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Abstract

Hybrid perovskites are a new class of semiconductor which have proven to be an ideal material for
making thin film solar cells. They have the advantages of flexibility, low cost, and easy processing,
whilst achieving efficiencies competitive with monocrystalline silicon. Many of the properties which
make them ideal for solar cells are also applicable to light emitting devices, and there is now
increasing interest in their application for light emitting diodes (LEDs) and lasers. This thesis aims to
use a range of novel spectroscopy techniques to investigate the origin of these favourable

properties, and to exploit these properties to produce high performance distributed feedback lasers.

A detailed understanding of the origins of the excellent properties of hybrid perovskites is of crucial
importance in the search for new variations with improved performance or lowered toxicity. This
thesis uses Kelvin probe, air photoemission, and resonant ultrasound spectroscopy to probe deeply
into the underlying physics of hybrid perovskite single crystals and devices. Using these techniques,
we are able to produce detailed maps of the energy levels in a common perovskite solar cell, and we
also gain strong insight into the underlying strains and instabilities in the perovskite structure that

give rise to their elastic properties.

The strong light emission of hybrid perovskites is then exploited to produce high quality distributed
feedback lasers emitting in the green and infrared part of the spectrum. These lasers are observed to
have superior stability, good thresholds, and many interesting beam parameters owing to their high
refractive index. We explore a wide range of processing methods in order to achieve the lowest
lasing threshold and the best stability. Finally, we investigate the properties of low dimensional

perovskites and investigate their potential in optoelectronic applications.
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Chapter 1 — Introduction

The field of organic optoelectronics has made huge progress in recent years, and now commercial
devices incorporating organic semiconductors are becoming commonplace in our day to day lives in
areas ranging from vibrant displays to flexible sensors, circuit boards, and solar cells. Organic
semiconductors (OSCs) are extremely attractive for commercial applications because they can
provide a range of advantages over more conventional inorganic semiconductors such as silicon.
Firstly, most OSCs are soluble in common solvents such as toluene or chlorobenzene, meaning that
high quality thin films of them can be easily fabricated via spin-coating or blade-coating, as opposed
to more complicated processes such as the growth of single crystals or evaporation deposition. OSCs
can also be printed directly onto a flexible substrate which, combined with their solution
processability, opens the possibility of low cost roll-to-roll mass production of flexible devices — a
similar method to how newspapers are printed. Finally, OSCs are carbon based molecules where the
number of possible structures is essentially infinite. This means that there is a wealth of possible
structures to choose from with a diverse range of properties that can be tailored to any specific
application. This combination of advantages means that OSCs are seeing increased use in multiple
areas including light assisted medicine, chemical sensing, displays, and flexible electronics. Improving
the properties of these materials even further could be all that is needed to start another revolution

in electronic applications.

Despite their wide and extensive advantages, the commercialisation of OSC devices has been limited
by a few key factors. The most significant of which being that, despite their tuneability and simple
processing, the outright device performance of OSCs is generally outclassed by the current market
dominator in optoelectronics - inorganic semiconductors. The reasons for this shall be discussed
further in the second chapter, but the underlying theme is that inorganic semiconductors tend to be
superior in terms of stability and performance, whilst OSCs have superior processability, flexibility
and tuneability. While the performance of OSCs is constantly improving, the aim of achieving the
best of both worlds has led to the development of hybrid perovskites - a new class of semiconductor

which aims to combine the advantages of both classes with the disadvantages of neither.

Hybrid perovskites are a very recently discovered material which only first saw use in semiconductor
devices in 2009 [1]. But in the time since then they have quickly risen to dominate research in
optoelectronics because they are extremely cheap, tuneable, solution processable, and are even
coming close to competing with inorganic semiconductors in terms of outright performance. Solar

cells made from lead halide perovskites have now reached efficiencies as high as 22.7% [2], making
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them competitive even with monocrystalline silicon solar cells, which have a record efficiency of
25.8% [2]. However perovskite solar cells have the potential for much lower payback times as they
are more lightweight (potentially reducing installation costs), use cheap and earth abundant starting
materials, and have much simpler fabrication routes. Two major reasons for this high performance
are that perovskites have higher charge mobilities than most OSCs approaching 1 cm?V''s™ [3]
(allowing for low series resistance), and their excellent ability to emit light (which contributes to a
high output voltage). These two factors have also sparked research into perovskites for light
emission, and the early results are extremely promising, with perovskite light emitting diodes
reaching external quantum efficiencies as high as 11% whilst also maintaining high stability and
brightness [4, 5]. Lasers exploiting perovskites as a laser medium have also become a subject of
intense interest, with perovskite lasers able to operate at reasonably low thresholds with good

stability in the green and infrared parts of the spectrum [6].

This thesis provides an in-depth study into using perovskites in optoelectronic devices, with a
particular focus on their use in thin film distributed feedback lasers. This work first performs detailed
studies on the properties of perovskites as a solar cell material, while using some of this insight to
study potential new materials which could replace the lead component of the material, thus
eliminating a key barrier to commercialisation. The thesis then attempts to gain an insight into the
cause of the excellent properties of perovskites by studying them with advanced techniques
including time resolved photoluminescence (PL) and resonant ultrasound spectroscopy (RUS). The
work then applies the experience and insight gained in these experiments to a practical use by
exploiting perovskites as a gain medium in distributed feedback lasers, thus providing all-solution
processed lasers with superior stability and light emission. Finally, the impact of forcing low
dimensional operation in perovskites is explored through the study of layered perovskites (2D
systems) and perovskite nanocrystals (OD systems), with the aim of creating light emitting materials

with lower thresholds, higher stability, and better colour tuneability.

Chapter 2 Introduces the underlying physical principles of how both organic and inorganic
semiconductors work, and the resulting differences between the two classes. The implications for
this are then discussed on how solar cells and light emitting diodes will operate using the two
materials, as well as why a good solar cell material should also be good at emitting light. It shall then
explain the underlying mechanics behind photoluminescence and stimulated emission in thin film
semiconductors, leading to a discussion of how this can be exploited to achieve high quality lasing in

extremely thin films. Finally, hybrid perovskites are introduced. Their physics, properties, and low
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dimensional analogues, and the way these features can impact their performance optoelectronic

devices are discussed in detail.

Chapter 3 Starts by explaining the various processing steps that are needed make a thin film LED,
solar cell or laser, before describing in detail the set-ups used to measure the performance of the
resulting devices. It then goes on to describe the details of the advanced techniques used to study
the properties of the perovskites in depth. This includes intensity dependent photoluminescence

guantum vyield, time resolved photoluminescence, and Kelvin probe/air photoemission studies.

Chapter 4 Presents the author’s work on fabricating perovskite solar cells and in-depth studies of
them using Kelvin probe and surface photovoltage techniques. This chapter first reports the various
techniques which were employed to achieve high efficiency, followed by a Kelvin probe study of the
best structure in an attempt to identify avenues for improvement. Finally, it discusses several
attempts to alter the properties of the perovskite by introducing vacancies into the crystal lattice via
doping with diamine cations or with bismuth. The last of these was intended to provide a route to

achieving high efficiency in a lead-free material.

Chapter 5 Consists of our early work studying the photoluminescence properties of
methylammonium lead halides. We explore how the photoluminescence quantum yield of a
perovskite film can vary with the pump intensity and how altering the processing conditions can
affect that. Under sufficient intensity, amplified spontaneous emission is observed from the
perovskite film, and we discuss what processes must be optimised in order to create an infrared

emitting distributed feedback laser.

Chapter 6 Follows work attempting to optimise the performance of the perovskite in order to
achieve the best stability and the lowest lasing threshold. The focus of the study switches from
methylammonium lead iodide to methylammonium lead bromide because the latter emits in the
green rather than the infrared, making it easier to optimise and also allowing it to fill the green gap
in current commercial lasers. The trade-off between photoluminescence quantum yield (PLQY) and
film quality is examined, and an optimal deposition method is developed in order to make a high
performance laser with low threshold and excellent stability. We then perform further study into the
properties of the lasing modes in this laser and find that the polarisation can be easily tuned by

simple switching of the grating period.

Chapter 7 Attempts to overcome some of the limitations in the tuneability of 3 dimensional
perovskites by studying perovskite nanocrystals (PNCs) as an alternative lasing material. PNCs

proved to have remarkably high PLQY even at low excitation densities, and can be easily tuned to
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emit at any wavelength in the visible spectrum. We are able to fabricate lasers from these materials
but find that the lasing threshold is fairly high despite their excellent light emission. We discuss
methods for overcoming this issue and compare and contrast the properties of lasers from
nanocrystals with those from 3D perovskites. It also explores the properties of 2 dimensional layered
perovskites by introducing much larger cations into the bulk structure in order to separate it into
layers. We observe that this slightly blue shifts the bandgap and greatly enhances the light emission
from the thin film. Film PLQY values as high as 73% are achieved, along with excellent film quality
and stability. The layered nature of this system introduces some very interesting photophysics, and
also makes them ideal for the study of polaritons at room temperature. Unfortunately despite the
excellent light emission we found that the lasing threshold was extremely high, making this material
unsuitable for real world applications. However the superior light emission and absence of triplet

excitons gives them the potential to be an excellent LED material.

Chapter 8 Discusses a highly advanced and detailed study on single crystals of methylammonium
lead halides using resonant ultrasound and time resolved photoluminescence. The impact of strain,
hydrogen bonding, and underlying instabilities in the crystal lattice are studied, and we attempt to

draw conclusions on how these mechanisms could affect the device performance.
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Chapter 2 —Solar Cells, OLEDs and
Perovskites

Semiconductor theory

Basics of Semiconductors

p=0 p=0

a) b) c)
Empty Band Empty Band
(Conduction Band) (Conduction Band)

p=0

Empty Band
(Conduction Band)

Energy

Er

]
Filledi Band
(Valenq‘e Band)
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Momentum Momentum Momentum

Figure 1 —a) A semiconductor at 0 kelvin. b) Conduction in a wide bandgap semiconductor where the bandgap is so wide

that few electrons exist in the conduction band, c) A semiconductor where the bandgap is narrow enough to allow many

charge carriers to exist above bandgap for the conduction of electricity.

In order to understand what makes perovskites special, we must first come up with a rigorous
understanding of how a semiconductor works in the first place. In any solid, electrons occupy
guantum states which are defined by their energy, momentum, and spin. The available states for
electrons to occupy tend to congregate into bands, with forbidden regions in between the bands
where there are no available states. No electrons can exist within the forbidden region, and the
minimum width of the forbidden region is known as the band gap. A semiconductor is a material
where, at zero temperature, electrons fill all the available states up to the edge of a band, while all
the states in the next band are fully unoccupied. The lower energy, filled band is known as the
valence band while the unoccupied band is known as the conduction band (see figure 1a). We can
also define a quantity known as the Fermi level (E¢), which is the energy of the highest occupied

state at zero temperature, and in a normal semiconductor this sits exactly in the middle of the band
gap [1].

In order to conduct electricity, an electron needs to move to a new state so that the net momentum
of the system is no longer zero (i.e. it is no longer symmetrical about the p=0 line on figure 1). At

zero temperature, this is not possible because all the electrons are in the valence band where there

are no available states to move to (because it is completely filled). Therefore no conduction will
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occur at zero temperature, but when heat is added to the system some electrons are promoted into
the conduction band where there are plenty of available states to move to for the conduction of
electricity. The more electrons which occupy the conduction band, the better the conduction of
electricity, and the number of electrons which get promoted to the valence band is related to the
ratio of the thermal energy (ksT) compared to the bandgap (AE). Hence semiconductors will tend to

get more conductive as the temperature is increased or the bandgap is narrowed [1].

In a semiconductor, both the electrons in the conduction band, and the gaps they leave behind in
the valence band are able to carry a current. The gaps they leave behind are known as holes, and
they act as quasiparticles with positive charge. Thus a semiconductor carries charge through both

electrons and holes, as opposed to just electrons which are the dominant carrier in metals.

Doping

a) b) c)

Conduction Band Conduction Band Conduction Band

Energy

Valence Band

Valence Band

Momentum Momentum Momentum

Figure 2- a) An undoped semiconductor, b) An n-type material with a donor level near the conduction band, while c) A p

type material with an acceptor level near the valence band. The Fermi level is shifted by the doping.

In a normal semiconductor the Fermi level lies in the middle of the band gap and, because there are
a relatively small number of electrons in the conduction band, will always be several orders of
magnitude less conductive than a metal. One way we can improve this property is by doping. Doping
is a process where one adds a small number of impurities to a semiconductor in order to add a new
energy level inside the bandgap to aid conduction. For instance, one could add a small energy level
just below the conduction band which is designed to be full of electrons as shown in figure 2 (b). This
level can easily donate electrons into the conduction band and hence we are much more able to
produce a current of electron charge carriers. This is known as n doping, and it shifts the Fermi level
of the material towards the conduction band while making it so the dominant charge carrier in the
material is electrons. The opposite process is called p doping, where an empty energy level is placed

near the valence band to give the valence electrons somewhere to be promoted to, thus creating an
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excess of holes and lowering the Fermi level as shown in figure 2(c). A mixture of both p and n
doping will move the fermi level back to the middle of the bandgap, creating ambipolar conduction
in the same way as in the undoped case, but with a much higher density of free charge carriers. The
limiting case of extremely high doping is that a semiconductor will become metallic in nature, but
even very low levels of doping can have a very strong effect on a material’s properties, creating

effects which can be exploited in a wide variety of different electronic devices.

