduces the
accuracy of determining the value. A more accurate method is to employ a maximum-
power point tracking system which uses an algorithm to update the voltage so that the

maximum current is obtained over the course of the measurement.
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4.3.2 External Quantum Efficiency

In addition to the four metrics PCE, Voo, Jsc and FF, it is also useful to know the
spectral response of the solar cell. This is evaluated by measuring the current output
of the device in short-circuit conditions (Jgc) as a function of photon energy. This
information is usually described in terms of external quantum efficiency (EQE), detailed

in Chapter 2.

The experimental setup for EQE measurements is similar to that shown in the schematic
in 4.14, except the solar spectrum light source is replaced with a monochromatic light
source. The beam is directed towards the sample while scanning a range of wavelengths.
The current output of the device is measured at each wavelength step and recorded.

The EQE is then calculated using equation 2.23.

The EQE spectra in this thesis are acquired using a Bentham PVE300 QE system

calibrated with a silicon reference detector.



Chapter 5

High-Energy Optical Transitions
and Optical Constants of
CH;3NH3Pbl; Measured by
Spectroscopic Ellipsometry and

Spectrophotometry

5.1 Introduction

Metal halide perovskites (MHPs) are a propitious group of materials for thin-film op-
toelectronics, with the research field still thriving and record solar cell efficiencies now
reaching greater than 25% [12]. As photovoltaic devices begin to approach the the-
oretical efficiency limit for a single junction [54, 186-188|, fine-tuning of the device
structure is required for further optimisation. This can only be feasible with the assis-
tance of optical simulations, which require accurate knowledge of the optical properties
of device layers. Moreover, one of the most promising applications for commercialisa-
tion of MHPs are tandem solar cells, where the design also requires extensive optical

modelling [29, 165, 189, 190]. The archetypal material for studying the properties of
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MHPs is CH3NH3Pbls (MAPbDI3), which has been characterised scrupulously, revealing
remarkable fundamental features for optoelectronics including high absorption coeffi-
cients (~ 10*-10° ecm™! at 2 eV) [108, 128, 191, 192], low exciton binding energies
[68, 71, 79, 193], and small charge-carrier effective masses [71, 194, 195]. As a result,
many other optoelectronic applications of MHPs have been developed, including lasers

[196—-201], light emitting diodes (LEDs) [202—205] and photodetectors [206—-208].

Many studies have also been made to characterise the optical constants of MAPbI3 thin
films [191, 209-222], and also other MHPs [223-229] with varying results and analysis
protocols. Optical constants are typically determined by fitting data from spectroscopic
ellipsometry (SE) measurements to a dispersion model, which can then be compared
with results from spectrophotometry (reflectance and transmission spectroscopy). With
spectrophotometry measurements on MHPs, data for wavelengths of A < 300 nm (pho-
ton energies of £ > 4 eV) is usually omitted. This may be due to a) limitations of
the measurement range of the equipment used, b) strong absorption of glass substrates
and/or c¢) strong absorption of the material (for thicker films and single crystals), with
the latter two resulting in a weak (noisy) signal for optical transmission. Hence, optical
transitions at these photon energies are seldom discussed. Nevertheless, studies of this
part of the spectrum are important for validating theoretical work regarding the band
structure and ultimately understanding the fundamental properties of MHPs. Often the
focus of band-structure calculations is to reproduce the bandgap energy of MHPs, how-
ever an accurate model should predict spectral features at all photon energies observable

by experiment.

Here we use variable angle SE to determine the optical constants of a MAPbDI3 thin
film over a wide spectral range. The ellipsometric data is modelled using Tauc-Lorentz
oscillators for measurements from three different incident angles. We report on several
optical transitions which are observed at ultraviolet photon energies in both SE data and
spectrophotometry measurements. We present a simple step-by-step approach that can
be used for utilising SE as a method for accurately determining the optical constants,

thickness and surface roughness of MHP thin films.
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5.2 Ellipsometry Measurements

We prepare MAPDI;3 via a one-step, gas-assisted spin coating method to achieve smooth
uniform thin films [146]. This technique utilises the high pressure flow of inert gas on
the surface of the film during the coating process, bypassing the need for anti-solvent
quenching [147, 230, 231]. We use a precursor of Pbly and methylammonium iodide
(MAI) (1:1) in a mixed solvent solution of DMF and DMSO at a concentration of
1M. Figure 5.1 shows the sample morphology from atomic force microscopy (AFM) and
scanning electron microscopy (SEM). The film has a relatively uniform surface with grain

size of ~ 100 to 200 nm. We performed SE measurements on thin films of MAPbI3 to
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Figure 5.1: Characterisation of the MAPbI3 thin films: a) AFM image. b)
Top-view SEM image. ¢) 3D AFM topography. d) Schematic representation of
the optical model. e) X-ray diffraction pattern. Scale bars are 1 pm.

obtain the ¥ and A values over the spectral range of 192 to 1696 nm, for three angles of
incidence (65°, 70°, and 75°). The parameter A is the induced phase difference between
the s- and p- polarised light and W is the angle whose tangent is given by the ratio of
the magnitudes of the reflection coefficients, |Rs| and |R,| for the s and p polarisation
planes, respectively, i.e. tan ¥ = |R,|/|Rs| (see chapter 4). We ensure that the sample is

measured immediately following exposure to ambient conditions, after being packaged in
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an inert environment so that minimal degradation occurs prior to measurement. Figure
5.1e shows the X-ray diffraction pattern of the film in this condition, displaying a high

degree of crystallinity and absence of peaks that indicate degradation.

5.3 Tauc-Lorentz Oscillator Model

To model the ellipsometry results, we firstly use a Cauchy film model to fit the data in
the transparent region (> 800 nm), where oscillations due to interference are observed.

The refractive index from the Cauchy dispersion model is given by:

B C
n(\) = A+ 5+ 7 (5.1)

where A, B and C' are the Cauchy coefficients to be fitted, and X is the wavelength.
This gives a good estimate for the thickness of the film, which is not fitted during the
next phase. Subsequently, the Cauchy film model is parameterized to convert it to a
basis-spline (b-spline) model which is used to fit the transparent region of the spectrum.
The fit is then expanded to wavelengths below the bandgap, where the film is absorbing.
The b-Spline model is then forced to be consistent with Kramers-Kronigs relations and
fit to the data once again with updated parameters. Finally, the b-Spline model is
parameterized to build an oscillator model with six Tauc-Lorentz oscillators. In the
Tauc-Lorentz model, the imaginary part of the dielectric constant is given by equation
4.7. In the equation, Eg is the bandgap, used as a coupled fitting parameter across
all oscillators. The parameter A; is the amplitude and C; is the broadening of each
oscillator peak centred at the energy E;. Once the parameters for €2 are obtained, €1 is
found using the analytic solution of the Kramers-Kronig integration (equation 4.8) [185].
The resulting model for pseudo-optical constants can be fitted to the data for ¥ and A
using equation 4.6 where 6; is the angle of incidence and p is the induced polarisation
change (p = tan(¥)e’?). The parameters are fitted globally for three angles of incidence
(65°, 70°, and 75°) over the wavelength range of 192 to 1696 nm. We incorporated the
film thickness and surface roughness in the model (Figure 5.1d) and all parameters are

updated to obtain the lowest possible MSE (mean squared error).
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The ¥ and A data is shown in Figure 5.2, along with the fit from the Tauc-Lorentz

oscillator model. A MSE value of 6.458 is achieved, indicating excellent agreement
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Figure 5.2: Polarisation data obtained from variable angle SE measurements.
The dashed lines show the fits from the Tauc-Lorentz model.

between the model and data.We obtain a thickness value of 302.33 4+ 0.086 nm, which is
in agreement of the thickness obtained using profilometry (299 + 7 nm). The roughness
of the film is found to be ~ 6.40 £ 0.036 nm, which is slighly lower than the RMS
(root mean square) roughness value of 13 nm obtained by AFM (Figure 5.1a and c). It
is important to factor the surface roughness, since it has a substantial impact on the
determination of optical characteristics of the film, with larger values causing erroneous
interpretation [232]. The fitting parameters obtained from the Tauc-Lorentz model are

outlined in Table 1.