Semiconductor Interactions with Light

One of the more interesting features of semiconductors is the way they interact with light. The fact
that they have a wide region where electrons are forbidden to enter means that a low energy
photon will never be absorbed, as it cannot provide enough energy to get the electron across the
bandgap. Hence semiconductors are transparent to all photons until the photon energy becomes
equal to the energy of the material’s bandgap. Once the photon energy is greater than or equal to
the bandgap, the material will become strongly absorbing as there are suddenly a lot of states
available for the electron to be excited into, with absorbed photon creating a free electron and a
hole as shown in figure 3. Thus, in a semiconductor with flat bands the absorption spectrum would
follow a step function, with zero absorption below the bandgap and strong absorption above the
bandgap. In a real semiconductor the bands are curved, meaning that the number of available states
for absorption does not follow an exact step function. Hence the absorption onset is not perfectly

vertical, but the basic idea is the same nonetheless.

a) Transmission b) Absorption c) Photoluminescence
> 4 Ephoton< AE Ephotcm> AE
% CB CcB
s \/
C
(WN]

AE

Momentum Momentum Momentum

Figure 3-a) A low energy photon being transmitted because it cannot promote electrons across the bandgap from the
valence band (VB) to the conduction band (CB), b) A high energy photon being absorbed by promoting an electron, c) An

electron and hole thermalizing before recombining to release a photon by photoluminescence.
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Once an electron has been excited to well above the bandgap, it decays down to the lowest possible
energy state. The first step for this is thermalisation, where the electron will quickly move down
through the available states in the conduction band, dissipating its energy as heat in the process.
This is a very fast process, and the electron will usually reach the band edge in under a picosecond
(ps). The same process occurs for the hole which is created in the valence band, with the exception
that holes “bubble up” to the valence band maximum (VBM) rather than “falling down” to the
conduction band minimum (CBM). Once at the band edge, the electron cannot cross the bandgap by
thermalisation, so it has to decay via photoluminescence (PL). PL is a slower process where the
electron hops across the bandgap and recombines with a hole on the other side, releasing its energy
as a photon in the process. Thus, when a semiconductor is excited with more energy than the
bandgap, the semiconductor will always emit a photon of the same energy as the bandgap and
release any excess energy as waste heat. In an ideal semiconductor one would expect the emission
spectrum to look like a delta function centred around the bandgap energy. But in a real material
several factors such as defect states, interactions with phonons, and the shape of the energy bands

will combine to broaden the spectrum.

A notable exception to these rules is indirect bandgap semiconductors. Semiconductors with an
indirect bandgap have a band diagram like that shown in figure 4 (b), where the minimum of the
conduction band is not at the same momentum as the maximum of the valence band. This means
that an electron needs to simultaneously absorb a photon and a phonon in order to cross the
bandgap. A phonon is a quasiparticle formed by a lattice vibration, and these carry a lot of
momentum but little energy (while a photon carries a lot of energy but little momentum). Hence the
photon provides the required energy and the phonon provides the momentum. This is clearly far less
likely than simply just absorbing a single photon and therefore the absorption and emission from an
indirect bandgap semiconductor is far weaker than that from a direct bandgap material. Silicon is by
far the most widely used semiconducting material, and it is a classic example of an indirect bandgap
material, with a direct bandgap of 3.3 eV and an indirect bandgap of 1.14 eV. Because of this it is
unsuitable for most light emitting applications, and its absorption is comparatively weak compared
to other semiconductors. Solar cells made from silicon need to be hundreds of microns thick as
opposed to hundreds of nanometres thick when using direct bandgap materials. This effect can be
clearly seen in the absorption spectrum of silicon when compared to a direct bandgap material such
as gallium arsenide (GaAs), as shown on figure 4 (c). GaAs has a very clear step in absorption around
its bandgap at 900 nm [2], corresponding to direct bandgap absorption. The absorption of silicon at
its bandgap of 1100 nm turns on more gradually due to the bandgap being indirect with a second,

much clearer edge seen at ~400 nm which corresponds to the direct bandgap absorption [2].
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Figure 4 — What the band diagrams tend to look like in a real semiconductor. a) A direct bandgap semiconductor, where a
photon can easily make an electron cross the bandgap. b) An indirect bandgap, where promoting an electron requires the
simultaneous absorption of a photon to provide energy and a phonon to provide the momentum to get it from the VBM to
CBM. Only photons with energy greater than AE;...: can be absorbed without the help of a phonon. c) A comparisson
between the absorption constant of Silicon (indirect) and GaAs (direct). The direct gap absorption can be clearly seen while

the indirect absorption is much weaker. Data taken from Palik et al [2].

Organic Semiconductors — An introduction

The most commonly used class of semiconductor is inorganic semiconductors. These are usually
crystalline solids such as silicon or gallium arsenide, and their bandgap originates from the overlap of
the electron wavefunction with the crystal lattice. An alternative form of semiconductor which is
gaining increased popularity is organic semiconductors (OSCs). OSCs are carbon-based molecules,

often based on conjugated polymers, which possess many of the properties of inorganic
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semiconductors whilst having the easy processing advantages of most plastics [3]. OSCs have a direct
bandgap, and they obey all of the rules of semiconductors we have discussed thus far. Like
inorganics, their energy bands arise from a linear combination of atomic orbitals. But a key
difference is that the bands in inorganics are formed from the overlap of a free electron
wavefunction with a crystal lattice, while the bands in OSCs arise from the overlap of p orbitals from
1t bonds in carbon-carbon double bonds. The bandgap is caused by the difference in energy between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO).
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Figure 5 - a) How a it bond and antibond form in a C=C double bond. The bonding orbital is lower in energy than the

antibond because the electrons are on average closer to the carbon atoms. b)How the bonding splits the energy levels to

create an upper and lower band — or a HOMO and a LUMO

A double bond between two carbon atoms consists of a sigma bond and a pi bond. The sigma bond
is formed by the overlap between two sp” hybridised orbitals lying in the plane of the bond, while
the pi bond is formed by two p orbitals perpendicular to the bond having a small overlap. This
weaker bond creates a cloud of electron density above and below the bond as shown in figure 5 (a).
These configurations have both bonding (constructive interference of wavefunctions) and
antibonding (destructive interference) configurations which split the energy levels of carbon into
two. The bonding orbitals are lower in energy than electrons in isolated carbon, and hence they fill
up completely with electrons and form the HOMO — the OSC equivalent of a valence band. The
antibonding orbitals are higher in energy than the original carbon, and hence they remain
unoccupied, thus forming the LUMO (equivalent to conduction band). The bandgap is determined
by the difference in energy between the HOMO and LUMO, which can be varied by controlling how

well the orbitals in the bond can overlap [3].

21



The picture above is simplified by the fact that it only has two atoms, and it does not explain how an
0OSC can conduct electricity — we may have a semiconducting region but it is useless if the electron
cannot escape the local bond. However, in an OSC molecule there are not just one but a long line of
carbon atoms alternating between single and double bonds. This is called a conjugated chain, and in
this situation the isolated double bonds will merge to form one long delocalised cloud where the
electrons are free to move up and down the chain. There are two available electrons per repeat unit
in this chain, meaning that the HOMO level is completely filled and the chain gains semiconducting
properties. A good example of how this occurs is to look at the simplest conjugated polymer -
polyacetylene (shown in figure 6). It can be drawn as a line of alternating single bonds, with a t bond
over each double bond, but closer study shows that the overlap between the p orbitals can just as
easily happen over the single bonds as the double bonds. Therefore, a better picture is that the p
orbitals all overlap in a chain to form one a single cloud of delocalised charge which the electrons
can freely move through [3]. Thus allowing the polymer to conduct electricity along the conjugated
chain. There are many other kinds of conjugated polymer, such as polythiophene, polyfluorene, and
polyphenylene vinylene. These all possess different properties which can be further tuned by adding

different functional groups to the main backbone.
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Figure 6 - a) The alternating double and single bonds in a conjugated polymer, while b) How this forms a conducting cloud
of electrons. Examples of conjugated polymers are c)polyacetylene, d)poly-3-hexyl thiophene, and e) polyphenylene

vinylene. Note the chains of alternating bonds in each of them.

The key advantage of making a semiconductor this way is that one can add functional groups to the
0OSC to make it readily soluble in a simple solvent such as toluene. This greatly simplifies the
manufacture of devices because one can print a device from a solution at low temperatures rather
than having to carefully grow a single crystal of the material. OSCs can be printed on flexible
substrates, and can get high performance even in very thin films thanks to their direct bandgap. Thus

OSC devices have the potential to be extremely cheap and more widely useable than devices from
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inorganics. Finally, the versatility of the carbon structure provides a high degree of freedom when
designing a molecule — meaning a material can be tuned to exactly meet the requirementsin a

device.

Figure 7 - OSCs in various applications - a) light emitting polymers in solution, powder, and thin film. b) A flexible lighting

panel made from OSCs. c) A flexible organic solar cell. (Image sources: [4-6])

Organic Semiconductors — Excitons

Another major difference between inorganic and organic semiconductors is the presence of
excitons. As mentioned earlier, when a semiconductor absorbs a photon it creates an electron and
hole. The electron and hole are attracted to each other due to their opposite charge and hence will
try to orbit each other in a way similar to how a hydrogen atom works. This orbiting pair then acts as
a single quasi particle known as an exciton, which has neutral charge and will eventually decay when
the electron finally falls back into the hole, releasing a photon in the process. Excitons do not exist at
room temperature in most inorganic semiconductors because the binding energy of the exciton is
usually in the order of only 15 milielectronvolts (meV) [7]. This means that thermal collisions at room
temperature, which have an energy of roughly 25 meV, are more than sufficient to break up the
exciton and separate it into a free electron and hole. In OSCs the exciton binding energy can be as
high as 500 — 1000 meV [8], so the excitons are strongly bound and will not be separated into free

charges unless we provide conditions that force them to split.

Whether the presence of excitons is a good or bad thing depends entirely on what device you are
trying to make. If you are trying to make solar cells then excitons are highly detrimental because you
will not be able to extract any of the charges you create when you absorb a photon — they will simply
exist briefly as an exciton and then decay back to the ground state. Therefore solar cells made from
0OSCs must have a donor and an acceptor to separate the charges so they can be used to make a
current[9]. This will be discussed in more detail later. On the other hand, having your charges in an

exciton is generally very good in a light emitting application, as it gives the material a very high
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radiative rate. Thus any charges that are created will quickly create photons before any non-

radiative pathways can destroy them, giving your device a high brightness and efficiency.

4 *

c) Donor

Organic Acceptor

Figure 8 — Photon absorption in a) inorganic and b) organic semiconductors. Charges in inorganic semiconductors are
quickly separated into electrons and holes which are free to move independently, while in OSCs the charges are bound
together as a pair called an exciton. This exciton will eventually recombine to emit a photon unless it can diffuse to a

material which can separate it, as is shown in part c).

The presence of excitons is also essential for the study of another intriguing quasiparticle known as a
polariton. Polaritons are essentially the quantum mechanical solution to a coupled oscillator, where
a photon is forced to interact strongly with an oscillating dipole [10]. An exciton is a very strong
oscillator with a large cross section to interact with light, making it perfect for creating this quantum
phenomena. Studying polaritons with most inorganic semiconductors often requires cryogenic
temperatures in order to prevent the excitons from dissociating [11]. Polaritons in OSCs on the other
hand can easily be studied at room temperature, and coupling effects are much stronger due to the
high oscillator strength of the exciton in organics [12]. Hence OSCs are expected to play a pivotal role

in this young and promising research field.

Devices from Organic Semiconductors

Organic Light Emitting Diodes (OLEDs)

The most successful application of OSCs thus far has been their use in light emitting diodes (LEDs).
Since their inception several decades ago [13], inorganic LEDs have become increasingly popular due
to their ability to create intense light sources extremely efficiently and cheaply. However OLEDs are
receiving great commercial interest because their unique features can overcome many of the design
constraints imposed by inorganic LEDs, allowing them to open up a wealth of new applications.
OLEDs are not as bright or efficient as the best inorganic LEDs, but they are extremely thin,
lightweight and flexible whilst also being easy to print on a large scale. In addition, the size of an
OLED can be varied enormously to either work as a room panel for a large area lighting source or as
a pixel on a mobile phone display. A particular advantage of OLEDs in displays is that they are not

epitaxially grown, meaning that red, green, and blue pixels can all be printed on the same substrate
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as opposed to being limited to an array of identical pixels which must have colour converters to
achieve full colour display [14]. Because of this, high-end devices with OLED screens are becoming
commonplace, and the prevalence of OLEDs is expected to dramatically increase as the technology

improves.
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Figure 9 - a) The structure of a basic OLED b) The band diagram for the same OLED. Note the bands have to be precisely

aligned to force the charge carriers to flow in the desired direction.