Table 5.1: Fitting parameters of the Tauc-Lorentz oscillators

Oscillator ~ Centre (eV) B; (eV) A;

Ey (Eg) 1.574 + 0.001 0.113 4+ 0.0035 85.6887 + 1.4232
F 2.540 4+ 0.0054 0.905 + 0.0260 15.2272 + 1.2160
FEo 3.361 4+ 0.0033 1.031 &+ 0.0179 16.4492 + 0.3863
Es 4.651 + 0.0089 1.375 £ 0.0496 5.5714 + 0.2945
By 5.693 £ 0.0196 0.895 + 0.0933 2.0886 £ 0.5220
Es 6.601 £+ 0.0921 1.360 + 0.4059 3.5829 £ 1.3693
FEuv 8.312 £+ 0.3858 44.4681 + 8.0397

We find that six oscillators are required to minimize the MSE of the fit and reproduce
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the data accurately. If fewer than six oscillators are used (four or five, for example),
the fit does not capture all of the features of the A and ¥ curves (Figure 5.2a and
b, respectively) and instead converges to oscillator parameters that provide an average
value to account for several transitions. Only very slight reductions in the MSE can be
obtained if more oscillators are used, and the amplitude of the additional oscillators have
to be very low to achieve this. Therefore, we can conclude that any more or fewer than
six main oscillators appears to create a non-physical model. A value of €5, = 1.27240.09
is fitted to provide a dielectric constant at high energies, in order to prevent e; from
becoming zero following the application of the Kramers-Kronig transformation. The
element Fyy is also included as an unbroadened oscillator to account for high-energy
absorption, which effectively provides a ‘tilt’ to the dielectric constant. The bandgap

value of Eg = 1.574 eV is determined as a coupled fitting parameter for all oscillators.

The optical constants determined from the analysis are presented in Figure 5.3. The
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Figure 5.3: Optical constants determined from the SE data analysis: a) Re-
fractive index (n) and extinction coefficient (k). b) Real (1) and imaginary
(e2) components of the dielectric constant. c¢) Tauc-Lorentz oscillators (black
curves) used to model €3 (purple curve). d) Absorption coefficient calculated
from SE data (black) and estimated from spectrophotometry data (green).
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black curves in Figure 5.3c show the individual contribution from the Tauc-Lorentz oscil-
lators to e9. Figure 5.3d shows the absorption coefficient, @ derived from the extinction
coefficient, k, calculated using the relation o = 47k/\. We performed spectrophotom-
etry measurements on a different MAPbI3 thin film deposited on quartz to obtain an
estimate for the absorption coefficient, which is overlaid with the calculated absorption
coefficient in Figure 5.3d. For these measurements, a thinner film was deposited using a
0.5M solution to obtain a thickness of ~ 110 nm, to ensure the transmission signal was

strong enough to be detected at highly absorbing wavelengths.

The observed transitions in the absorbing region of the experimental o spectrum appear
to corroborate with the modelled data from the ellipsometry measurements. For the
SE-calculated absorption coefficient, the value at 2 eV is ~ 4.6 x 10* cm ™!, which is
in good agreement with previous work [108, 211, 217]. The absolute amplitude of the
absorption coefficient obtained from spectrophotometry should not be considered as an
accurate value for comparison, since scattered light from the sample is not accounted for.
Instead, we use the data to compare the shape and position of the optical transitions.
One major difference between the two absorption coefficients is position and relative
amplitude of the highest energy peak. In the spectrophotometry data, it appears that
the two highest energy peaks coincide, creating a high energy shoulder at ~ 6.3 eV in
the peak observed with a maximum at ~ 5.8 eV. In the SE data however, it appears that
the highest energy peak is blueshifted in comparison, with the maximum lying outside
of the measurement range, with the Tauc Lorentz oscillator associated with this peak

centered at 6.52 eV (Table 1).

5.4 Critical-Point Analysis

To investigate the optical transitions in MAPbI3, we used critical-point (CP) analysis
to accurately determine the transition energies. The CP model gives the following
expression for the second derivative of the complex dielectric constant for any given

excitonic transition, j:

d2 ‘
d—E‘Z = 24,¢" (E — Eg; +iT;) > (5.2)
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The energy of the transition is given by Fj, the broadening is I';, the amplitude is A;,
the phase is ¢;, and 4 is the imaginary unit. This equation is used to fit the real and

imaginary parts of the dielectric function, as shown in Figure 5.4. The transition energies
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Figure 5.4: Critical-point analysis of the dielectric constant. The solid lines
show the fitting of equation 5.2.

obtained from this analysis are Eco(Eg) = 1.592 4+ 0.001 €V, Ec; = 2.49 £ 0.072 eV,
FEco =3.314£0.03 eV, Ecg = 4.3940.46 eV Egy = 5.645+0.01 eV. We could not extract
an energy associated with the transition at the high energy limit of the dispersion, since

it is not fully captured by the measurement range.

The three transitions Ecg, Ec1 and Ece are commonly identified [189, 213, 217], however,
FEc3 and Egy are not often observed or remarked on. Our obtained value for the bandgap
is similar to those previously determined [191, 192, 217, 222], which has been attributed
to a direct transition at the R symmetry point of the Brillouin zone [191, 216]. Shirayama
et al. reported the analysis of SE measurements over a wide spectral range, where several
weak transitions are observed at high energies [191]. In their work, critical points are
identified at 2.53 and 3.24 eV in the dielectric function for MAPbI3 and are assigned to
the direct optical transitions at the M and X points in the pseudocubic Brillouin zone,
respectively. Our values for Ec; and Ecg lie reasonably close to these transition energies

and hence, are also likely to have the same origin.

The spectral features at higher energies indicate either transitions between energy bands
deeper than the first conduction and valence band or transitions occurring at points

other than the M and X points of the Brillouin zone. Leguy et al. performed SE
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measurements for photon energies up to 5.5 eV and fitted the data to determine critical-
point energies of 1.62, 2.55, 3.31, 4.55, and 10 eV for single crystals of MAPbI3 but
slightly different values of 1.61, 2.5, 2.85, 3.38, and 6.97 eV for thin films.[216] In the
study, the authors use quasi-particle self-consistent GW (QS-GW) calculations to derive
optical constants up to photon energies of 10 eV, which are in good agreement with
experimental data within in the spectral range of the measurements. In the calculated
extinction coefficient spectrum, peaks are also predicted at ~ 5.5 and 6.7 eV, which are
not captured in their ellipsometry experiments, but are relatively close to the transitions
observed in our experiments here [216]. Ndione and colleagues observed the transitions
at ~ 4.6 and 5.8 eV in the dielectric constant from SE measurements, but only included
the transition at 4.6 eV in the critical-point analysis.[221] Demchenko et al. performed
SE measurements on MAPbIs and extracted a dielectric constant that closely matches
our obtained function, including the high energy features, likely originating from I' point
transitions [220]. As a result, we suggest that the transitions associated with Ecs and
FEc4 are associated with transitions at the I' point of the Brillioun zone. Guerra and
colleagues also observed the transitions at ~ 4.6 and 5.8 eV via SE but did not measure
spectrophotometry data beyond 5 eV [222]. In all the above studies, the highest energy
optical transition is not investigated via spectrophotometry measurements in addition

to SE.

5.5 Conclusions

In conclusion, we have used spectroscopic ellipsometry (SE) and spectrophotometry to
identify optical transitions in MAPbI3 thin films and have determined the optical con-
stants over a wide spectral range. We have shown how the SE data can be fitted with a
Tauc-Lorentz dispersion model with six oscillators, using parameters that can be phys-
ically justified. These analyses are critical for constructing optical models for use in
designing structures such as tandem solar cells. We have used critical-point analysis to
show transitions at 1.59, 2.49, 3.31, 4.39 and 5.65 eV from the SE data, which is in ex-
cellent agreement with results from spectrophotometry. The transitions at 4.63 and 5.88

eV are not usually investigated due to experimental limitations and provide important
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information relating to the band structure of MAPDbI3 and the potential applications of
the material. Although their origin remains unclear, previous studies allude to I'-point
transitions and further theoretical work should be carried out to fully understand the
nature of these transitions and assist in accurately determining the fundamental physical

characteristics of metal halide perovskites.

5.6 Contributions

The author fabricated the samples and performed the ellipsometry measurements and
analysis. Giacomo Piana assisted with the AFM imaging. The content of this chapter

has been accepted for publication, and parts of the text have been included verbatim.



Chapter 6

Disorder-Induced Trapping of
Free Carriers and Excitons in

Lead Halide Perovskites

6.1 Introduction

Photovoltaics based on lead halide perovskites (LHPs) are a promising technology for
solar energy generation, with record efficiencies exceeding 24 % [12]. As a result, a vast
array of methods have been employed to investigate the optoelectronic properties of the
materials. Studies have revealed highly desirable properties such as long charge-carrier
diffusion lengths (> 1 pm) [17, 100, 108], owed to slow electron-hole recombination and
high carrier mobilities [107, 109-112, 233]. Despite this, there still exists a number of
varying perspectives regarding the fundamental physical properties of LHPs. Specific
examples include the contribution of excitons to the photoexcited states at different tem-
peratures [87, 234-236], the nature of the band structure [78, 237], transitions during
generation and recombination processes, the effect of trap states and defects [101, 238],
and the understanding of device operating principles [239, 240]. Many studies have
been carried out from which the binding energy of excitons in LHPs can be inferred,

with values ranging from 2 meV to > 60 meV [71, 72, 79-81] at room temperature for
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CH3NH3Pblz (MAPDI3) or similar materials. Reports of intermediate values for the
exciton binding energy describe a picture of photogeneration of both excitons and free
carriers at room temperature, with a ratio of ~1 : 10, respectively [70]. Drude-like
terahertz photoconductivity spectra [15, 75] and microwave photoconductance [16, 80]
at room temperature confirms the presence of free carriers in LHPs. Hence, free charge
carriers are well agreed to be the primary photoexcited species in these materials at
typical operating conditions for PV [69-72], allowing for successful use of perovskites
such as MAPDI;3 for the planar solar cell architecture. In contrast, recent studies have
suggested that excitons play a significant role in the recombination dynamics, with
evidence of localisation and trapping of excitons [87, 234-236]. Many schemes have
been proposed that describe the slow photoluminescence decay dynamics in terms of
trap-assisted recombination [76, 100, 101]. However, there currently remains a lack of
agreement among different models concerning the recombination mechanisms present in
LHPs. Deeper trap states (> 50 meV) can originate from defects, likely related to lead
and iodine [241, 242]. Todine ions are known to be mobile within MAPbI3 and the asso-
ciated defects can be annihilated [114] or dispersed [116] by light irradiation. Therefore,
following exposure of the film to laser excitation for several minutes in vacuum, shal-
low trap states become the principal cause of charge trapping, produced by spatial and

temporal variations of the bandgap [192, 243-245] or shallow defect states [238, 246].

6.2 Temperature-Dependent Electronic Bandgap and Ex-

citon Binding Energy

We prepare polycrystalline MAPbI3_,Cl, thin films and measure the absorption coef-
ficient as a function of temperature (see chapter 4), shown in Figure 6.1. We model
the optical absorption using Elliott’s theory for near band-edge optical absorption in
direct-bandgap semiconductors [51]. Elliott’s theory describes the intensity of optical
absorption of semiconductors as a contribution from both exciton and band-to-band
transitions (equation 2.9). This allows us to extract the exciton binding energy Ep and
the bandgap energy Eg across the entire temperature range. The absorption at 290

K (Figure 6.1a) shows a smooth absorption onset around 1.55-1.65 eV, which is the
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Figure 6.1: Absorption coefficient for MAPbI3;_,Cl, and results from
Elliott’s theory. (a-d) Absorption coefficient for MAPbI3_,Cl, for different
temperatures. Elliotts theory reveals the respective contributions from exciton
and free-carrier transitions. (e) Broadening parameter, p used in the absorption
modelling as a function of temperature. (f) Percentage of total absorption from
tetragonal phase MAPbI3_,Cl,. (g) The electronic bandgap, Eg, as a function
of temperature.

expected optical bandgap for MAPbI3_,Cl,. At this temperature, the absorption re-
duces exponentially with decreasing photon energy. To account for this disorder-induced
band-tail and also the homogenous broadening, we convolve the function from Elliott’s

theory with the lognormal distribution [247]:

ST EUIC) A R
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where ¢ is the shape parameter that accounts for the low energy tail introduced by struc-
tural disorder and u is the broadening parameter, representing temperature-dependent
electron-phonon coupling. We choose ¢ as a constant for all temperatures to simplify the
model and p is varied for each temperature. To represent the delta function for exciton

transitions, a single point is created that is scaled by the products terms in the equation
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and convolved with the function mentioned below. The step function for continuum
absorption is implemented algorithmically by setting the value equal to y/(E — E¢) for

energies above the bandgap and zero elsewhere.

As the temperature is reduced, a maximum in absorption close to the band-edge emerges,
indicative of exciton transitions (Figure 6.1b). The absorption maximum becomes nar-
rower and more intense relative to the free-carrier absorption, following a decrease in
the homogeneous broadening, u(7T"), caused by electron—phonon coupling, as shown in
Figure 6.1e. The bandgap is found to increase linearly with temperature between 140
and 290 K, also in agreement with prior studies [96, 247]. This is not typical of crys-
talline inorganic semiconductors such as Ge, Si, and GaAs that follow the opposite
trend [248]. Previous theoretical work has indicated that this is due to the stabilisation
of band-edge states, following thermal expansion of the lattice [249]. A value of ~20
meV is obtained for the exciton binding energy in the temperature range wherein only
the tetragonal phase is present, which is consistent with several values previously found
from fitting of the Elliott theory to absorption data [81, 107]. This value is constant
across the temperature range of the tetragonal phase (~140-290 K), except for 290 K
where it is found to decrease slightly. At temperatures below 140 K, evidence for a
coexistence of tetragonal and orthorhombic structural phases has been shown by several
previous studies [67, 69] We find that the observed spectra at lower temperatures are a
superposition of absorption from the two phases, as shown in Figures 6.1c—d. Even at
20 K, the model is unable to reproduce the experimental data if only absorption from
the orthorhombic phase is considered. At this temperature, we find that ~25 % of the
relative signal intensity appears to originate from the tetragonal phase to account for the
shape of the absorption (Figure 6.1f). Results from the model show that upon decreas-
ing temperature, the exciton binding energy changes abruptly for both phases around
120-140 K, to a value of ~23 meV for the temperature range of 20-120 K. It is therefore
concluded that the exciton binding energy is almost temperature-independent, except
for changes due to the structural phase transitions. The small difference in the exciton
binding energy between the orthorhombic and tetragonal phases is in agreement with

previous reports [107, 128, 250]. Similar to the exciton binding energy, the bandgap for
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both phases increases rapidly during the phase transition (120-140 K) before gradually

decreasing as the temperature is further reduced.

6.3 Electron—Phonon Coupling

This trend is also observed clearly in the photoluminescence versus temperature, shown

in Figure 6.2a. The shape and energy of the photoluminescence as a function of tem-
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Figure 6.2: Steady-state photoluminescence of MAPbLI;_,Cl,. (a)
Steady-state photoluminescence spectra of MAPbI3_,Cl, between 20 and 290
K. The photoluminescence intensity is in log-scale and shows emission from
two transitions at the lower temperature range, attributed to the two different
crystalline phases. (b) The linewidth of the steady-state photoluminescence as
a function of temperature. The red line shows the fit of equation 6.2 to the
data.

perature is similar to that previously reported [75, 243, 251]. The maximum of the

photoluminescence redshifts with decreasing temperature, following the trend of the
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absorption due to the non-Varshni behaviour of the bandgap (Fig 1g). Below the tem-
perature of the phase transition (< 140 K) the orthorhombic phase photoluminescence
maximum begins to emerge, and dual emission is observed even at temperatures below
100 K. At 20 K, the orthorhombic photoluminescence appears as a tail at longer wave-
lengths due to the lower intensity emission. This corroborates with the evidence of a
phase coexistence at low temperatures from the absorption modelling. The linewidth
of the photoluminescence measured at full width at half maximum (FWHM) increases
with temperature for the MAPbI;_,Cl, as shown in Figure 6.2a. The broadening for the
tetragonal phase appears to be homogeneous, due to the scattering of charge carriers by
phonons that increase the linewidth of the photoluminescence. Electron—phonon cou-
pling in perovskites such as MAPbls_,Cl, has been previously studied, with differing
conclusions drawn about the nature of the interactions [82, 252-254]. It was previously
shown that due to the polar nature of LHPs such as MAPbI3, the dominant mode is the
longitudinal optical (LO) phonon via Fréhlich interactions with electrons [253, 255]. As
a result, the linewidth broadening as a function of temperature I'(7") can be fitted with

the equation,

(6.2)

where I is the linewidth at 0 K, v is the strength of the Frohlich coupling and Ero is
the energy of the LO phonon. Since MAPbI;_,Cl, undergoes a phase transition around
140 K, we observe emission from two transition lines around this temperature and hence
cannot accurately determine the linewidth for the tetragonal phase below this temper-
ature. However, at low temperatures we can consider the approximate value of the
linewidth of the orthorhombic phase photoluminescence maximum, assuming that the
same phonon mode is dominant in both phases. The expected trend with temperature
for the linewidth broadening via Frohlich interactions is observed, as shown in Figure
6.2b, yielding a value of 10 meV for Er o, which is similar to those previously found ex-
perimentally and from results of calculations [251-253]. The inhomogeneous broadening
Iy is found to be 37 meV, which again is similar to previously obtained values [251-253].

The Frohlich coupling strength, v is found to be 22 meV, which is slightly lower than
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typically stated values for MAPbI3_,Cl,, indicative of weaker electron—phonon coupling
in our sample. The Bose-Einstein dependence of the photoluminescence linewidth on
temperature is similar to that of the broadening parameter, p(7) in Figure 6.1e, used
in the model for the absorption coefficient, suggesting that the same electron—phonon

interactions are responsible for broadening of both emission and absorption.