The three main components of a basic OLED are an emissive layer (EML), a hole transporting layer
(HTL), and an electron transporting layer (ETL), and they are placed in the structure shown on figure
9. The objective is to put electrons in the LUMO and holes in the HOMO of the emissive layer, which
will then form excitons and recombine to create light emission. This is accomplished with a
monolithic structure, where an anode is deposited on a substrate and the HTL, EML, ETL, and finally
the cathode are deposited sequentially on top of each other to form the device. Note that one or
both contacts must be transparent for the generated light to escape. The cathode will inject
electrons into the ETL, which has its LUMO aligned with the LUMO of the EML to remove any
barriers for the electrons, while the HTL carries holes from the anode into the HOMO of the EML.
The alignment of the energy levels in this device is crucial to the performance of the device, as any
misalignment will create barriers to the current flow and possibly create an excess of one type of
charge, thus spoiling the operation of the device [14]. The external quantum efficiency (EQE) of this
device — that is the number of photons released from the device per charge passing through the

device - can be approximated by the following equation:

EQE = ¢Ext = d)Capture * ¢Rad * ¢Spin * ¢0utcouplel

where @ caprure is the fraction of charges that successfully become excitons, ¢gqq is the efficiency of
radiative recombination of the exciton, ¢, is the fraction of excitons that become singlets, and

Poutcoupie is the fraction of photons that can escape the device. ¢rqq is usually approximated by
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the photoluminescence quantum yield (PLQY) of the EML — that is the number of photons the EML

emits per exciton created. In a good OLED, ¢,4q and ¢p¢apeure are close to 1, and the efficiency is

limited by ¢gpin and Goutcoupte-

¢spin comes about because of the spin statistics of creating an exciton. ¢, is important because
most OSCs are fluorescent emitters, where the only excitons which emit light are singlet states (i.e.
the electron and hole have opposite spin). Almost 100 % of the excitons created via optical
excitation will be singlet states, meaning fluorescent OSCs can emit PL with up to 100 % efficiency.
However, when the excitons are generated via electrical injection only 25 % of the excitons
generated will be singlet states, and the remaining 75 % will be triplets (electron and hole are same
spin) [14, 15]. Triplet states do not decay radiatively in most materials because decaying via the
emission of a photon will leave two electrons in the same state with the same spin, which is
forbidden by the Pauli exclusion principle. Therefore, the only way for a triplet exciton is to decay is
through an alternative route that can flip the spin, but if this occurs in a fluorescent material then
the energy of exciton is wasted as heat instead of being released as light. Note that this is not a
problem for inorganic semiconductors as the charges are not bound as excitons, so a charge can
easily move around to find a counterpart with the right spin. But it is a big problem for OLEDs
because charges in a triplet exciton cannot leave to find another charge with the correct spin, and so
the efficiency of a fluorescent OLED is limited to a maximum of 25% before any other effects are

taken into consideration.

a) Singlet Triplet b) Singlet Triplet
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Figure 10 - Spin statistics of organic semiconductors. Part a) A fluorescent emitter, where 75% of excitons are triplet states

on electrical injection. These are lower energy than singlets and cannot emit light unless the material is phosphorescent. b)
A TADF emitter which gets round this issue by having the triplet sufficiently high energy that it can thermally hop to the

singlet to emit light.
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Work to combat this effect has mainly revolved around using heavy metal complexes to induce
phosphorescence, where spin-orbit coupling with the heavy metal ion provides a mechanism for the
triplet states to decay radiatively, or by tuning the energy levels of the molecule to allow thermally
activated delayed fluorescence (TADF). TADF is a process where the singlet and triplet states are
close enough in energy that thermal excitations can convert triplets into singlets before they decay
non-radiatively, thus allowing all generated excitons to decay via the singlet state in the way shown
in figure 10. Both phosphorescence [16] and TADF [17] can increase ¢gp;, to 100%, but maintaining
this introduces a major design constraint on molecules which can be used in an OLED, and an

efficient emitter in the deep blue part of the spectrum has yet to be discovered.

The very best OLEDs to date can achieve near 100% efficiency in ¢spin, @inject, and Prqq, [18]but
the record EQE values are still limited to around 35% [19](or ~6% in the case of a fluorescent
emitter) due to the final parameter — outcoupling. If outcoupling was not a problem then OLEDs
could easily match or even exceed the ~70% EQE values seen in inorganic LEDs [20], but
unfortunately the design of an OLED results in a large fraction of the light being waveguided inside
the device. When an exciton decays in any LED, the photon is emitted in a random direction. If the
photon is perpendicular to the device plane then it will easily escape. But if it is emitted beyond a
critical angle then total internal reflection will prevent the light from escaping the sample, as seen in
figure 11, and it will eventually be lost to the sample edge or through coupling to surface plasmons
in the metal contacts [21]. The cone of light which can escape ends up being quite narrow due to the
relatively high refractive index of OLED materials, and so the EQE of the device is fundamentally
limited. Because of this, there is now a major focus on overcoming this issue by many routes, such as
microlens arrays [22], adding scatterers to the devices [23] or by designing molecules which

preferentially emit photons perpendicular to the substrate [24].
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Figure 11- Outcoupling in LEDs — In an OLED the light emission is emitted randomly inside a high index slab, meaning that

~70% can’t escape the film due to total internal reflection and is waveguided.
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Despite these issues to overcome, OLEDs are still commercially viable and are seeing increased use
despite their slightly limited efficiency. Indeed, the biggest barrier to commercialisation was not
efficiency but stability. Most OSCs are known to degrade on contact with water or oxygen, and the
degradation is accelerated when they have a current running through them [25]. The magnitude of
this problem depends on the OSC being used, but the best performing material would not
necessarily be the most stable, resulting in optimisation problems. It was only after considerable
investment into encapsulation and processing techniques that companies were able to create OLED
devices which were stable for long enough to be useful. But now encapsulation technologies are

good enough that a consumer OLED display can last for years without visible degradation.

Solar Cells — Basics of solar cell design
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Figure 12 - a ) Design of a basic solar cell operating in short circuit. b) Energy level diagram of a solar cell, note that the

levels are aligned to force the charges to drift to different contacts

In many ways a solar cell can be viewed as an LED operating in reverse — in an LED we want to inject
electrons from one side and holes from the other side and have them recombine to form photons.
However in a solar cell the aim is to absorb incoming photons, turn them into electrons and holes,
and then extract them at the contacts. As such, the basic design of a solar cell looks very similar to
an OLED, with an absorber sandwiched between an HTL and an ETL and at least one transparent
contact. A key difference is that the absorber layer must now be 100-200 nm thick in order to absorb
enough light to be useful [26], as opposed to in OLEDs where the emissive layer only needs to be ~10
nm thick, but as long as the absorber is a good conductor this has little impact on the electrical
properties of the device. Hence the current density to voltage graph (J-V curve) of a solar cell in the
dark looks exactly like an OLED. Very little current is passed below a set turn-on voltage, and beyond
this the current exponentially increases before tending to a constant gradient determined by the
resistance of the diode. When the solar cell is put in sunlight, the entire curve is shifted downwards

as the solar cell produces current in the opposing direction. The J-V curve is divided into 4 quadrants
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as shown in figure 13 (a), and the most important quadrant is the fourth quadrant, which has
positive voltage but negative current. Any points appearing in the fourth quadrant correspond to the
generation of power because the solar cell is doing work against the voltage source by producing a
current in the opposite direction. The points where the curve crosses the y and x axes are called the
short circuit current density (Jsc) and open circuit voltage (Voc) respectively. Jsc corresponds to the
current density the solar cell will provide if receives no resistance and is just connected to a loop of
wire — producing pure current but no voltage. Voc corresponds to the equilibrium potential
difference we will observe across the solar cell if it is left connected to floating terminals —i.e.
creating max voltage but no current. Since power is equal to current times voltage, the total power
we get at either of these points will be zero, and the point where we get maximum power will be
somewhere near the apex of the curve. In an ideal world the curve would be completely square-
shaped, meaning that the maximum power would just be Voc times Jsc, but in any device we have to
add a final term called the fill factor (FF). FF is the ratio between the area of rectangle formed from
the maximum power point of the curve and a rectangle formed just from the Jsc and Voc. A straight
line gives a FF of 25% while a perfect rectangle has a FF of 100%, leading to the following

equation[26].

Power output = s XV, X FF
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Figure 13- a) The Current density - voltage (J-V) curve of a solar cell created in St Andrews. The FF is defined as the area
ratio between the red box (from the origin to the max power point) and the blue box (between the Jsc and Voc). b) A graph

of maximum efficiency vs bandgap derived by Shockley and Queisser [27].

Attempting to maximise the power output of a solar cell presents an interesting optimisation
problem. The Jsc of a solar cell is defined by how much light the solar cell absorbs while the

maximum Voc it can achieve is related to the bandgap — the bigger the bandgap, the higher the Voc.
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However, the sun emits light in a broad spectrum from UV to the far infrared, and so we can only
improve one parameter at the expense of the other. We can increase the bandgap to increase the
Voc, but this will always decrease the Jsc because only photons with higher energy than the bandgap
will be absorbed. The optimal bandgap for a solar cell working on earth can be calculated to be 900
nm (1.4 eV), which gives a theoretical maximum efficiency of 33%. This is known as the Schockley-
Queisser limit [27], and sets a maximum on best efficiency a solar cell with a given bandgap can
achieve. Silicon’s bandgap is slightly redder than optimal with a value of 1100 nm. This gives it a
theoretical maximum efficiency of ~30%, and the record efficiency of 25.3% comes very close to this.
The Schockley-Queisser limit can be overcome by making a cell from two materials — a high bandgap
material to absorb the high energy photons and a low bandgap cell to absorb the photons the top
cell misses. There is great potential to achieve very high efficiency solar cells with this method, but it
greatly complicates the design of the solar cell, and unless the top cell is of exceptional quality and

transparency then you often lose more than you gain.
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Figure 14 — a)The equivalent circuit for a general solar cell. R,,,; is controlled by the quality of the film, R.,ies by the
conductivity of the materials, and V4,4, by the bandgap of the solar cell. b) the J-V curve of a device with a low shunt

resistance and c) a device with high series resistance (image reference [28])

Other Factors controlling Solar Parameters

The above calculations have assumed that the solar cell in question is perfect in every way, but most
materials will not achieve the theoretical maximum in each parameter. The Jsc can be less than
predicted if the device is not perfectly efficient at separating and extracting charges from absorbed
photons, or if the above-bandgap absorption is not 100% - as is the case in most materials. The fill
factor of the solar cell is also strongly dependent on the quality of the material being used. A large
number of pinholes in the film will allow shunting pathways for the current to recombine without
creating energy. This can be seen with the J-V curve having a slope (as opposed to being completely
flat) in the low voltage region of the curve. The will also be reduced if the solar cell material is a

weak electrical conductor, as if the solar cell has a high resistance then the steepness of the curve in
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the high voltage region will be reduced, to the detriment of the FF and overall efficiency. Thus in
order to maximise FF and Jsc a solar cell material must be a strong absorber whilst also being an
excellent conductor and forming a high quality film with zero pinholes. These conditions seem to be
fairly intuitive, but getting the maximum Voc possible from a given bandgap is somewhat more

complicated.

Understanding what limits the open circuit voltage in a solar cell requires knowledge of how the Voc
comes about in the first place. When in short circuit, an ideal solar cell will extract 100% of the
charges generated to the contacts and none of them will recombine. But in open circuit the charges
have nowhere to go, and so they simply build up on the edges of the device and create a potential
difference across the device —i.e the open circuit voltage. If there was no recombination then these
charges would continue building up to infinite voltage, which is clearly not physical. However this is
not the case because there are always ways a charge can recombine in a solar cell, and so eventually
a dynamic equilibrium is reached at a potential difference where the rate of recombination equals
the rate of charge generation. The lower the recombination rate, the higher this equilibrium voltage
will be, and so our aim should be to minimise recombination. There are two ways charge can
recombine in a device — radiative and non-radiative pathways. In order to prevent a breaking of the
second law of thermodynamics, anything which has an absorbing transition must have an equally
strong emitting transition in the opposite direction. That is a strong absorber must also have strong
emission and hence fast radiative recombination. However most materials which strongly absorb do
not emit light — most paints do not glow under UV for example. The reason for this is that most
materials have a large number of non-radiative pathways which remove the created charges before
they have a chance to emit a photon. The important point to note is that, while it is
thermodynamically impossible to remove the radiative recombination pathways, it is theoretically
possible (although quite difficult) to remove all the non-radiative pathways in a material. Therefore
an ideal solar cell in theory would have 100% PLQY, giving it the lowest recombination rate possible
and hence the maximum Voc [29]. In reality it is rare to find a material which optimises all the other
solar cell parameters whilst also having high PLQY, but even so the best solar cells can also function

as LEDs with a remarkably high efficiency [30].
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Figure 15 — a) How charges build up in a solar cell in open circuit. If there was no recombination the electric field due to the
charge separation would build up to infinity. b) in reality a dynamic equilibrium is reached with charge generation (i)

competing with radiative (ii) and non-radiative (iii) recombination.

Organic Solar cells

The current commercial photovoltaic market is dominated by monocrystalline silicon, but there is
constant research to find alternative materials which can overcome the limitations of silicon —
particularly its costly manufacture and bulky design. Organic solar cells are one such avenue which
has the potential to revolutionise solar power by creating cheap, portable, and lightweight solar cells
that can be used in any situation. They are of particular use in wilderness or small device situations
where maximum performance for minimum weight and bulk is required. Organic solar cells can be
cheaply printed using roll-to-roll processing methods, and can even be made to be semi-transparent
for use in solar windows or other high-end architecture. Several commercial organic photovoltaic
(OPV) companies have started in recent years, such as Konarka and InfinityPV, but they remain
confined to niche applications because their efficiency cannot compete with commercial silicon solar
cells. The key reason for this is that the absorption of most OSCs does not overlap well with the solar
spectrum. OSCs absorb most strongly in the visible spectrum while much of the energy in the solar
spectrum is in the near infrared, meaning the maximum current they can achieve is fundamentally
limited. However this feature makes them ideal for charging devices for indoor applications where
most of the light is in the visible region. In this situation OPVs can match or even exceed the
efficiency of silicon solar cells [31], meaning that there is still room for OPVs to contribute to a major

market.