6.4 Model for Trapping and Re-excitation

In order to interpret the time dependence of the photoluminescence, we construct a
model to account for the carrier kinetics based on a system of coupled differential equa-
tions. Under non-resonant laser excitation of intensity L, a density N(0) of photogener-
ated species is produced. This total concentration of species consists of the sum of free
electrons in the conduction band, having density n and free excitons, with density z, so
that the relation N(0) = n + x holds. We postulate the presence of an intraband trap
state for electrons and excitons at energy Fr = Fg — AFE, where AFE is the difference
in energy between the bandgap and energy level of the trap state. An electron from the
conduction band or an electron bound in an exciton can then be trapped into these states
that have a density Np, contributing to the total concentration of trapped electrons that
we indicate by ny 4+ xp. Since charge neutrality must be conserved, the number of total
photogenerated free holes in the valence band will be at any time h = n+np. A detailed
kinetic model accounts for all the processes that we assume to govern the recombination
in MAPDbI3_,Cl, and we describe such a model with the series of ordinary differential

equations presented below:

dn

E = _kan + kgxr — kepnh — k:ln (NT —ny — xT) n + kSnT (63)
dTLT
W = k‘? (NT —nr — l’T) n — ]{IS’I’LT — ]{JQ’I’LTh (6.4)
dx 2 T X
pr = kn® — kqx — kyx — k{ (N —np —or) 2 + kyop (6.5)
=ki (Nr —np —or)x — kyor — k3xr (6.6)

dt
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The electron-hole recombination is described by k.pn?, where ke is the bimolecular
recombination rate, and the free-exciton recombination is given by k,z, where k, is
the radiative rate for excitons. The term kfn2 represents the exciton formation and
kqx represents the exciton dissociation, both appearing in equations 6.3 and 6.5. The
parameters k7', k3 and k§ determine the electron trapping, re-excitation into the con-
duction band and depopulation into the valence band, respectively. The values k7, k3
and k3 represent the analogous rates for excitons. The transitions between excited and
trap states are mediated by phonon absorption and emission, with the rates of the pro-
cesses determined by a Bose—Einstein distribution with temperature. Firstly, excitons
and free-carriers can non-radiatively relax to trapped states by phonon emission. This

is described by decay rate k;i:

E Ebar+AE
Epar <7Ph) Eph
() ) o (el
ki =mry (e\rsT/ — oY (6.7)
e<’“BT -1

where kp is the Boltzmann constant, r; is a rate constant that relates to the efficiency
Eph

n
of the process, <e<’ﬂ3T> — 1> is the probability of an carrier to absorb n phonons of

FpT

Eph m
energy F,, to firstly overcome the barrier energy FEjp,, and (E(Eph))> gives the
e\FBT ) 1
probability of an carrier to emit m phonons of energy E,; and non-radiatively relax to
the trap with a depth of AE. Furthermore, the opposite process can occur by excitation

from the trap state to a bright state with a rate ko given by:

_ Epar TAE Ppn ph
e (59 1) () 69
e\kBT/) — 1

where ry is the rate constant that characterises the efficiency of the process. For the case
of excitons, AF is replaced with (AE — Ep) to correctly represent the energy difference
between the exciton state and the trap state. Finally, we also take into account non-
radiative relaxation from the trapped states with decay rate k3. A constant value for ks
is used across the temperature range, since this value is very low in comparison to the

other processes shown in Scheme 1. In these equations, the temperature dependence of
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the rates is a function of the depth of the trap, AE and the energy required by carriers
to become trapped, Epq-. In order to describe the observed photoluminescence decay, it
is necessary to introduce one additional rate equation for the emitted photons p. This

has the form:

dp

D fewn? + ke (6.9)

For these calculations we use the Runga—Kutta numerical method to solve the system
of coupled rate equations. The equilibrium values of the exciton and free electron—hole
pair densities, x, n and h depend on the thermodynamic equilibrium conditions dictated
by the Saha equation. Using the expression for the total photo-generated carriers IV it
is possible to write the generalisation of the Saha equation of p-doped semiconductors

256, 257):

(ne +np) -ne = Any (6.10)

Ep
where A = Uz—';ee<’“BT). Here, v,, ve and v, represent the thermal frequency (related to

the thermal wavelength) for excitons, electrons and holes respectively. If the density of
trap states is zero, this expression reduces to the canonical form of the Saha equation
An, = n2. In equations 6.3-6.6, two mechanisms are represented by the term k fn2 for
the combination of free carriers into excitons and kgx for their dissociation. It has been
proven that the static solution of these equations are the equilibrium values given by
the Saha equation itself. For simplicity we consider the trap densities for our system to

be zero, leading to a simplified version of the rate equations:

dn

o= —kn® + kgx — kepnh (6.11)

% = kn?® — kgx — kya (6.12)

It is possible to write the equilibrium condition in this case as:
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; n
(n+np)n= Az 29 “4_ 4 (6.13)
Teq

where we have used the condition nr = 0 and the subscript indicates that the concen-
trations of electrons and holes reached the thermodynamic equilibrium. This will allow

us to further simplify the rate equations as:

d

d—? = 92 +70Az — kegpnh (6.14)
d
d—f =% — P Ax — k2 (6.15)

We are then finally able to describe the formation and ionisation of excitons via a single
rate 0. The equilibrium condition is satisfied as long as the values for n and z given by
the solution of the system of two rate equations satisfy the equation for n.; and x., at
any given time. This means that we can simply solve this system of two rate equations
for different values of 0 and then find the appropriate value of r¥ that accounts for the
condition that the solutions for n and z satisfy equation 6.14. We find this value to be
0 =107* cm?3 s!. These processes, along with all the other possible carrier transitions
are outlined in Figure 6.3. For the bimolecular recombination rate in direct-bandgap
semiconductors, the proportionality relation between the value of the recombination rate

ken, the bandgap energy F¢ and the temperature T is given by:

E}

_ 1.0
k’eh = keh (kBTg/Q)

(6.16)
where kgh is the proportionality factor and a global parameter in the model [258]. The
radiative rate for excitons, k, is also a global parameter and the trap-state density, Np

is a local free parameter for each temperature.
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Figure 6.3: Excitation and recombination mechanisms in

MAPDI3_,Cl,. Excitons can be formed and dissociated, with initial
populations dictated by the Saha model. Free carriers and excitons can be
trapped and re-excited from shallow traps via interactions with phonons, with
rates depending on temperature.

6.5 Global Fits to Time-resolved Photoluminescence

We perform time-resolved photoluminescence measurements on MAPbIs_,Cl, thin films
for a range of temperatures and excitation fluences. The sample is placed in a cryostat
under vacuum and illuminated with a 400 nm, 200 fs pulsed laser with a repetition rate of
2 MHz. At room temperature, the intensity and lifetime of the photoluminescence varies
over the time period of the measurements due to light exposure of the sample at higher
fluences, even under high vacuum. This effect has been previously attributed to defect
motion in the sample due to mobile halide ions [114, 116]. Therefore, only temperatures
between 20-260 K are considered, since for these temperatures the photoluminescence
was found to be far more stable during several minutes of exposure due to lower thermal

energy of ions.

For each temperature, after waiting for the photoluminescence to stabilise, the fluence
of the laser is varied in order to generate photoexcited carrier densities N(0) of 10'° and
10'6 cm™3. For the temperatures that show multiple maxima in the photoluminescence

spectra, the time-resolved photoluminescence decays are recorded within a 20 nm window
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centred on each spectral maximum separately. We solve our set of differential equations
using iterative numerical methods to fit the normalised % obtained from equation 6.9
to the corresponding experimental decays. The values of Ep and Fg obtained from the
absorption modelling are used to calculate the Saha parameter A and the dependence
of kep, on both T and Eg (equation 6.16). We use the value of 10 meV obtained from
the FWHM of the steady-state photoluminescence for the LO phonon energy to use in

the expression for the phonon-assisted rates (equations 6.7 and 6.7).

Figure 6.4 shows the time-resolved photoluminescence data obtained from experiments

along with the decays produced by the model. In order to understand the shape of the
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Figure 6.4: Time-resolved photoluminescence of MAPbI;_,Cl, and
modelled decays. (a—c) Time-resolved photoluminescence decays for the
tetragonal phase. (d-f) Time-resolved photoluminescence decays for the or-
thorhombic phase.

observed decays, one must consider the interactions between free charges, excitons and
trap states. Figures 6.5a and 6.5b show, as an example, individually the populations of
both excited and trapped electrons (n,nr) and excitons (z,z7) at 140 K in the tetrag-
onal phase. The decay pathways responsible for free-carrier and exciton trapping are
responsible for a decrease in the overall lifetime of the luminescence. Decay of photo-
generated charges into the trap states have rates proportional to (Np — np — xp) for

both free carriers and excitons and therefore will decrease when the trap states become
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Figure 6.5: Results from the kinetic model of MAPbDI;_,Cl,. (a)
Calculated electron concentration n(t) (solid lines) and trapped electron con-
centration nr(t) (dashed lines) for the tetragonal phase at 140 K. (c) Ratio of
free carriers to excitons as a function of temperature for a fluence of 1016 cm-3.
(d) Density of trap states Np for the orthorhombic and tetragonal phase as a
function of temperature.

saturated (Figure 6.5a). Hence, the initial fast trapping that is clearly visible in the
first 25-30 ns becomes less dominant for higher excitation densities (Figures 6.4a—d).
The dynamics at later decay times (25-30 ns onward) can be described as an interplay
between bimolecular or exciton recombination, re-excitation of the trapped species into
their excited states and recombination of trapped carriers. Since re-excitation into ex-
cited states and recombination are both proportional to the trapped carrier densities ny
and zp, lower fluences will lead to an overall slower decay compared to higher fluences,
which is observed for all temperatures. For free charges, this effect is summed with the

dependence of the bimolecular recombination on the product of the electron and hole
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densities, nh, as is possible to observe comparing the later component of the decays
in Figure 6.4. In general, the decays for temperatures above the phase transition are
dominated by the bimolecular recombination and the trapping of free charges, since they
comprise more than 80 % of the photogenerated species, as shown in Figure 6.5¢c. When
reducing the temperature, the relative proportion of excitons becomes more significant
(Figures 6.4b—f). Close to the phase transition at ~140 K, notably for the orthorhombic
phase, the Saha relation dictates that the free-carrier and exciton populations are compa-
rable for N(0) ~ 10'® cm™3, given our obtained value for the exciton binding energy and

trap-state density, shown in Figure 6.6. However, at 10’6 cm™3 the free electron-hole
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Figure 6.6: Result from the Saha equation The ratio of free carriers n and
excitons x to the total photogenerated species IV as a function of temperature.

pairs represent only 30% of the photogenerated charges at this temperature (Figure
6.4c). The decays for the intermediate temperatures are therefore described as a su-
perposition of free-carrier and exciton dynamics, and the influence of the two species
depends on the injected carrier density and trap-state occupancy. As the temperature is
further reduced, the influence of the exciton dynamics increases, but the relatively high
number of free electron—hole pairs affects the dynamics across the whole temperature
range, with the notable exception of the orthorhombic phase at temperatures lower than
50 K (Figure 6.5¢c). At low temperatures, Phuong et al. observed evidence of charge
transfer from the orthorhombic and tetragonal phase via the correlation of the photo-
luminescence decay time of the former to the rise time of the latter [69]. We do not
observe such dynamics in MAPbI;_,Cl,, which is likely due to the larger grain size in
our material (see Chapter 7) affecting the amount of charge transfer between phases.
Figure 6.5d shows the density of trap states for free carriers and excitons in both the
structural phases. We find that the trap-state density for both charge species increases

with temperature from 20 K up to the phase transition. At these temperatures, there
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is a coexistence of phases and an increase in disorder approaching the phase transition
[255]. Within the material, traps exist as a distribution of states [243, 259] with different
depths and barrier heights, resulting from a disordered energy landscape. In our model,
we make a simplification by assuming a singular trap depth and barrier. The obtained
values are presented in Table 6.1 and can be considered as the average values for the

entire distribution of trap states.

Table 6.1: Fitting parameters from modelling the TRPL data.

Phase KO (em® s71)  ky (s7!)  AE (meV) Epg (meV)
Tetragonal 1.8£0.1 2.8+0.1 28+1 14+0.3
Orthorhombic 1.8+0.1 2.8+£0.1 32+1 1+£0.3

We find that the model requires a shallow trap energy AE of ~ 30 meV to reproduce
the experimental results accurately. Since non-radiative recombination of electrons from
these states to the valence band requires a very large number of successive phonon
interactions, the transition has a low probability [260]. This is accounted for in our
model since the associated rates k3 and k5 for these processes are very low relative to
other processes. The rates k% and k% are 10712 cm?3 s71 and 10* s7! respectively, which
are constant for all temperatures. This is in contrast to the rates for trapping (k{ and

3 571 at low temperatures and ~ 10~® cm?® s~! at higher

k%), which are ~ 1079 cm
temperatures, and the rates for re-excitation (k3 and k%), which are ~ 10° s~ and
~ 10% s7! for high and low temperatures respectively. The full temperature dependence
of the rates for these phonon-mediated processes can be observed in Figure 6.7. This
insight provides an explanation for the extension of the charge-carrier lifetimes, despite

the presence of a direct bandgap that would otherwise provide a channel for fast radiative

decay in lead halide perovskites.
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6.6 Conclusion

In conclusion, following the use of Elliott’s theory applied to absorption spectroscopy,
we find that there is a coexistence of phases at low temperatures and have determined
the exciton binding energy for low and high temperatures to be ~23 and ~20 meV,
respectively. Coupling via Frohlich interactions of electrons to LO phonons with an
energy of 10 meV gives rise to broadening in the photoluminescence and absorption
spectra. Applied in our kinetic model, the obtained parameters reveal that the recom-
bination of free carriers and excitons are both subject to trapping and re-excitation via
shallow traps, that when taken in to consideration allow us to qualitatively reproduce
the observed excitation-dependent time-resolved photoluminescence across a wide range
of temperatures. This process provides a simple, coherent explanation for unusually
long lifetimes observed in lead halide perovskites. Analysis of the trap-state density
versus temperature suggests that their main origin is a consequence of disorder, which

is increased at temperatures close to the phase transition.

6.7 Contributions and Publications

Spectroscopy measurements were carried out by both the author and Giacomo Piana.
The model for charge-carrier recombination was developed and the data was fitted by
Giacomo Piana, with the assistance of the author and Pavlos Lagoudakis. The author
was responsible for modelling for the absorption spectroscopy and fabricating the per-
ovskite thin films. The content of this chapter has been published in Ref. [68], and parts

of the text have been included verbatim.






Chapter 7

Influence of Grain Boundaries on

Recombination Dynamics in Lead

Halide Perovskites

7.1 Introduction

Lead halide perovskites (LHPs) demonstrate many optimal properties for photovoltaic
(PV) technologies, with a record power conversion efficiency now greater than 25 %
[12]. As a result, many studies have attempted to reveal the origin of the high perfor-
mance of these materials, contributing to the understanding and further development
of optoelectronic devices based on LHPs. One source of superiority of these materials is
the high photoluminescence quantum efficiency [188, 261, 262], which can be drastically
enhanced, for example, by simply illuminating the sample in the presence of oxygen
[117, 118, 263-267] or by using other passivation techniques [112, 149, 268, 269]. This
allows the efficiency of solar cells to approach the theoretical limit of the open-circuit

voltage by limiting non-radiative recombination [59, 270].

Since the majority of high-efficiency perovskite solar cells and fabrication processes are
associated with absorbing layers that are polycrystalline, understanding the influence

of different film morphologies on the resulting devices is critical. It is well agreed that
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the density and nature of trap states of LHPs vary greatly depending on the fabrication
protocol and therefore their morphology likely has a substantial role to play. Investi-
gations into the relationship between morphology and recombination properties of LHP
thin films have yielded a mixture of conclusions. It is usually assumed that films which
more closely resemble monocrystalline layers (larger, fused grains) are likely to result
in better-performing devices due to a reduced number of non-radiative recombination
centres. This assumption has been validated by several studies that show a correlation
between trap states and grain boundaries [112, 271-274]. Attempts to determine the
source of charge-trapping linked with grain boundaries have alluded to defects that pro-
duce deeper (> 50 meV) sub-bandgap states [273], most likely associated with halide
species [241, 242, 271, 275]. Furthermore, Shao and colleagues found that grain bound-

aries act as channels that mediate ion migration [275].

Tonic transport in LHPs is understood to have a large impact on the device performance
and play a key role in the operating mechanism for solar cells based on LHPs, and
also gives rise to hysteresis effects [270, 276, 277]. The mobility of ions within MAPbI;3
is partly responsible for the enhancement of photoluminescence following light irradi-
ation, as deQuilettes et al. showed that the increase of photoluminescence intensity
is caused by an order-of-magnitude reduction in trap-state density, which is correlated
to iodine migrating away from the illumination spot [261]. A similar effect was also
observed by Mosconi and co-workers [114]. Li et al. observed evidence of ‘subgrain
boundaries’ using photoluminescence microscopy, which could not be identified using
atomic force microscopy (AFM) or scanning-electron microscopy (SEM), which suggests
that advanced techniques could reveal non-trivial heterogeneity of charge recombination

in LHPs [278).

One approach to investigate morphological impacts on film properties is to employ nano-
scale imaging techniques. Various scanning-probe microscopy techniques have been
utilised to achieve nano-scale resolution for investigating properties of LHPS [279-283].
For example, Garrett et al. used Kelvin probe force microscopy to monitor the lo-

cal open-circuit voltage in MAPDI3, revealing localised time-dependent changes, likely
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caused by intragrain ion migration [282]. Vruéini¢ and co-workers used scanning near-
field optical microscopy to image the photoluminescence with ~ 390 nm resolution, al-

lowing them to observe localised regions of increased photoluminescence intensity [281].