When making an OSC, the first problem one runs into is excitons. As mentioned earlier, light
absorbed in an organic solar cell will create a neutral exciton instead of free charges, and these
excitons need to be broken apart in order to get any current. The most effective way to break apart
an exciton is to have it diffuse to a boundary between a donor and an acceptor. The donor molecule

will have a shallow HOMO, meaning the hole part of the exciton will be attracted to the donor, while

32



the acceptor will have a deep LUMO which the electron is attracted to. Thus when an exciton
diffuses to the boundary it splits, with the electron moving away in the acceptor and the hole carried
away in the donor as seen in figure 17. Note that some voltage is lost during this process, which is
why OPVs have modest Voc values despite having fairly wide bandgaps. The simplest structure of
organic solar cell which aims to do this looks very similar to an OLED — a monolithic structure with an
HTL, an absorbing layer (donor), and an ETL(acceptor) [26]. The bottom contact is made from a
transparent conductor such as indium tin oxide (ITO) in order to let the light in, and the absorber

layer must be sufficiently thick to absorb most of the incoming light.

Helion o@v

het-oncom

Figure 16 - Commercial Organic solar cells - a) a compact reel as a portable phone charger. b) Roll-to-roll production of

large area organic solar cells. (Image sources: infinityPV.com).

This architecture is known as a planar heterojunction (shown in figure 8c and 12a), and when using
organic semiconductors it will get a very poor efficiency because in most materials an exciton will
only diffuse about 5-10 nm in its lifetime before recombining to waste its energy as heat [32]. An
absorber layer which can absorb enough of the incoming light to be useful has to be at least 100 nm
thick, and so most of the created excitons will never reach the boundary before they decay, resulting
in a poor efficiency. To overcome this issue, all organic solar cells must employ a bulk heterojunction
(BHJ) architecture [9, 26]. In this system the donor and the acceptor are blended together in such a
way that no part of the donor is ever more than 10 nm away from the acceptor. This is extremely
effective at separating the excitons into charges but comes with the caveat that the exact
morphology of the blend must be exactly right. If the donor and the acceptor are too well blended
then the charges will not have a clear route to the contacts, lowering the efficiency, but if they are

not blended enough then some of the excitons will not reach a boundary before they decay [33].

This morphology is also liable to change over time, meaning that the device efficiency may drop if
the device is used for long periods. It is also difficult to achieve the ideal morphology consistently

over large areas, meaning that commercial OPVs often struggle to reproduce the high efficiencies
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observed in the laboratory. All of these issues are continually being improved upon. But it is for
these reasons that commercial OPV is likely to focus on indoor applications in the medium term,
where their low cost, light weight, and flexibility can be maximally utilised in an environment where
they can achieve high efficiency.

a)Max. 10 nm
—-

H .......... Metal Contact

Donor/Acceptor

Blend (BHJ)

——————
i ————
——————
e ———

HTL (p doped)

Donor [ Donor [

Acceptor Acceptor

Transparent Contact

Figure 17 — Separating excitons in organic solar cells —a) A donor and an acceptor, which must have their LUMO levels
offset by an energy greater then the exciton binding energy. If the exciton diffuses to this boundary then the charges will be
separated as shown in b). c) A solar cell with a BHJ — note that the electron at i) is trapped because there is no clear path to

diffuse to the contacts

Thin Film Lasers

The final major application of OSCs we shall discuss in this work is in thin film distributed feedback
(DFB) lasers. Organic DFB lasers aim to produce high quality laser output from a very compact source
whilst also incorporating all the advantages of organics such as tuneable properties, solution
processing, and large area flexible substrates [34]. If they reached commercial viability they could be
applied in a range of areas where inorganic diode lasers are currently unsuitable such as sensing,
light-assisted medicine, and security tagging. DFB lasing from thin films exploits the same
waveguiding effect that causes problems in OLEDs to create a lasing cavity without using
conventional mirrors. In this section we will first discuss the physics of how DFB lasers work, before
discussing the advantages and challenges of using OSCs in this role.

The three essential components of a laser are gain, mode confinement, and resonant feedback.
Most direct bandgap semiconductors that are good at emitting light are able to provide strong gain
because they act as quasi 4 level lasing systems as shown in figure 18 [35]. The requirements for a 4
level system are: 1) a ground state which is almost fully occupied, 2) a high energy state with a very
short lifetime, 3) an upper emission state with a long lifetime and a strong stimulated emission cross
section into the final state 4) which should have a very short lifetime in order to ensure that it is as

empty as possible, thereby achieving population inversion. At first glance, a simple semiconductor
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looks like a 2 level system, with just a conduction band and a valence band, but if it is excited with
energy greater than the bandgap then a quasi-4 level system emerges, with the VBM acting as
position 4) and the CBM acting as position 3). When a photon is absorbed, a hole is created deep
within the valence band and an electron is created high in the conduction band. The electron now
effectively occupies position 2) and the hole occupies position 1). These will both decay extremely
quickly to the CBM and VBM, meaning that position 3) will be quickly filled with electrons and
position 4) will be quickly filled with holes, making it effectively empty. The exact energies of
positions 1) and 2) will not be well defined in this system, but this is irrelevant so long as they can

still decay quickly to the lasing states.
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Figure 18 - a) Energy level diagram for a 4 level laser, b) Stimulated emission in a direct bandgap semiconductor. c)

Equivalent energy level diagram for part b). Note how b) achieves a large population inversion in the same way as a).

Most OSCs have a refractive index (RI) of around 1.7, while glass (a common substrate for DFB
lasers) has a Rl of ~1.5. Because the polymer has higher RI, a photon emitted in the plane of the film
will be waveguided inside the OSC film. The resulting photon mode will propagate through the film,
but a portion of its electric field will penetrate into the glass and capping layer above the sample.
Thus the effective refractive index which the mode experiences will be a combination of all three
layers rather than simply the Rl of the pure OSC. In a thick film there will be very little leakage of the
mode into the surrounding layers, and so the effective Rl will tend towards that of the OSC, but in a
thin film the modes leak out significantly, and the effective RI will be more affected by the
surroundings. If the effective Rl of the film becomes equal to the Rl of one of the cladding layers
then the waveguiding will stop and the photon will escape the film. The thickness at which this
occurs is known as the cut off thickness, and a film must be thicker than the cut-off thickness in
order to allow waveguiding. Note that the higher the film’s refractive index is, the thinner the cut-off

thickness will be.
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Figure 19 - Lasing in organic semiconductor films. a) How waveguided light in an OSC film with population inversion will be
amplified as it propagates. b) How first order diffraction from a grating can serve to provide resonant feedback for lasing. c)

Normalised spectra for photoluminescence, ASE, and DFB lasing in a lasing material made and measured in St Andrews.

Assuming that an OSC film is above the cut-off thickness, many photons which are emitted via
photoluminescence (PL) will be waveguided through the film to the edge of the sample. If a detector
were to be placed at the edge of the sample, we would see light which followed a spectrum very
similar to the material’s normal PL spectrum. If the sample is excited so that it has population
inversion along a straight path to the detector, the PL will see gain and be amplified on its way to the
detector. Photons with different wavelengths will all be competing for the same gain, and the result
is that the photons with the highest gain/loss ratio will be amplified. This causes the broad PL
spectrum to collapse into a narrow spike centred around the wavelength with the maximum net gain
as shown on figure 19. This is usually on the red end of the PL spectrum because the bluer photons
will experience higher loss due to reabsorption and scattering within the film. This process is a
precursor to lasing called amplified spontaneous emission. It has the mode confinement and
population inversion sufficient to amplify an incoming pulse, but it does not have the feedback

component required to achieve coherent emission.

Feedback in a thin film is achieved through the use of scattering off a grating [35, 36]. Instead of
being deposited on a flat film of glass, the OSC is deposited on a grating of specific shape and period.
First order diffraction off of each line in this grating will have a cross section to reflect any
waveguided photons back in the direction they came. If the effective wavelength of the photon in
the mode is equal to the period of the grating, then every scattering event adds up in phase and
resonance is achieved. However if the wavelength is slightly different from the grating period then
the scattering will be out of phase and the mode will quickly become very lossy. Thus a diffraction
grating is able to create a resonant photon mode with an extremely high Q factor without using any
metallic mirrors [32]. This means DFB lasers have exceptionally narrow linewidths of significantly less

than 1 nm, which makes them excellent for communications and sensing applications.

A small side note is that one can’t use a simple first order grating to make an effective laser as it

does not provide any means for the laser light to escape the film. An analogy of this is a normal
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mirror cavity laser made with two perfectly reflecting mirrors. This gives very low threshold as there
is no loss in the cavity, but it is not of any use unless we let some of the light out by making one of
the mirrors partially reflecting. The way this is accomplished in DFB lasers is to use a second order
grating instead of a first order grating. A second order grating has twice the period of a first order
grating so resonance is still achieved for the same wavelength, but now the first order scattering
mode will scatter the light directly out of the film, and only the weaker second order scattering will
provide in-plane feedback (see figure 20). The effective result is like a cavity laser with a very leaky
second mirror. Lots of light is outcoupled, but the lasing threshold is significantly increased because
the cavity is much lossier. A compromise between these two extremes is sometimes reached by
using a mixed order grating, where the grating is mostly 1* order except for a narrow strip in the
middle which is 2™ order. In theory this gives the best of both worlds by providing a low loss cavity
with a small point to outcouple light from, and it does provide lasing at a substantially lower

threshold than a 2™ order grating [37]. However, the beam quality from this design tends to be poor

because the light is escaping from a very narrow slit, which makes it strongly divergent due to

|

diffraction.
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Figure 20 - a) A 2nd order grating b) A mixed order grating c) Scanning electron microscopy image of a mixed order

grating(Image source [37]).

The emission beam profile from a distributed feedback laser is controlled by the shape of the grating
structure, and usually goes in line with modes along the grating vectors. A 1D grid grating has only a
single vector, and so the emission beam shows strong divergence in one axis, with strong
confinement in the other axis, resulting in a profile shown on figure 21 a. A 2D micropillar grating has
two orthogonal vectors, which creates possibilities for several different modes. Two independent

modes are possible by exciting just the x or the y mode, creating a (1,0) or a (0,1) mode. These

37



modes are identical to ones coming out of a 1D grating, but together they create a cross-like
emission beam as seen in figure 21b. A third mode is possible by making a superposition of both
modes to create a (1,1) mode. This mode creates a donut shaped beam with either azimuthal or
radial polarisation, but it is not usually observed in lasers made from OSCs. Emission from a mixed
order grating should in theory be similar to a normal 1D grating, but it is much more divergent

because the emission comes from a very narrow point.

0OSCs are an excellent material for making DFB lasers because they are strongly customisable,
solution processable, and most importantly have very strong transition dipole moments, which gives
them a very large stimulated emission cross section and hence a low lasing threshold. However they
are not without their problems. The first and most notable issue is that OSCs are vulnerable to
photooxidation. Most OSCs have vital bonds in them which can be broken down by oxygen, and this
process is greatly accelerated by the intense electric fields the material experiences when in lasing

operation. This means that polymer lasers must be operated at low powers and encapsulated in

order to operate for long periods.

Figure 21 - Optically pumped polymer lasers printed on glass.. a) Emission from a 1D grating, creating a stripe-shaped
output, b) Emission from a 2D grating, hence it has a cross-like beam. c) An organic laser pumped with an LED rather than

another laser [38]

Secondly, OSC lasers are limited to short (nanosecond) pulses by the accumulation of triplet
excitons. An OSC laser will gradually turn off in a pulse longer than 100 ns because triplet excitons
guench the emission [39]. When an OSC is excited by optical pumping, all the generated excitons will
be singlets. Singlet states are good because they can recombine radiatively to produce gain.
However a small fraction of the singlet states will convert to triplet states via intersystem crossing.
Although only a small fraction of the excitons will do this, the triplet states rapidly accumulate
because a triplet exciton exists for several microseconds while a singlet state will be removed in the
order of picoseconds by stimulated emission. Triplet states are bad because if a singlet and a triplet

exciton meet, the triplet can steal the energy of the singlet by forcing it to the ground state and
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promoting itself to an excited state. The triplet then thermalizes back down to its ground state and is
not used up in the process, so one triplet exciton can quench many singlets in its lifetime. The result
of this is that losses will rapidly accumulate in an OSC laser over long pulses, and the laser will turn
off if it operates continuously for more than a few 10s of nanoseconds. Hence all OSC lasers are

pulsed in order to give the triplets time to decay before the laser starts again.

The holy grail of OSC lasers is to find a way to pump them electrically rather than optically, because a
polymer laser is of very limited use commercially if it requires a second laser to make it operate.
Unfortunately achieving this presents some major difficulties. First and foremost, injecting electrons
electrically into an OSC means the 75% of the excitons will be triplets instead of just a small fraction,
making the long pulse issue many times worse to the point of killing the laser operation completely
[39]. Secondly, reaching lasing threshold through electrical pumping will require current densities in
the order of kA/cm®. Most OSC laser materials have fairly poor electron and hole mobilities, meaning
that it is unlikely this could be achieved without overheating the material. Finally, pumping a laser
using a standard OLED device structure will also run into issues with plasmon losses from the metal
contacts — mode leakage from the OSC into the metal contacts causes the electric field to dissipate
its energy as surface plasmons in the metal, introducing losses to the mode which will increase the

threshold beyond the point of feasibility

In conclusion, organic semiconductors are an extremely promising class of material with an
enormous number of potential uses. They have many unique properties which make them
favourable for commercial applications, with OPVs and OLEDs in particular being ideally suited for
use in high technology compact devices. This rapid rate of progress has now inspired the search for a
new generation of semiconductor which can maintain the many favourable properties of organics
whilst aiming to circumvent their difficulties. The most successful material to be discovered in this

search is lead halide perovskites.