Here we present results from combined atomic force microscopy (AFM) and scanning
near-field optical microscopy (SNOM) measurements on MAPbI3 and MAPbI3_,Cl,
thin films which allows us to simultaneously monitor the sample morphology and local
photoluminescence properties with near-field resolution. We also present the results from
spatially-averaged measurements of the time-resolved photoluminescence in a vacuum,
showing how ion transport across grain boundaries is responsible for the observed long-

timescale variation in the photoluminescence properties.

7.2 MAPDbI; and MAPbI;_,Cl, Thin Films

We prepare lead halide perovskite thin films using two different methods (see exper-
imental). For the first method, we use a precursor of Pbls and methylammonium
iodide (MAI). This precursor solution is commonly used for fabricating thin films of
MAPDI3 but requires an additional strategy to obtain smooth, uniform films. These
strategies include post-deposition steps [146, 147, 150, 167], alternative solvent systems
[144, 148, 284] or additives [285-287]. We use a ‘gas quenching’ method described pre-
viously [146] which involves using a mixed solvent system of DMF and DMSO, and the
flow of inert gas on the surface of the film during the coating process. This method yields
smooth mirror-like films with a grain size of ~ 100-200 nm. For the second method, we
use PbCls as a component of the precursor solution, which enables us to obtain relatively
smooth polycrystalline films of CH3NH3PbIs_,Cl, (MAPbI;_,Cl,) with interconnected
grains of ~ 500 nm in diameter, using a one-step spin-coating deposition without any
additional smoothening technique. The inclusion of chloride in the resulting film has
previously found to be very low [136], but has an impact on the resulting structural
properties of the film.

Figure 7.1a and b show the scanning-electron microscope (SEM) and atomic force mi-

croscopy (AFM) images obtained from MAPbI3 and MAPbI3_, Cl, samples respectively.
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MAPDI3 thin films show much smaller grains with a diameter ~ 100-200 nm, with a high

Figure 7.1: Morphology characterisation of lead halide perovskite thin films.
Scanning electron microscope images of the a) MAPbI3 and b) MAPbI5_,Cl,
thin films. Atomic force microscopy of the ¢) MAPbI3 and d) MAPbI;_,Cl,
thin films.

spatial density of distinct grain boundaries. The MAPbI3_,Cl, thin films however have
much larger, interconnected grains (> 500 nm). The difference in morphology in these
films is due to the different crystallisation dynamics during the deposition and annealing

stages [135, 137, 288|.

7.3 Low Temperature Photoluminescence Spectra

Figure 7.2a and b show the photoluminescence spectra at low temperatures (11-120
K) for the MAPbI3 and MAPbI;_,Cl, thin films, respectively. At typical device op-
erating temperatures, the photoluminescence spectra of LHPs, including MAPbI3 and
MAPbDI3_,Cl, typically have a single peak, and emission from deep sub-bandgap states
is not observed [75, 107, 289]. At low temperature however, multiple peaks have been
observed, with lower energy emission potentially originating from trap-assisted recom-

bination [69].
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Figure 7.2: Low temperature steady-state photoluminescence spectra of a)
MAPbDI3 and b) MAPbI3_,Cl,. ¢) Photoluminescence spectra of the perovskite
thin films at 11 K. Multiple maxima observed in the MAPbI3 spectrum are
due to a coexistence of structural phases and defect-state emission. d) Fluence-
dependence of the perovskite thin-film photoluminescence intensity at 11 K.

Observing the low temperature photoluminescence in our MAPbI3 samples, there appear
to be contributions from three distinct radiative recombination channels. At ~ 120-
140 K there is a transition from the tetragonal to the orthorhombic structural phase
upon reducing temperature of MAPDbI3. However, inclusions of the higher temperature
tetragonal phase have been observed at low temperatures, and is likely the source of
the multiple photoluminescence maxima we observe for MAPbI3 [67-69]. We fitted the
photoluminescence at 11 K with three Gaussian functions (figure 7.2¢) and we attribute
the peak at ~ 1.65 eV to the orthorhombic phase, the peak at ~ 1.58 eV to the tetragonal

phase and the peak at ~ 1.46 eV to a defect state, which we believe is radiative at this
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temperature [69]. Therefore, the energy of this defect state corresponds to approximately

~ 210 meV below the band edge of the orthorhombic phase.

The Shibata model relates the excitation intensity, L to the observed photoluminescence
intensity, I with a power law given by I o« L*, where x depends on the nature of the
recombination. For free-carrier and free-exciton recombination x = 1-2, whereas x < 1
corresponds to trap-assisted recombination[52, 53] (see chapter 2). Figure 7.2d shows
the fluence-dependence of the integrated photoluminescence intensity for the different
transitions in MAPbIs and MAPbIg_,Cl,. The peak at ~ 1.46 eV in MAPDbI3 has a
sublinear dependence on the excitation intensity (x = 0.8), indicative of monomolecular
(trap-state) recombination. These results are in contrast with the photoluminescence
spectrum of MAPbIs_,Cl, which exhibits a single peak at low temperature, at a slightly
higher energy than the orthorhombic peak for MAPbI3 (Figure 7.2c). This suggests that
Cl has a minor impact on the band structure, in agreement with prior reports [136],
however, this is unlikely to have an impact on the defect formation or charge diffusion
in these materials. Instead, we propose that the trap-state emission from MAPDI;3 is

associated with the high spatial density of grain boundaries in our samples.

7.4 Ionic Defect Transport in Time-Resolved Photolumi-

nescence

Figure 7.3a and b show the time-resolved photoluminescence decays for MAPbI3 and
MAPbDI3_,Cl, thin films over time under pulsed-laser illumination (188 nJecm~2). Both
films show a very fast decay initially (~ 10 ns) which rapidly becomes slower over the
first few 100 s. The increase in photoluminescence lifetime correlates with an increase
in the photoluminescence intensity in both samples, as shown in Figure 7.3c. This rise
in intensity reflects an increase in the photoluminescence quantum efficiency (PLQE),
which is maximised at ~200 s in the MAPbI3 sample, after which it begins to decrease
slowly. Conversely, in MAPbI3_,Cl, the intensity continues to increase, but at a slower

rate than the initial fast rise. The initial rise time is similar in both samples, suggesting
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Figure 7.3: Time-resolved photoluminescence decays for different light-soaking
time periods for a) MAPDbI3 (blue) and b) MAPbI3_,Cl, (red). ¢) The photo-
luminescence intensity of the perovskite thin films as a function of light soaking
time. d) Initial time-resolved photoluminescence decays (lighter curves) and
decays after the photoluminescence has reached maximum intensity (darker
curves).

that the mechanism responsible for the initial photoluminescence enhancement is the

same in both samples.

7.5 Mechanism for Photoluminescence Enhancement

Figure 7.4 shows the proposed mechanism to describe the slow photoluminescence tran-
sients observed. Initially an equal number of electrons and holes are photoexcited. Iodide
vacancies produce trap states for electrons, whereas the corresponding intersitials act

as hole traps. The large amount of charge-carrier trapping is the cause of low PLQE
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Figure 7.4: Schematic showing the processes during light soaking in a vacuum.
At t = 0 s, an equal number of electrons and holes are photoexcited. lodide
vacancies act as electron traps and interstitials act as hole traps. At t =~ 100
s, interstitials initially present on grain boundaries can move along the grain
boundaries and annihilate with vacancies. As defects begin to become anni-
hilated at ¢ > 100 s, the holes that were trapped by interstitials become free
carriers and interstitials that originated within grains slowly diffuse to the grain
boundaries.

during the first few of seconds during photoexcitaion (Figure 7.3c). This fast charge
trapping is the dominant mechanism and hence produces short-lived photoluminescence
decays (Figure 7.3d). Interstitials now bound to holes (neutral overall charge) are no
longer pinned by the surrounding Coulombic potential and become free to diffuse, at
some point filling the associated vacancies. Following this, photogenerated holes are no
longer trapped upon excitation by the mobile defect states and instead are free carriers,
contributing to bimolecular recombination, increasing the PLQE over ~ 100 s. The
reduction in charge trapping compared to radiative recombination causes the overall

recombination lifetime to increase (Figure 7.3d).