Hybrid Perovskites

The term “perovskite” refers to a commonly studied of crystal structure with the formula ABX;. The
crystal has a primitive cubic unit cell with an A cation on each corner of the cube, a B cation in the
centre of the cube, and an X anion in the centre of each face, as shown on figure 22. Various kinds of
perovskites appear in a vast range of fields including superconductors, piezoelectrics, and earth
sciences, but the class of material of interest to us in this thesis is methylammonium lead iodide
(CHsNH;Pbls, also known as MAPbI;) and its variants. This class of material is usually referred to as

hybrid perovskites because they often incorporate an organic component, and they possess many of
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the advantages of both organic and inorganic materials. Hybrid perovskites are also unusual in that
they are halide perovskites, using a halogen such as I or Br in the X site, while most perovskites
studied in the literature are oxides. This gives them many interesting and unique properties which

have proved to make them an ideal semiconducting material for optoelectronic applications.

° A cation
e ) o © Bcation

© X anion

Figure 22 - a) The unit cell of a perovskite crystal, b) MAPbI; shown in the more common depiction of a perovskite crystal,
where the octahedra formed by the lodide cations can be clearly seen. A lead ion occupies the centre of each octahedron,
and the MA cation can be clearly seen in the centre. (Image source Barnes et al.[40]) c) A thin film of MAPbI;deposited on

glass (Image source Oxford Photovoltaics).

Halide perovskites began to receive interest in 2009 when Miyasaka et al attempted to use
methylammonium lead iodide as sensitisers in a solid state dye sensitised solar cell, where they
achieved a modest efficiency of 4%[41]. This sparked interest from several other research groups,
and it was quickly realised that the perovskite was performing many more functions than a normal
dye. In a dye sensitised solar cell (DSSC) the current is carried by an electron transporting layer of
titanium dioxide (TiO,) and a hole transporting material called 2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-Ometad). To absorb light, a portion of the TiO, is
made to be mesoporous to give it a very high surface area, which a non-conducting dye is then
adhered to, as shown on figure 23. The dye (or perovskite in this case) is never designed to conduct
electricity and instead is always in contact with both the TiO, and Spiro-Ometad, allowing electrons
and holes to be instantly extracted from the dye. However in perovskite solar cells it was quickly
realised that the mesoporous TiO, could be removed and the efficiency would be unchanged or even
increased[42]. This meant that the perovskite was not only separating the excitons into electrons
and holes of its own accord, but it was also conducting them several hundred nanometres to their
desired contacts. This discovery proved that perovskites had truly remarkable properties, and a large

amount of research groups started studying the material in detail.
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a) Mesoporous b) Standard PH)J c) Inverted PHJ

Metal Contact (Ag or Au) Metal Contact (Ca/Al or similar)

Metal Contact (Ag or Au)
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CH5NH4Pbl; (Absorber)

HTL - Spiro-Ometad ETL— Cgo fullerenes or similar

Bulk CH;NH;Pbl; (Absorber) Bulk CH;NHPbl; (Absorber)

ETL- PlanarTiO, HTL— PEDOT:PSS or similar

ETL - TiO, with mesoporous layer
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Figure 23 - Different designs of perovskite solar cell - a) A mesoporous structure based on solid state dye sensitised solar
cells, b) a standard planar heterojunction with the ETL on the bottom, c)An inverted PHJ with the HTL on the bottom - note

that the definitions for inverted and non-inverted are reversed between organic and perovskite solar cells.

It was found that CHsNHsPbls had a very low exciton binding energy of only a few meV at room
temperature [43, 44], meaning that almost all absorbed photons were instantly separated into
electrons and holes without the need for a bulk heterojunction. It was also extremely conductive to
both charge carriers, exhibiting mobilities of up to 100 cm?V™'s™* [45] and charge diffusion lengths of
~1 micron [46]— many orders of magnitude larger than in the materials used in organic solar cells.
This meant that a planar heterojunction architecture would be able to achieve near 100% charge
extraction even with very thick absorber layers. CH;NH;Pbl; also proved to be a strong light emitter,
which allowed perovskite solar cells to achieve a high open circuit voltage [47, 48]. Finally and most
importantly, CH;NHsPblsis very soluble in solvents such as dimethylformamide (DMF) and dimethyl
sulphoxide (DMSO), meaning it can be easily deposited by solution processing. All these properties
made lead halide perovskites seem to be the ideal solar cell material, and solar cells based on
perovskites have now reached efficiencies of 22.7% as of 2017 [49], making them competitive with

the best silicon solar cells whilst also retaining all the easy processing properties of organics.

Making Perovskite solar cells

Another major advantage of CH;NH;Pbl; is that it uses cheap and earth abundant starting materials
in its composition, and to make a film of perovskite one can simply dissolve two precursor salts

together and then spin coat them. The basic chemical reaction is:
CH3;NH;I + Pbl, - CH3;NH3Pbl;.

Methylammonium lodide (MAI) and lead iodide (Pbl,) are dissolved in equal molar ratio in a solvent
such as DMSO. These precursors are very soluble, and total concentrations of over 1000 mgml|™ can

be achieved fairly easily. Once dissolved, the solution is deposited on a substrate via spin coating,
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and the chemical reaction occurs as the solvent evaporates, thus making a thin film of the
perovskite. The ideal result is a smooth film made of large, densely packed crystals with no pinholes
in the film. The crystals will ideally be as large as possible in order to minimise the number of crystal
boundaries a charge must cross on its way to the contacts. Conduction is much slower across the
crystal boundaries, and they are also known to contain a much higher density of trap states due to
the presence of dangling bonds [50, 51], which can induce recombination and thus lower the
efficiency of the device. Achieving the best possible film requires a large amount of optimisation,
and as such the exact recipe for preparing and spin coating a solution varies wildly from group to

group. An overview of these various recipes shall be provided in the next chapter.

Most perovskite solar cells are a planar heterojunction structure similar to the simplest kind of
organic solar cell, although some groups still use the mesoporous TiO, in their devices. A subtle
difference is that most perovskite solar cells are “inverted” relative to the standard organic structure
—that is they have their ETL at the bottom of the cell instead of the top. To prevent confusion, | shall
refer to devices with an HTL on the bottom contact as “inverted”, and devices with an ETL on the

bottom as “non inverted” (see figure 23).

a)
Spiro-OMeTA
@ 1101 perovskite % TiO, mesoporous layer
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Read MSDS befor” 2 PacEIsY

.

Figure 24 - a) a solution of perovskite precursor (image reference [52]), b) an SEM image of a good perovskite thin
film(reference [53]). Note the large crystals and lack of pinholes, c) A transverse image of a good perovskite solar cell

(reference [48]). The layers have been artificially coloured for clarity

In spite of their excellent performance and properties, perovskite solar cells are not without their
problems. Firstly, good results from perovskite solar cells are often difficult to reproduce. As shall be
discussed in the next chapter, this is due to the nature of the spin coating involving an optimised
chemical reaction, meaning that even small changes to the local environment cause huge differences
in the experimental outcome. Secondly, CH;NH;Pbl; and its variants all contain a significant lead
component, which raises questions as to whether they will be considered to be acceptable for
consumer use. Counter arguments say that this might not be a problem because the solar cells will

be well encapsulated, and even if there was a leak then the overall amount of lead would be very
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small because the films involved are less than a micron thick. In any case, a lead-free alternative
would obviously be preferable, and a huge amount of work has gone into finding lead-free
alternative materials with equivalent properties. But unfortunately nothing has yet come close to
competing with CH3;NH3Pbls. The only material to come close in performance is CH3;NH;Snl;, with a
solar cell efficiency of 6% [54], but solar cells from this material are extremely unstable due to Sn**
being easily oxidised to Sn**, and the tin perovskite appears to have more defect states than its lead

counterpart [54].

The final major problem facing perovskite solar cells is degradation. CHsNH;sPblsis not vulnerable to
degradation from oxidation, but it can easily degrade back to Pbl, by reacting with water or some
metals. Keeping water out of a perovskite solar cell is comparatively easy with modern
encapsulation techniques. But degradation from the metals is a significant problem because metal
from the contacts of a perovskite solar cell will slowly diffuse through the HTM and into the
CH3;NH;Pbls, causing it to degrade over time [55]. Because of this, perovskite solar cells with metal
contacts degrade far too quickly to be commercially viable, even when stored in the dark under an
inert atmosphere where no other degradation should occur. To combat this, some groups such as
Mcghee et al. [56] used indium tin oxide (ITO) as a contact on both sides of the solar cell. ITO is a
transparent conductor which is normally used only as a bottom contact (where it is essential to be
able to let light in) because it is les conductive and more expensive than metal contacts. Due to its
increased resistance, the overall efficiency of the device is slightly reduced when using ITO for both
contacts, but the stability is dramatically increased. Not only is the ITO inert to the CH3NH;Pbls, thus
eliminating the major degradation pathway, but it also acts as an excellent barrier layer against
water in the atmosphere. Because of this, perovskite solar cells can now withstand operation for
thousands of hours, even in humid conditions under constant illumination [57]. This demonstrates
that, with the right choice of materials, perovskite solar cells could be stable enough for use in

commercial devices.

N o

~—Semi-transparent cell at 35°C under sulfur plasma lamp

Opaque cell at 35°C under full AM1.5 - T80: 1 hr
1

208 Opaque cell
; 0.6
goa
wo2

0

o 2 4 6
Time (hours)

o 50 100 150 200
Time (hours)

Figure 25 - Degradation in perovskites- a) A fresh perovskite film compared to one that has been left in atmosphere for 6

days, completely degrading it to Pbl,(image source [58]). b) A transparent solar cell incorporating ITO on both contacts.
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Note that the area covered by the ITO is completely protected from degradation while the rest of the film is converted to
Pbl,. [56] C) Compares the lifetime of a transparent solar cell to one containing metal contacts — the metal cell is completely

degraded within hours, while the transparent cell remains unchanged after >250 hours [56].

Tuning perovskite properties

One of the reasons that the perovskite structure is so well studied in a wide range of fields is the
versatility of the ABX; structure. The crystal’s properties can be easily tuned by substituting the
constituent ions with alternatives, provided these substitutions maintain charge balance and are the
right size to fit in lattice. Methylammonium lead iodide is no exception to this, and there are a wide
range of substitutions one can make to optimise the properties for device applications. We shall
categorise the various substitutions by the site they occupy, and they have the following general
effects. Substitutions to the A site strongly affect the stability, conductivity, and crystallinity of the
material, and also have a modest tuning effect on the bandgap. As mentioned before, any
substitution to the lead in the B site causes large changes in many properties of the material, almost
all of which are detrimental to the device performance. Finally substitutions in the X site have a

strong impact on the bandgap of the material.

A site substitutions

One of the factors which makes this class of perovskites interesting is their organic component. The
presence of the CH3NH;" (MA) cation is one of the key reasons why perovskites are so easily solution
processable, as it dramatically increases the crystal’s solubility, but the presence of this cation also
has some significant drawbacks. First the disorder introduced by having an asymmetrical and highly
polar molecule inside the lattice complicates the material’s physics significantly, making it
challenging to create an accurate theoretical model of the system. Perhaps more importantly, the
CH;NH;" cation is directly involved in many of the degradation pathways which reduce the lifetime
of perovskite solar cells. It reacts strongly with water to form methylamine gas, which then escapes
the film to leave behind a degraded perovskite, and the MA ion is also quite volatile. Because of the
volatility of the CH;NH;" ion, CH;NH;Pbl; will tend to decompose to Pbl, if heated to temperatures
close to 100 ‘C by releasing vapours of CH;NH;l gas. A solar cell operating in a hot country can be
expected to reach temperatures of at least 85 °C for extended periods, meaning that it seems

unlikely that CH3NH;Pbl; would ever be stable enough for long term commercial use.

To combat this, research groups started looking for possible substitutions for CH;NH;". However this
is difficult because the MA ion occupies a sweet spot where any larger ions will be too big to fit in

the lattice, while most metal ions will be too small for the resulting crystal to be stable. The two
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substitutions which have seen the most success have been Cs* and CH(NH,),". These both come with
their own sets of problems, but together they have allowed perovskite solar cells to dramatically

increase in both stability and efficiency.
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Figure 26- The different ion which can be used in the A site of hybrid perovskites(image source [59]).

CH(NH,),", also known as formamidinium (FA) is a very similar ion to MA (see figure 26), with the
exception that it has an extra NH, group attached. The effect of this change is a slight increase in
effective ionic radius, a significant change in polarity, and a strongly reduced volatility. Because of
this reduced volatility, a perovskite made from FAPbl;is much more resistant to thermal degradation
than MAPbI;[59]. The slight change in ionic radius also causes the bandgap to be narrowed slightly
to 1.43 eV, allowing the solar cell to produce a higher current. However the huge drawback of FAPblI;
is that, due to the change in hydrogen bonding from the different A cation, it is not stable at room
temperature. FAPbI; will slowly convert to a non-absorbing 6 phase if left at room temperature, and
will only remain stable in a useful form if held at temperatures above 100 °C. This process is
reversible by heating, but makes pure FAPbI; all but useless for a solar cell in normal operation. To
combat this, a compromise between the low volatility of the FA ion and the optimal bonding of the
MA ion could be achieved by making a mixed cation perovskite of MA,FA1Pbls. Across a variety of
groups an x value of roughly 0.6 was found to be optimal, yielding a device with enhanced stability

and slightly improved efficiency [60].