Shao and colleagues previously used conductive AFM to show that grain boundaries
facilitate ion transport [275]. Therefore we propose that the initial rise in photolumi-
nescence is produced by annihilation of defects by mobile iodide initially present on the
grain boundaries in both samples. However, in the MAPbI3_,Cl, samples, the grains
are much larger and the average distance between an iodide interstitial and the nearest
grain boundary is therefore larger. Iodide ions that are initially present within grains
on film formation diffuse slowly, impeded by surrounding potential of the crystal. As
the ions slowly diffuse, they eventually reach a grain boundary where they can travel to
a vacancy and passivate it. This process occurs over a very long time scale (> 1000 s),

increasing the PLQE and carrier lifetime. This process does not occur in the MAPDI3
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Figure 7.5: Combined AFM and SNOM images of perovskite thin films. AFM
images of a) MAPDbI3 and b) MAPbI5_,Cl, thin films. The corresponding
SNOM PL maps of ¢) MAPbI3 and d) MAPbI3_,Cl,. e) and f) 3D topology
with the PL intensity shown by the colour scale for MAPbIs and MAPbI3_,Cl,,
respectively.

films however, since the photoexcited carriers and intersitials diffuse easily to the grain
boundaries because they will be in closer proximity on average to the nearest boundary
due to the reduced grain size. In MAPDbI3 the PLQE and lifetime slowly decrease after
reaching the maximum values, reaching around 80 % of the maxima after around 1600 s,

which is the feature most commonly observed in vacuum or inert atmosphere [261, 265].

7.6 Scanning Near-Field Optical Microscopy

We performed simultaneous SNOM and AFM measurements on the thin films of MAPbI3
and MAPbI;_,Cl,. The resulting images are shown in Figure 7.5. The SNOM PL maps
(Figure 7.5¢ and d) show regions of higher and lower intensity PL that relate to the size
of the grains (smaller regions for MAPbI3, larger regions for MAPbI3;_,Cl,). However,
the regions appear to span several grains for both the samples and the location of the

regions does not correlate with the morphology in any clear way. For example, in the
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SNOM image for MAPbI3_,Cl, (Figure 7.5d), there is a region of very low intensity PL
in the bottom-left corner that does not appear to correlate to any particular feature in

the AFM image (Figure 7.5d).

The smaller localised regions of PL in the MAPDbI3 thin film suggest that photogenerated
charges do not diffuse easily between grains in these samples. Darker regions may
originate from grains that are richer in defects associated with iodide and hence have
a higher trap-state density. Interestingly, there are several regions in the PL maps for
both samples where emission appears to originate from grain boundaries. Although
this seems counter-intuitive, it may be an effect of the highly localised nature of the
excitation in the SNOM experiment, but further investigation is required to understand

this phenomenon.

7.7 Conclusion

In conclusion, we have investigated the role of grain boundaries on the photolumines-
cence properties of lead halide perovskite thin films. Low-temperature photolumines-
cence emission at lower photon energies suggests the presence of defects situated at ~
200 meV below the band edge in MAPbI3 samples, which are likely associated with grain
boundaries. We have shown how long time-scale changes of the time-resolved photolu-
minescence decays can be explained by the interaction of free carriers and iodide defects.
Preliminary studies of nano-scale photoluminescence appear to show a correlation be-
tween the size of grains and localised photoluminescence regions. Further studies using

this technique should elucidate the findings we have obtained thus far.

7.8 Contributions and Notice

The spectroscopy measurements were performed by both the author and Giacomo Piana.
The SEM and AFM images in Figure 7.1 were acquired by the author. The combined

SNOM and AFM images were taken by Katarzyna Rechciriska from the university of
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Warsaw, with the assistance of the author and Giacomo Piana. The author fabricated

the samples.

The experiments in this section are currently ongoing and should be therefore considered
as work-in-progress. The discussion and conclusions of the results may be subject to

change following the acquisition of new data.






Chapter 8

Perovskite Solar Cells Hybridised
with CdTe Quantum Dots

8.1 Introduction

The past few decades have seen a rapid rise in the development of nanomaterials, such
as colloidal nanocrystals [290, 291]. These materials exhibit highly desirable properties
for optoelectronic devices (such as strong, spectrally tunable absorption and emission
of light, for example), and can be processed from solution using wet chemistry tech-
niques. Similarly, research of perovskite materials has lead to outstanding developments
in solution-processable optoelectronics. For example, perovskite solar cells now lead the
field of solution-processed photovoltaics in terms of power conversion efficiency (PCE)
[12]. Nanomaterials can be used directly as the active layers in light-emitting diodes
(LEDs)[292-295] and solar cells [296-299], but also their properties been utilised in well
established technologies such as III-V semiconductor solar cells [42-44] and GaN LEDs
[45, 46]. In the latter examples, energy may be transferred non-radiatively through
resonance energy transfer (RET), or, charges can be directly transferred between nanos-

tructures and the active layers [300, 301].
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In the field of perovskite photovoltaics, most of the research is focused on improving de-
vice efficiencies and the study of the physical properties of the materials. Comparatively-
little effort has been made to explore the potential use of nanomaterials for improving
bulk-perovskite solar cells. Successful attempts have been made to combine colloidal
quantum dots (QDs) with bulk perovskites for LED [170], solar cell [302-304] and
photodetector [173] applications. Ning et al. for example developed quantum-dot-in-
perovskite solids, showing that bulk CH3NH3Pbl3 can be grown heteroepitaxially on
PbS QDs, allowing the formation of layers that can utilise both the superior charge
transport properties of the CH3NH3Pbl3 and the light emitting properties of the QDs
[170].

In this section, we investigate the feasibility and effects of integrating colloidal QDs
with inverted planar perovskite solar cells with an active layer of CH3NH3Pbls_,Cl,
(MAPDI3_,Cl;). By combining QDs with PEDOT:PSS as a hybrid hole-transporting
layer (HTL), we are able to demonstrate enhancements in the photocurrent produced
by the devices. We characterise the hybrid HTL films using confocal laser scanning
microscopy (CLSM) for PL imaging and characterise the hybrid devices using current—

voltage (J-V') and external quantum efficiency (EQE) measurements.

8.2 Quantum Dot—-PEDOT:PSS Blend

We produced a blend of QDs in films of PEDOT:PSS which is formed on deposition of the
HTL. We used core-type water-dispersible CdTe QDs with an emission wavelength (Aem)
of 670 nm terminated with carboxyl groups (-COOH), which become embedded directly
in to the PEDOT:PSS films. To achieve this we firstly added the QDs in dry powder
form to the aqueous PEDOT:PSS solution so that the QDs were dispersed throughout
the solution. We deposited films from solutions containing 1, 5 and 10 mg/ml of QDs

using a dynamic spin coating method, described in section 4.

In order to investigate how the QDs are dispersed throughout the film, we used CLSM
to image the PL from the QDs, showing the emission intensity on a micro-scale. The

corresponding maps of PL intensity are shown in Figure 8.1. On observation of the
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Figure 8.1: Micro PL-imaging of QD—PEDOT:PSS blend. CLSM image
of QD-PEDOT:PSS blend with 10 mg/ml concentration (a) and b)), 5 mg/ml
(¢)) and 1 mg/ml (d)). The scale bar is 100 pm for a), ¢), and d). The Scale
bar is 25 pm for b).

PL from the QDs, it appears that lower concentrations (5 and 1 mg/ml) of QDs in
the solution yields a uniform distribution of QDs throughout the PEDOT:PSS films
(Figure 8.1 ¢ and d, respectively). Conversely, we found that that agglomerates form
when higher concentrations are used, such as 10 mg/ml (Figure 8.1a and b). The
concentration that leads to the best combination of uniformity and average PL intensity
appears to be 1 mg/ml. This is evidenced by the PL map (Figure 8.1d), showing an
increase in PL intensity of ~ 30% over the films with 5 mg/ml. This may be due to the
formation of non-emissive aggregates of QDs on deposition, causing a reduction in overall

emission intensity. The agglomerates that are emissive in the films using 10mg/ml may
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be mixed with the same non-emissive aggregates present in the films using 5 mg/ml.
Horizontal stripes are observed running from the lower-left to the upper-right of the
image in Figure 8.1d, which is likely due to fluctuations in the spatial density of QDs

due to spin coating. On a larger scale these stripes are likely to form concentric circles.

We fabricated inverted planar solar cells with an active layer of MAPbI3_,Cl, with vary-
ing concentrations of QDs in the hybrid HTL, as described in section 4. The schematic

of the device is shown in Figure 8.2. We characterised the devices using current—voltage

Contact

()

' 4 PEDOT:PSS + QDs | % 4/

TCO

Figure 8.2: Device schematic of the perovskite solar cell with a QD—
PEDOT:PSS HTL. Schematic of the inverted planar architecture used for
the devices. The CdTe QDs are dispersed throughout the PEDOT:PSS HTL.

scans (J-V) under simulated sunlight and the resulting parameters obtained are shown
in Figure 8.3. The devices with 0.1 mg/ml and 1 mg/ml of QDs in the QD-PEDOT:PSS
blend demonstrated higher short-circuit current density (Js), with ~ 1 mAcm~2 differ-
ence in the average Jy. between the reference device and the device with 1 mg/ml QDs
(Figure 8.3b). For the best-performing devices for each configuration, the hybrid devices
with 0.1 and 1mg/ml QDs show almost 1 % increase in PCE (Figure 8.3a). This increase
however is mainly due to an increase in the fill factor (Figure 8.3d). The increase in Jg

in the hybrid devices, suggests an increase in light absorption in the perovskite film.