At the same time as this, other groups were also working on replacing the MA ion with Cs* to create
CsPbl; - a completely inorganic perovskite. Caesium is a completely spherical ion, which greatly
simplifies the physics of the resulting perovskite structure. The resulting structure has improved
conductivity and a slightly widened bandgap of 1.76 eV compared to the 1.6 eV for CH;NH;Pbls.
Additionally the completely inorganic nature of CsPbl; makes it extremely resistant to thermal and
chemical degradation [61]. However in spite of these advantages the Cs” ion has many of the same
disadvantages of FA. Firstly the Cs precursor salts are far less soluble than the organic precursors,
meaning that solutions are limited to low concentrations of up to 0.4 M. This means that the

thickness of pure CsPbl; is very limited when compared to MA or FA cations, which can easily
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achieve concentrations greater than 1.2 M. CsPbl; also has the same problem as FA in that pure
CsPbls is highly unstable at room temperature due to its tendency to switch to a yellow 6 phase.
Thus a compromise once again has to be reached by creating a mixed cation perovskite of MA,Cs;.
»Pblsor FA,Cs(1,Pbls. Indeed, the highest performing perovskite solar cells to date actually consist of
a triple cation perovskite made from a highly optimised mixture of all three cations [62]. The
resulting perovskite has far higher efficiency, stability, and reproducibility than its single cation

counterparts.

B site substitutions

As mentioned earlier, most attempts at substituting the lead component from MAPbI; and its
variants have resulted in structures with far worse properties than the original material. Tin is thus
far the only substitution that has yielded any significant device efficiencies, with MASnI; devices
achieving efficiencies as high as 6% [54], albeit with very low reproducibility. With a bandgap of 1.23
eV, MASnhI; has a much narrower bandgap than MAPbI;, placing it in a good region for the Shockley-
Queisser limit. However MASnI; appears to be fundamentally a worse material than its lead
counterpart. The PL spectrum of MASnl; is much broader than for MAPbl;, indicating it has a much
higher density of defects which could reduce the efficiency of a solar cell, and the Sn** ion is
extremely vulnerable to oxidation into the Sn* state. Thus MASnI; solar cells are expected to be

much less stable and efficient than solar cells made from MAPbI;.

Other attempts to remove the lead component have revolved around the formation of double
perovskites by using a 50:50 mix of a 1+ cation such as copper or silver with a 3+ cation such as
bismuth or indium [63]. This could potentially open up a whole new area to explore and optimise
with this class of material, but unfortunately it has thus far been impossible to use this method to
create a stable material with a bandgap narrow enough for use in solar cells. Even if this were to be
achieved, the commonly used 1+ ions such as silver, gold, and copper are many orders of magnitude
less soluble than lead ions. This means that even if a good double perovskite were to be found it
would not be solution processable — thus removing one of the key advantages that make it

interesting.

X site substitutions

Controlling the bandgap of a perovskite solar cell is, in theory, very easy as one can just make a
perovskite with a mix of halogens. MAPbI; has a bandgap of 1.6 eV while MAPbBr; and MAPbCl;
have bandgaps of 2.3 eV and 3.2 eV respectively. Any bandgap in between these extremes can be

achieved by making a mixture of MAPDbI3,Br3(1. or MAPbBr;,Cly(1.4), as shown on figure 27. Note that
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a mixture of | and Cl does not work because the size difference is so large that the lattice is not

stable when containing both ions.

This tuneablity is an excellent property because it could allow for perovskite LEDs at any colour of
the rainbow, and also makes perovskites an ideal material for tandem cells. One of the more
promising routes to commercialising perovskite solar cells is to work with competitors such as silicon
rather than against them. Silicon has a bandgap which is on the narrow side of ideal for the
Schockley-Queisser limit, while MAPDbI; is on the wide side of optimal. However the two materials
together have close to ideal bandgaps for making a tandem cell with high efficiency, and a silicon-
perovskite tandem cell could have efficiency of 35-40% [64]for only a relatively small increase in
cost. This would come close to halving the payback time for a solar photovoltaic installation and

hugely increase its viability.
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Figure 27 - Tuning the bandgap of perovskites. a) A range of mixed halide perovskites tuning from 100% lodide, to 100%
Bromide, and then 100% Chloride. b) How the PL spectrum of mixed halide perovskites as the bandgap is increased. c) The
Hoke effect from the original paper by Hoke et al, where the emission a perovskite film with a bandgap of 1.9 eV red shifts

over time due to halide segregation(reference [65]).

The ideal bandgap for a perovskite solar cell in this tandem configuration is 1.9 eV, which a mixture
of 40% bromine and 60% iodine can provide easily, but unfortunately it is not quite as simple as this.
When one increases the bandgap of a solar cell, you expect to get less current but more voltage. In
perovskite solar cells, increasing the bandgap does indeed decrease the Jsc, but the Voc remains
more or less constant, thus completely removing any advantage one gets from changing the
bandgap. The reason for this is that the halide ions are quite mobile within the perovskite lattice,
and when the perovskite is excited with light it becomes energetically favourable for them to phase
separate into iodide-rich and bromide-rich regions. The iodide-rich regions have a lower bandgap
than the bromide rich ones, and hence the charges tend to migrate towards the low bandgap

regions, resulting in a lower Voc despite the overall increased bandgap. This is known as the Hoke
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effect [65]. It is one of the main unsolved problems in perovskite solar cells, and its impact can be
clearly seen in the PL spectrum of an illuminated sample over several minutes. Due to this effect, the
closest stable bandgap to the ideal 1.9 eV that can be achieved with perovskites is 1.7 eV, and it also
significantly reduces the number of available colours a perovskite light emitter can achieve. There
are many works which claim to reduce the halide segregation effect, and it is generally agreed that
the presence of caesium ions in the lattice can help pin the halogens in place [66], but thus far no
work claiming to achieve a stable perovskite with 1.9 eV bandgap has been reliably reproduced by

separate laboratories.

Light emitting devices from perovskites

The bulk of the work done on lead halide perovskites focuses on their use as a solar cell material, but
perovskites also have great potential as a light emitting material. As discussed earlier, one of the key
reasons for the excellent performance of perovskite solar cells is their ability to emit light, leading to
a high Voc and hence a high efficiency. To illustrate this, some of the best perovskite solar cells can
also be operated in forward bias to work as LEDs with efficiencies close to 1%[48]. This is a
remarkable value in a non-optimised device with no blocking layers and very poor outcoupling. This
combined with the excellent electrical properties, the absence of triplet excitons, and the good
stability of perovskites makes them an ideal candidate for studying light emitting applications.
Unfortunately the first attempts at making dedicated perovskite light emitting diodes yielded high
brightness but very poor efficiency [67]. This poor efficiency could be largely attributed to the weak
recombination rates in perovskites due to the complete absence of excitons. In a conventional OLED
the charges would quickly form excitons which have a strong radiative recombination rate, meaning
that the charges decay to emit light before non-radiative pathways can force them to lose their
energy as heat instead of light. In a perovskite LED the excitons do not form, and hence an electron
will only decay radiatively if it directly collides with a hole for it to recombine with, meaning that
non-radiative pathways will usually decay a charge before it has a chance to recombine radiatively.

This effect can be clearly seen in the intensity dependent PLQY of most perovskites [68].

An OSC will generally have a fairly constant PLQY regardless of excitation density because the
recombination is mostly geminate — one photon creates one exciton which then recombines
radiatively after a delay. In a perovskite the recombination is bimolecular — one photon creates an
electron and hole which then will diffuse randomly until they find a counterpart to recombine with.
If the number of excited charges is low, then a charge has low odds of finding a counterpart to
recombine with before it decays non-radiatively. At higher excitation densities the probability of

finding a counterpart increases, leading to a PLQY which increases roughly linearly with pump
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density. The result of this is that perovskite light emitters will generally perform poorly at low
powers but will be substantially improved at higher powers.

This phenomenon motivated research into making perovskites with crystal morphologies which
could promote radiative recombination even at low intensities, and the solution was to create a
perovskite with the smallest crystals possible — the exact opposite of the aim in perovskite solar
cells. Since the charges move much more slowly across crystal boundaries, a well passivated crystal
boundary will act as a wall confining the charge inside the crystal. If the crystals are small then the
charges are confined inside a much smaller space, and hence they are far more likely to recombine
than if they are trapped inside a large crystal as shown on figure 28. This can be seen in the intensity
dependent PLQY becoming closer and closer to a flat line as the crystal size is reduced, and Tae Woo
Lee et al exploited this to create green perovskite LEDs with 8.5% EQE and a very high brightness of
42 cdA™ [69]. This is an impressive result given that the outcoupling efficiency of a perovskite LED
will be very poor due to its high refractive index, and also shows that the absence of excitons allows

perovskites to achieve higher efficiencies than fluorescent OSCs.
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Figure 28 - a) An example of how the PLQY in a perovskite film varies with pump density(Image Source [69]). b) electrons
and holes are unable to find each other to recombine in a large crystal. In c) the smaller crystals confine the charges and
force them to recombine radiatively. d) Different films of MAPbBr; under UV light — the samples with the smallest crystals

have the strongest PL. e) A large area LED made from MAPbBr;[69].

49



Perovskite lasers

Figure 29 — An optically excited thin film laser made from MAPbBr; perovskite in St Andrews. The laser is deposited on a

glass substrate on the left, with the beam output projected onto a screen on the right.

The intensity dependent PLQY is a significant problem in an LED, where the charge densities are
generally very low, but it is not a problem in a laser which normally operates at much higher
excitation densities. Amplified spontaneous emission (ASE) was first noticed in MAPbI; in 2015 [70],
and since then there has been a large amount of work on using perovskites as a laser material.
Lasers from perovskite nanowires were able to achieve thresholds as low as 220 nicm?[71], and a
large number of Fabry-Perot lasers have now been reported [72]. Perovskites have a range of
properties which make them ideal for this purpose, including their low threshold, the absence of

triplet excitons, their solution processability, and their resistance to photooxidation.

Until now, the only solution processable laser materials were laser dyes and OSCs, these both
achieve low thresholds and high performance but are also limited to pulsed operation in the solid
state due to the accumulation of triplet excitons discussed earlier. In addition, both of these
materials are easily degraded by photooxidation when operating at high pump powers, and they are
not sufficiently conducting to allow electrical pumping. Perovskites as a material have the potential
to overcome all of these issues whilst also being cheap and having an easily tuneable bandgap. It is
important to note however that the Hoke effect still has a highly detrimental effect on perovskite
lasers made from mixed halide perovskites. Although ASE can be achieved at almost any wavelength
in the visible spectrum, the threshold for ASE increases dramatically when using mixed halides to
tune the bandgap. All of these effects combine to make perovskite lasers a vibrant and highly
promising field of research, and much of this thesis shall focus on efforts to use perovskite to make

all solution processed thin film lasers.
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Low dimensional perovskites

Due to the absence of excitons at room temperature, perovskites are generally unsuitable for
studying polaritonic effects. Therefore some groups set about designing a perovskite with a high
exciton binding energy in order to observe polaritons in a perovskite system. The result of this
search was to create perovskites which effectively operated in 2,1 or even zero dimensions by

making layered perovskites, perovskite nanowires, and perovskite nanocrystals respectively.
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Figure 30 - a) The structure of n=1 and n=2 layered perovskites compared to the bulk 3D perovskite. b) Excited states in a
sample with a material with a range of different n values will be funnelled into the crystal with the largest n, as this has the
lowest bandgap. c) The PLQY of a layered perovskite vs pump intensity — it remains fairly constant due to the funnelling and

confinement effects (Images sourced from [69]).

Layered perovskites are made by doping a normal perovskite with an A site ion that is much too
large to fit in the normal lattice site, such as butylammonium (BA) or phenylethyalmmonium(PEA).
The perovskite crystal rejects these larger ions and causes them to separate into layers in the way
shown on figure 30, forming a Ruddlesden-Popper phase with the larger ions being excluded from
layers of normal bulk perovskite. This is known as a layered perovskite, and they are classified by
their composition and their n value. The n value of a layered perovskite defines the number of
repeat units of a normal perovskite unit cell exist between each layer of the insulating larger cations.
An n=3 perovskite will on average have 3 units of normal 3D perovskite between each layer of
insulator, but in reality it will be a dispersion of some n=1,2,3,4 etc. layers with the total averaging
out to 3. The narrower a layer is, the wider its bandgap and the more confined the charges are in the
layer. This leads to a high exciton binding energy in layered perovskites because the charges are
confined in a narrow region as is the case in an OSC. It also serves to create a material which has a
multitude of layers each with different bandgaps, and so charges excited in a high bandgap region
will be funnelled via quantum tunnelling into the layers with the widest bandgaps. This serves to
concentrate the charges and provide a material with a high exciton binding energy and a high PLQY

which does not vary with excitation density [69, 73].
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Layered perovskites proved to be ideal for the study of polaritons, allowing for the effect of strong
coupling to be clearly observed even at room temperature and opening up the possibility of a new
route to achieving polariton lasing at room temperature. But in addition to being excellent for the
study of polaritons, these layered perovskites proved to be excellent for making high efficiency light
emitting diodes due to their intensity independent PLQY and excellent film quality. So long as the
layers could be oriented to be perpendicular to the plane of the device, charges can easily flow along
the planes in the perovskite. This, combined with the high PLQY values of the perovskite, allowed
layered perovskite LEDs to achieve efficiencies up to 11% at any colour between 550 nm and 800
nm[69]. It is important to note that it is essential for the layers in a layered perovskite LED to be
aligned perpendicular to the plane of the device. Otherwise the injected charges will be forced to
repeatedly tunnel through many layers of insulator in order to pass through the device, causing it to
have a very high resistance. It has not been made abundantly clear how the authors who achieved
such high efficiency accomplished this, and hence these results cannot be reproduced independently

until this is information is made public.

Figure 31 - A highly luminescent film of n=3 layered perovskite. b) Solutions of CsPbX; perovskite nanocrystals (Image source

[74]).