To investigate the spectral responsivity of the devices, we performed external quantum
efficiency (EQE) measurements. The best-performing devices were measured and their

corresponding J-V and EQE responses are shown in Figure 8.4.
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Figure 8.3: Device parameters of perovskite solar cells with a QD—
PEDOT:PSS HTL Devices with a HTL with 1 mg/ml of QDs show an increase
of average and maximum efficiency.

The J-V response of the best devices with 0.1 and 1 mg/ml of QDs show a very small
increase in Jy. compared with the reference (Figure 8.4a), whereas the EQE shows a
substantial improvement. We used (2.24) to calculate the Jy. from the EQE spectra of
the devices and obtained a .Jy. value of 14.25 mAcm ™2 for the device with 0.1 mg/ml of
QDs and 14.91 mAcm™—2 for the reference device. The value of Jg. for best-performing
reference device obtained by J-V measurements was 13.9 mAcm~2 and hence in con-
tradiction to the value calculated from the EQE. The discrepancy in Jg is likely to
be due to the nature of the J-V scans and the well known hysteresis effects in lead
halide perovskite solar cells [277, 305-307]. The EQE of the hybrid device containing
0.1 mg/ml of QDs is lower than the reference cell at all wavelengths except around ~
580 to 630 nm. We calculated the difference in EQE between the hybrid devices and
the reference device, shown in Figure 8.4b. The curves obtained appear to correlate
with absorbance spectrum of the QDs, which is plotted on the same graph (red curve).
This suggests that the QDs are responsible for a change in spectral response, shown in

the EQE difference spectrum for the hybrid devices. This could be due to luminescence
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Figure 8.4: Electrical characterisation of perovskite solar cells. a) J-V
curves of the hybrid and reference devices. b) EQE spectra for the hybrid and
references devices, showing the EQE difference spectra in the top panel.

downshifting, scattering effects or resonance energy transfer for example, but further

investigation is required to determine the cause of this effect.
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8.3 Conclusion

Distribution of colloidal inorganic semiconductor QDs in PEDOT:PSS HTL films has
been successfully achieved with CdTe core-type QDs. Photovoltaic devices using a PE-
DOT:PSS/QD HTL were fabricated, with an increase in PCE of > 1 % observed com-
pared with reference devices without any QDs. The cause of this enhancement is not
fully clear but is likely due luminescence downshifting, resonance energy transfer or
scattering effects. Thin films of MAPbI3_,Cl, hybridised with CdTe QDs were found
to have enhanced PL, revealed by confocal laser-scanning microscopy. A large mass of
organic functional groups present in the film are likely causes of reduced device perfor-
mance for higher concentrations of QDs. Nanocrystals with smaller surface molecules
should be prioritised as these are likely to have a less detrimental impact on the electrical

properties.

8.4 Contributions

Fabrication and characterisation of thin films and devices was carried out by the Au-
thor, with useful inputs from Phillip Hank, Kevin Danneker, Abinash Poudel and Nick
Klokkou.






Chapter 9

Conclusions

Research on lead halide perovskites for optoelectronics has produced remarkable out-
comes, with tandem perovskite—silicon solar cells now outperforming devices based on
silicon alone, for example. Despite over a decade of intense activity in this field, a com-
plete picture of the fundamental properties of these materials has evaded the scientific
community. In the process, alluring features of the unusual materials have been discov-
ered, with some potential applications still in their infancy. The work in this thesis has
contributed by providing an input to the discussion, which combined with other efforts

represents a step on the journey to the understanding of lead halide perovskites.

In chapter 5, the optical properties of MAPbIs were studied. Critical-point analysis
of variable-angle spectroscopic ellipsometry data was used to show transitions across
a wide spectral range, which is in agreement with results from spectrophotometry. A
model is developed, based on Tauc-Lorentz oscillators, using parameters that can be
physically justified. The modelling process outlined in the chapter serves as a guide that
may be utilised and adapted for different perovskite materials. The optical transitions
at 4.63 and 5.88 eV are often overlooked due to experimental limitations and provide
vital information relating to the fundamental properties of MAPDbI3 and the potential

applications of the material.

In chapter 6, it was shown how different spectroscopies can be used to extract physical
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information about semiconductor materials and used to develop a model for the recom-
bination dynamics. Applying the model for lead halide perovskites, the experimental
data is best described as the recombination of free carriers and excitons, which are both
subject to trapping and re-excitation via shallow traps. This process provides a simple,
coherent explanation for unusually long lifetimes observed in lead halide perovskites. It
is clear that disorder plays a role in the density of shallow trap states, since an increase

is observed at temperatures close to the structural phase transition.

Chapter 7 extended the study of photoluminescence in lead halide perovskites, focus-
ing on the effect of grain boundaries on recombination. A correlation between grain
boundaries and defects was extracted by using imaging techniques and photolumines-
cence studies. Drastic changes of the transient photoluminescence in these materials
have been attributed to the interaction of free carriers and iodide defects, with the
spatial-density of grain boundaries modulating this effect. Nano-scale photolumines-
cence imaging was used, with interpretation of initial results suggesting a link between

the grain geometry and localised regions of photoluminescence.

Nanomaterials such as colloidal quantum dots have been developed over the past few
decades and have become a commercialised technology for displays, for example. How-
ever, the combination of bulk-semiconductor and nano-scale semiconductor materials for
photovoltaics has only been minimally explored but with promising results. This fact
is particularly true for perovskite solar cells since the field is far from maturity, with
device performances improving rapidly each year. In chapter 8, a particular route of
integrating QDs with inverted planar perovskite solar cells was has shown. The insights
gained from the subjects of the previous chapters have assisted in understanding the
key optoelectronic properties, facilitating the integration of nanomaterials to perovskite
solar cells. The work in this chapter is a promising advancement towards perovskite

solar cells employing additional light harvesting processes.
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9.1 Future Work

In chapter 5, evidence was found for optical transitions at ultraviolet photon energies in
MAPDI3. These higher-energy transitions are not often discussed in theoretical works,
which usually aim to reproduce the band structure of MAPDbDI3 in relation to the bandgap.
Although the bandgap is a crucial feature of a semiconductor, a complete description
of the band structure should account for all optical transitions, including transitions
between deeper energy bands. Hence, future work should be carried out to reproduce
not only the bandgap, but also the spectral features at higher photon energies, such as

those observed in this thesis and the studies of other authors.

Chapter 6 presented the results of spectroscopy studies of lead halide perovskite thin
films, with one conclusion being the coexistence of structural phases in MAPbI3_,.Cl,.
At lower temperatures, previous work has evidenced charge transfer from the orthorhom-
bic to the tetragonal phase [69]. Interestingly we do not observe the same features in
our results, suggesting a different behaviour due to differences in the sample. From the
scanning electron microscopy images of the samples, our material has a different mor-
phology, compared to the authors referenced, similar to the subject described in chapter
7. A further study could be to investigate the inter-phase charge transfer at low tem-
peratures, comparing our samples of MAPbI3 and MAPbI;_,Cl,. Ideally, simultaneous
spectrally and time-resolved photoluminescence data would be required (using a streak
camera for example), as in Ref. [69]. Moreover, this data would reveal the contribu-
tions of excitons and free-carriers to the the time-resolved photoluminescence, which is

another main topic of this chapter.

In chapter 7, the photoluminescence properties of lead halide perovskite thin films were
investigated using scanning near-field optical microscopy. At present, only preliminary
results have been acquired from this technique and the author and colleagues are in the
process of carrying out experiments. Future studies will be performed to investigate
the effect of illuminating the films over longer time periods on the nano-scale photo-
luminescence properties. Furthermore, the technique will be extended to record the

photoluminescence spectrum and transient decays to assist in the understanding of the
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photophysical processes in lead halide perovskites. The author is currently working with
colleagues to synthesise single crystals of lead halide perovskites, in order to provide a
reference of samples with the absence of grain boundaries. Observation of the nano-
scale photoluminescence properties in single crystals, compared to the polycrystalline

thin films should unambiguously reveal the effects of grain boundaries.

Lastly, in chapter 8, perovskite solar cells hybridised with QDs were fabricated and
characterised. This only represents initial studies on this hybrid device design. Further
work should be carried out to determine the effect of the QDs and investigate potential
processes such as luminescent downshifting, resonance energy transfer, and light scat-
tering. Additional experiments are required to determine the optimal concentrations of
QDs in the hole-transporting layer, and the resulting configuration should be used in
highly optimised reference devices. By doing so, the full potential of the hybrid device
structure can be ascertained. The use of different QDs and device architectures may

also be explored and compared.
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