Perovskite nanocrystals

Perovskite nanocrystals (PNCs) are a zero-dimensional analogue of the normal perovskites made in
solar cells, and they have attracted great interest because they can achieve solution PLQY values of
near unity [74] and do not appear to suffer from halide segregation to the same extent as the bulk
perovskite. Because of their high PLQY, there has been great interest in using PNCs in LEDs or as
laser materials, but this has so far proved difficult because the nanocrystals have to be surrounded
by insulating ligands to prevent them quenching off of each other. These ligands keep the
nanocrystals separate from each other, thus preventing exciton-exciton quenching and achieving a

high PLQY, but they also make it difficult to excite the nanocrystals electrically. Thus the efficiency of
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LEDs made from PNCs remain low, but they do remain a promising material for optically pumped

lasing.

Conclusion

In conclusion, solution-processed OSCs have many advantages over their inorganic counterparts
which could revolutionise the way we use electronics. Organic LEDs are already a popular
commercial technology, while flexible solar cells and lasers from organics are constantly improving.
Hybrid perovskites are a new class of material which combine the advantages of both organics and
inorganics, and their excellent performance as a solar cell material so far makes them highly likely to
see commercialisation in the near future. Finally the same properties which make perovskites an
excellent solar cell material also make them highly promising as a light emitting material, and there
are many exciting fields to explore where perovskites could prove to be the solution to many of the

long-standing problems.
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Chapter 3 — Experimental

Sample Preparation

Spin Coating

One of the main things that makes OSCs and lead halide perovskites interesting is that they are
solution processable. This makes it very quick and simple to make devices from them on the
laboratory scale, whilst also making them cheap to produce on the commercial scale. The most
common process, which is used chiefly for creating small scale devices, is spin-coating. Spin coating
works by dissolving the material in the required solvent, and then covering a substrate such as glass
with the resulting solution. The substrate is then spun at speeds between 1000 and 8000 RPM,
where centrifugal force throws most of the solution off the substrate as shown in figure 1. A
combination of friction and viscosity allows a very thin and flat layer of solution to remain on the
substrate, which then forms a film of the material as the solvent evaporates. This is a simple and
effective method that reliably gives smooth and high-quality films in under 60 seconds, but has
notable drawbacks in that most of the (often expensive) material is wasted, and it is not easily
applicable to large area mass production. Hence it is more common for industrial manufacturers to
use processes such as spray coating [1, 2], blade coating [3, 4], or slot-die coating [5], which are out

of the scope of this thesis.

a) b) Ink supply c) Ink Inlet

Meniscus
iii)
C i) [
|
o G=E—D ¢

Figure 1 - a) The steps of the spin-coating process - i) The solution is deposited on the substrate, ii) The substrate is
accellerated up to speed, iii) Most of the material flies off and a flat layer of liquid forms, iv) The polymer film forms as the
solvent evaporates (image source Hellstrom et al.) [6]. b) and c) Examples of industrial scale blade coating and slot die

coating respectively (image source Krebs et al.) [7]
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With spin-coating, the thickness of the resulting films can be easily controlled by changing either the
spin speed or the concentration of the solution, and it is empirically found that the film thickness

very roughly obeys the following equation [8]:

Concentration?

J/Spin Speed

Film thickness «

Note that the film quality drops dramatically when the spin speed is reduced below 1000 RPM, and
so the maximum film thickness we can make of a given material is limited by its solubility in the
available solvents. Faster spin speeds also generally lead to higher quality films, and so more soluble
materials will be able to work with higher spin speeds to get the same thickness. Hence a spin-
coating material will ideally be as soluble as possible. The most commonly used solvents for
dissolving OSCs are toluene and chlorobenzene(CB), but toluene is generally preferred because
halogenated solvents are much less environmentally friendly. If higher solution concentrations are
required, the solubility of most OSCs can often be increased by using more aggressive solvents such
as chloroform (CF) or dichloromethane(DCM). However, spin-coating with these solvents is very
difficult because CF and DCM are both extremely volatile, meaning that they will start to evaporate
before the spin-coating has even begun. This makes it harder to achieve films with consistent

thickness and high quality.

C) Solution

Untreated Substrate

Solution

a) b)

Figure 2 - a) Streak patterns on a film caused by dust particles, b) Poor spin-coating result caused by the solution not
wetting to the substrate (image source [6]). c) Solutions will often aggregate to form droplets with incomplete coverage on

an untreated substrate. d) Solutions get much better coverage and wettability on a plasma ashed substrate

When spin-coating with most OSCs, the resulting films are in the order of 100 nm thick, while dust
particles in a room can be up to 100 microns across. This means that our substrate must be
extremely smooth and clean because any particles of dust on the surface will easily poke through
the film, creating a shorting pathway in the device and leaving a streak pattern on the surface of the
film like the ones shown in figure 2 (a). To combat this, all spin-coating is done in a cleanroom

environment, and all substrates are pre-cleaned before any spin-coating occurs. The substrates are
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first scrubbed in order to remove any large particles, before being sonicated in a bath of acetone.
Sonication involves using high frequency sound waves to dislodge any dust from the surface, and the
particles are then dissolved in the acetone. The sonication is then repeated in a bath of isopropanol
(IPA) and the samples are dried with a high-pressure nitrogen gun. Finally, the samples are cleaned
by plasma ashing, where they are placed in a vacuum and exposed to oxygen radicals. This vaporises
any remaining dust particles and also makes the sample surface extremely hydrophilic due to the
adherence of oxygen ions to the substrate. This further enhances the quality of the spin-coating

because the solution will prefer to cover the entire substrate rather than aggregating into droplets.

Optoelectronic Device Fabrication Procedure

Top View
ITO strip (covered
by OSC layers)

Metal contacts

Areas of metal and ITO overlap
= define the pixels of the cell.

" A defect on one pixel does

not damage the other two

Exposed ITO for other contact

Figure 3 — A top-down view of the layout of devices for an OLED or solar cell

As mentioned in the previous chapter, all devices we work with in this thesis follow a monolithic
architecture. This makes fabrication simple because devices can be made simply by spin-coating the
required layers sequentially on top of each other. However, it also introduces a major design
constraint in that we cannot use the same solvent for two adjacent layers — otherwise the solvent
for the new layer will dissolve the previous layer and destroy the device. Therefore the bottom layer
has to be made out of something reasonably tough, such as polyethylene dioxythiophene:
polystyrene sulphonate (PEDOT:PSS) (which is soluble in water but insoluble in most other solvents)
or titanium dioxide (TiO,) (which is formed from solution but then baked at high temperatures to

become completely insoluble). The active layer can then be deposited with few design constraints,
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while the top layer and metal contacts are often deposited by vacuum evaporation. Vacuum
evaporation works by placing the material and samples together in a vacuum and heating the
material until it starts to sublime. The gas particles in the vacuum will follow ballistic trajectories and
will adhere to the sample when they hit it, forming a thin and uniform layer of material. This is an
expensive and time-consuming process, but it allows the final layers to be deposited with high

precision and quality without adversely affecting the active layer.

The final layout of devices on the substrate of either an OLED or a solar cell has the design shown on
figure 3, with the bottom contact (ITO) being made of a strip down the middle of the device, which is
accessed by scraping away some of the OSC material at the edge of the sample. The metal contacts
are then made of 3 strips perpendicular to the ITO strip, which separates the device into 3 pixels —
one at each point where the ITO and metal overlap. If the sample was used to make one large pixel
instead of three small pixels, then it would only take a single dust particle to kill the entire device,

while in the split device we will still have at least two working pixels even if one is completely ruined.

Encapsulation

Any device which is sensitive to water or oxygen will usually be fabricated entirely within a nitrogen
filled glovebox, but it must be encapsulated in order to protect it from atmosphere when being used
in the outside world. For our studies we used a simple encapsulation technique, using a UV cured
epoxy to glue a layer of glass onto the sample which completely covers all the pixels. Although glass
is effectively a perfect barrier to water and oxygen [9], this is not by any means a perfect method of
encapsulation because water and O, can still leak through the epoxy and the OSC film. However, it is

more than sufficient for doing simple tests on the timescale of a few days.

Measuring Samples

Measuring Solar Cells

The defining measure of a solar cell is its current density — voltage (J-V) curve, which is measured
using a Keithley 2400 source-meter. The solar cell is placed in a holder with spring-loaded pins to act
as contacts, and a mask to ensure that an area slightly smaller than the area of the pixel is exposed.
The mask is important because it provides a clearly defined area to produce accurate measurements
of current density. Without the mask it will be possible for some charges created outside the device
area to diffuse to the contacts [10], meaning that the setup will measure a higher current density
than the solar cell is actually producing, and hence we will overestimate the efficiency. The solar cell
is first measured in the dark as a baseline, and then under illumination from an AM 1.5G solar

simulator lamp. This is a xenon lamp with a series of filters designed to mimic the industry standard
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AM 1.5 G solar spectrum as closely as possible. Before each measurement, the lamp is calibrated
with a silicon reference solar cell incorporating a KG5 short pass filter to ensure that the intensity is
exactly one sun. The short pass filter changes the spectral response of the silicon cell to more closely
match the response of the solar cells we plan to measure, and the exact spectral response of the
silicon reference cell was calibrated by ORIEL to ensure an accurate measurement [11]. Once the
lamp intensity has been confirmed to be one sun, the J-V curve of the sample cell is measured by
applying a source voltage and measuring the current through the device. The raw current value is
converted to current density by dividing by the device area to get an overall efficiency. The setup
also includes a torch with variable intensity for doing intensity dependent J-V curve measurements.
Note that for certain classes of solar cells (particularly in perovskites) there is known to be a degree
of hysteresis in the J-V curves [10, 12], and so it is important to always perform both a forward
(negative to positive voltage) and a backward scan (positive to negative) to ensure that both
possibilities are displayed. The precise reasons for the hysteresis seen in perovskite solar cells is a
hotly debated topic, but the prevailing consensus is now that it is due to ion migration during

measurement [13].

Another important parameter of a solar cell is its incident photon to charge collected electron
efficiency (IPCE), also known as the external quantum efficiency (EQE). This is a measure of how
many charges are created per absorbed photon of a given wavelength incident on the solar cell
when it is operating at short circuit. To measure the IPCE spectrum, light from a xenon lamp was
passed through a Bentham monochromator (spectral width less than 1 nm) and is then directed
onto the solar cell via an optical fibre. The solar cell is held in short circuit and the current from the
cell is measured as the wavelength is changed to get a graph of current vs input wavelength. Since
the absolute intensity of the lamp at any given wavelength is unknown, a single measurement is not
sufficient to get an absolute IPCE without something to compare it to. Therefore, the measurement
was repeated on a reference cell with known IPCE in order to get a useful comparison. The reference
cell was calibrated by the National Physics Laboratory (NPL) of the UK. Knowing the IPCE of a solar
cell gives crucial insight into how the solar cell is operating and where the current is coming from.
But it is also useful as a second verification of device efficiency - the Jsc of any given solar cell can in
theory be calculated indirectly by multiplying its IPCE spectrum with the solar spectrum and then
integrating the result [10]. Thus, it provides an excellent way to independently verify that the

current measured from your J-V curve is accurate.
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PLQY setup

Another important factor for determining the quality of a material is its photoluminescence
quantum yield (PLQY), which is the number of photons which are emitted for every photon
absorbed. As mentioned before, a high PLQY is vital for getting high voltage in a solar cell, but
knowing the PLQY also provides crucial insight into a material’s important parameters such as its

radiative and non-radiative recombination rates. The basic equation for PLQY is simply:

photons emitted
PLQY =

photons absorbed

On the surface this would seem like a very simple measurement. Counting the number of absorbed
photons should be easy as long as we know the absorbance and the input power, but accurately
counting the number of photons emitted can often prove to be quite difficult because PL photons
are always emitted randomly in all directions. Therefore a single detector will never be able to catch
all of them, and we will not ever be sure we have the correct PLQY. To overcome this, the
measurement is carried out in an integrating sphere, where all light from the sample is scattered
randomly inside the sphere. This effectively collects all the photons and provides a uniform intensity
which can be measured with a photodiode or a CCD, however this alone cannot be used to calculate
PLQY because the process is far from being 100% efficient. Many photons are eventually absorbed or
escape the sphere before reaching the photodiode, so we can measure a PL spectrum through the
sphere, but we do not know exactly how many photons it corresponds to. To make matters worse,
the sphere and the detector will have a spectral response - the efficiency of the integrating sphere
and photodiode will depend on wavelength, meaning that the normalised PL spectrum will look

different before and after it has been passed through the sphere.

As mentioned earlier, one of the main issues with measuring the PLQY of perovskites is that their
PLQY strongly increases with intensity, meaning they require high input intensity in order for their PL
to be measureable. Therefore, for measuring perovskites we created an in-house PLQY setup which
used laser excitation so as to provide high pump powers. The in-house setup had the design shown
in figure 4, and uses the design principles laid out by Greenham et al in 1995 [14]. 405 nm laser
excitation was provided by a Kimmon IK series continuous wave helium-cadmium (HeCad) laser with
a maximum power of 42 mW, which could be attenuated by a series of neutral density (ND) filters.
The input power was measured with a Coherent FieldMaster power meter, and then coupled into an
integrating sphere. Light in the integrating sphere was measured using a fibre coupled ANDOR UV-
enhanced calibrated CCD, with a baffle to prevent light from direct reflections reaching the detector.

The combined spectral response of the sphere, fibre, and CCD was calculated by measuring the
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spectrum of a calibrated tungsten lamp through the sphere and working out the correction factor

required to regenerate the original spectrum.

To measure the PLQY, a sample is placed in the path of the laser beam at a slight angle to ensure no
light was reflected directly out of the sphere. Once the spectral response of the system has been
accounted for, the PLQY is calculated by the following equation:

Xsample_(R+T)Xsphere
(1-R-T)XLaser

PLQY =

where R is the measured reflectance of the sample and T is the measured transmission of the

sample at the laser wavelength. X, is the integrated spectrum of the laser peak when fired into an
empty integrating sphere, thus giving a measure of how many photons are incident on the sample.
The total number of photons absorbed can then just be calculated from (1 — R — T) X} aser- Xsample iS
the integrated counts of the PL spectrum when the sample is placed in the path of the laser beam,
while Xphere is the integrated PL counts when the sample is inside the sphere but the laser beam does

not hit it directly.
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Figure 4- configurations for measurement in the integrating sphere setup. a) X,,s.;,, Where the signal from the raw pump
beam is measured b) Xs4mpe, Where PL from direct absorption is measured ¢) Xsppere - the measurement which allows us to

account for second-pass absorption.

At first glance, one would expect the term for photons emitted to just be Xsample, but we have to add
a correction factor of (R+T)Xphere to account for absorption which does not occur in the first pass of
the pump beam. If the sample is not perfectly absorbing, then transmitted and reflected photons
will bounce around the sphere before eventually being absorbed by the sample. Thus causing our
calculation term of (1-R-T)X,sr to underestimate the total number of photons absorbed. The extra
(R+T)Xsphere term accounts for this by removing any PL counts that can be attributed to second cycle

absorption. As a final calibration, the accuracy of the setup was checked by taking measurements of
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glass filters with known PLQY values and comparing the known value to the outcome of the

measurement.

For experiments where even higher intensity excitation was required, pumping was provided with a
pulsed source from a Laser Compact Group LCS-DTL-374QT frequency tripled Nd:YAG laser emitting
at 355 nm with 1 ns pulses. This could be used to provide a relative measure of PL strength vs
intensity, but could not be used to accurately measure photoluminescence quantum yield because

the tungsten lamp used for calibration was too weak to provide useful calibration at this wavelength.

In our research group, most PLQY measurements are taken using a Hamamatsu C9920-02
commercial setup, which uses an extremely well calibrated integrating sphere of known efficiency
and spectral response. Any measured spectra can then be corrected by the known spectral response
to get a “real” spectrum. First a zero measurement is taken, where the pump light is incident on a
blank sample, thus providing a measure of the number of photons incident on the sample. When the
desired sample is measured in the next step, a portion of the incoming photons are absorbed. This
causes the pump peak in the spectrum to be reduced while emission due to the PL can also be
measured. The exact details of the algorithm used to calculate the PLQY from this are not discussed,
but as a rough guide the system calculates the photons absorbed by measuring the difference in
area under the pump peak before and after the sample is placed in the sphere, while the photons
emitted is calculated by integrating the PL part of the spectrum. The Hamamatsu setup has the
advantage that measurements are extremely quick to perform, allowing a high throughput of
samples to be easily measured. But for our purposes it has a major disadvantage in that it uses a
monochromated lamp excitation, which gives it very low power, making it unsuitable for measuring

perovskite samples.

Lasers

Laser measurements

The first step in creating a thin film laser from a new material is to check that it can support
amplified spontaneous emission (ASE), which is a precursor to lasing. If the material does not have
ASE at a reasonable threshold then it will not be worthwhile trying to use it to make a laser. Creating
ASE in a semiconductor film requires the waveguided light to see gain [15]. The gain is provided by
exciting the sample with a pulsed pump laser. The most common pump used for this purpose is 355
nm light in 1 ns pulses at 1 kHz from a CryLaS FTSS355Q4 1k laser (known as the CryLaS). The CrylLaS

provides excellent pulse stability in a compact source, but is limited to only work at 355 nm with a
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low maximum power. If greater power or a specific wavelength is needed, then pumping is provided
with a Continuum Surelite I-20 optical parametric oscillator (OPO) setup operating at 20 Hz at any
wavelength between 355 nm and 1000 nm. The OPO can provide high power at almost any
wavelength, but the pulse energy is much less stable than when using the CryLaS, making it less

suitable for certain measurements where the pump power must be kept exactly constant.

b)
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L Y NDFilter Wheel Y] NDFilter Wheel
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Figure 5- Simplified laser measurement setup. a) shows the configuration for measuring ASE. b) Shows the configuration for

DFB lasers

To measure ASE, the pump laser spot is focussed with a cylindrical lens to form a stripe of excitation
in the setup shown on figure 5. Light which is waveguided in the direction of the stripe will be
amplified to create ASE, while light propagating in other directions will not. The emission spectrum
of the sample is measured with an ANDOR fibre coupled CCD camera, and the input end of the
coupling fibre is placed at the point where the stripe meets the edge of the film. Therefore, the CCD
will only pick up light which has been waveguided down the stripe. The intensity of the pump beam
is varied using an ND wheel, and a small portion of the pulse is removed from the beam with a
partial reflector for measuring the pulse energy (in ). The pulse energy is measured with a
calibrated photodiode supplied by Coherent, which is protected from being saturated by several

more ND filters to attenuate the beam. Note that these ND filters will reduce the value of the
. . 1 C
measured pulse fluence, and the partial reflector will only couple Too of the light into the

photodiode. Hence corrections for these factors are included when calculating pulse energy
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Ephotodiode

Pulse energy (W) =

7’
TFilterTreflector

where Epnotodiode IS the pulse energy measured by the photodiode, T, is the fraction of light which is
passed through the shielding filters, and T cfector iS the fraction of light coupled to the photodiode
through the partial reflector (0.093 in the case of our setup). The emission spectrum from the film is
then repeatedly measured as the pulse energy is increased, and a graph of integrated intensity and
full width half maximum (FWHM) of the spectrum vs pulse energy is plotted. The ASE threshold can
be clearly seen at the point where the spectrum collapses to a much narrower peak, resulting in a
sudden drop in FWHM, and a sudden increase in slope of the integrated counts vs pulse energy.
After the measurement, the beam area is measured with a beam profiler to get absolute value for
the threshold in pulse fluence (icm™), which can be calculated by dividing pulse energy by

minimum beam area. The overall pulse fluence is calculated with the following equation.

_ Pulse Energy (W)

Pulse f1 ) =
ulse fluence (Wem™) Beam Area (cm?)
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Figure 6 - a) Normal ASE measurement where the sample is excited at the edge. b) Loss measurement where the strip is
moved through the sample - waveguided ASE must travel a distance d through the unpumped film to reach the CCD, and it

is attenuated by waveguiding losses as a result.

The threshold for ASE is the point at which waveguiding gain becomes greater than loss, and hence
one of the best ways to reduce lasing threshold is to minimise the waveguide loss. Waveguide loss is
measured by forcing waveguided light to propagate through the film without excitation, and
observing how the intensity of the escaping light varies with the length of the waveguide. To do this,
a large area film of the laser material is placed on a moving stage and excited above threshold with a
stripe in the same way as in the ASE measurement [16]. The detector is placed on the same stage so
that the sample remains the same distance from the detector. The emission from the edge is
observed in the same way as before, but the sample stage is moved so that the stripe moves along

the sample away from the measured edge. The result is that, once the stripe has separated from the
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edge of the film, the waveguided light must propagate an increasing distance through non-excited
film before reaching the CCD (see figure 6). Therefore, as the stage first begins to move we will see
an increase in the integrated CCD counts of the spectrum because the effective length of the stripe is
increasing, but once the stripe edge leaves the sample edge the spectrum should fall off on an
exponential curve. Fitting the exponential will give a decay constant with units of cm™, which we call

the loss coefficient [16]. This should be as low as possible in a good lasing medium.

Distributed Feedback Gratings

Once a material is known to have a good ASE threshold, the next step is to try making a distributed
feedback laser. This is achieved simply by spin-coating the gain material on top of a grating of the
required period, but first the ideal grating has to be designed and fabricated. The ideal grating
period for a laser depends on the effective refractive index of the system, which is defined by the
refractive index of the materials in the laser, and the thickness of the gain medium. The system is
modelled as a 3 layer slab waveguide (see figure 7d), with the bottom cladding layer usually being
the grating material (n=1.52), and the upper cladding layer being air (n=1) or an encapsulant
(n=1.33). The refractive index of the gain medium is usually between 1.7 and 2.3, and it must be
sufficiently thick that the effective refractive index of the mode is greater than the refractive index
of both cladding layers. The resonance condition for the grating is when the effective wavelength of
the lasing mode, which is assumed to be the wavelength of the ASE peak divided by the effective

refractive index, is equal to the grating period.

Once an ideal grating period has been calculated, the next step is to fabricate the grating. First, a
master structure is made on silicon via electron beam lithography, but this master structure is far
too expensive to be used in a mass-produced device. To make devices on a useful scale, copies of
this master structure are made using UV nanoimprint lithography (UV-NIL). UV-NIL works by making
a negative copy of a silicon structure out of a polymer photo resist to create a soft stamp, which can
then be used to repeatedly imprint the desired grating structure on cheap polymer substrates. The
stamp is usually made on a glass substrate, and first an adhesion layer of a polymer called 3-
(Trimethoxysilyl)propyl acetate (4045X) is spin coated on the glass at 2000 RPM and annealed at 100
OC for 60 seconds. This prevents the stamp from peeling off the glass after repeated use. The stamp
itself is made from a trade protected polymer called MD700, supplied by Micro Resist Technology,
which consists of a raised base with the imprint of the grating on the top. The base is made first by
placing the substrate on a blank sheet of clean silicon, with it raised off the surface by three 1 mm
washers. A few droplets of MD700 are placed on the silicon and the substrate, before they are

pressed together to make a flat circle of MD700 exactly 1 mm thick. The polymer is then cured to
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become solid by exposing it to UV light for 300 seconds in an EVG 620 photomask aligner with

custom nanoimprint tooling. Once the exposure is finished the substrate is peeled off the silicon to

create a glass substrate with a blank stamp.
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Gain Medium (n=1.7-2.5)
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Figure 7- The UV nanoimprint lithography process. a) A stamp is made from MD700 by moulding it around the master

structure and curing it with exposure to UV light, creating a negative of the structure. b) The grating is made by pressing the

stamp onto a blank layer of UVcur06 or Mr-NIL210 and exposing it to UV light to solidify the structure. c) The final grating

structure after the nanoimprint process is an exact copy of the master grating. d) The slab waveguide model used in

simulations.

To give the blank a grating structure, more MD700 is then spin coated onto the stamp at 2000 RPM

for 60s. The silicon master grating is placed face up in the UV curing chamber, and several drops of

MD700 are placed on the grating structure. The stamp is then placed directly in contact with the

silicon master grating, and the MD700 completely moulds to the shape of the grating (figure 7a). The

pair are then left to cure under UV light for another 300 seconds, and the finished stamp is then

peeled away from the silicon master structure. The new stamp and the master structure are both

cleaned with IPA before storage for later use. The silicon master can be re-used almost indefinitely

for making stamps, while the soft stamp must be replaced approximately once every 6 months.

Once a stamp has been created, it is fairly simple to create a laser grating. Once again, a glass

substrate is cleaned and prepared for use, and an adhesion layer of mr-aps is spin coated on the

substrate at 4000 RPM for 60 s and then annealed at 150 °C for 60 s. The mr-aps is a commercial

polymer solution supplied by Micro Resist Technology, and once the adhesion layer has been

applied, a resist layer of mr-NIL 210 or UV-CURO6 is then deposited by spin-coating at 4000 RPM for

60 s followed by annealing at 100 °C for 60 s. UV-CURO6 and mr-NIL 210 are a commercial blends

also supplied by Micro Resist Technology. The blank grating is then placed in the EVG chamber along
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with the soft stamp, and by a standard machine procedure the two samples are pressed together
under vacuum and exposed to UV light for 300 s (figure 7b). Once the curing is complete, the stamp
and the blank can be separated, leaving a perfect copy of the original grating imprinted on the cured
mr-NIL 210 (figure 7c), while the stamp can be reused after a quick cleaning in IPA. This process can
be used to quickly and easily produce a large number of gratings which can be turned into lasers by
simply spin-coating with a gain material of the correct thickness on top. Prior to spin-coating, the
gratings are often plasma ashed on low power for 30 seconds to enhance wettability and improve
film quality, but it is important that the gratings are not exposed to oxygen plasma for any longer

than 30 seconds or the plasma will destroy the gratings.

Once the grating has been made, the gain medium is deposited on top via spin-coating, and an
encapsulant cladding layer such as CYTOP™ is deposited on top of that. CYTOP is an excellent barrier
to water but a poor barrier to oxygen, and so lasers incorporating gain media which are vulnerable
to photooxidation must be kept in a vacuum in order to keep them stable long enough for useful

measurements to be made.

Lasing Measurements

Once a laser has been fabricated, we measure its threshold in a very similar way to measuring ASE.
The grating area is pumped with a circular spot (using a spherical lens to focus the pump beam) and
a graph of output counts and spectrum FWHM is plotted vs input pulse fluence. The key differences
are that the light is now outcoupled perpendicular to the film rather than out of the edge of the
sample, and we expect the FWHM to collapse to less than 1 nm rather than the ~5 nm normally seen
in ASE. The plot of integrated intensity vs time should in theory follow a straight line below threshold
and then rapidly converge on a second steeper line above threshold. The absolute value for the
threshold can then be calculated as the pulse fluence where the two extrapolated straight lines

cross, which should also be at approximately the same point when the FWHM collapses.

Provided the laser is of sufficient quality, the output light should conform to a coherent output beam
which can be easily studied. The shape of the output beam can be easily measured using a beam
profiler, and its polarisation can be studied by passing the beam through linear and circular
polarising plates. Another measure of beam quality is the M? value of the beam, which defines the
smallest spot which the beam can be focussed down to. A perfect single mode gaussian beam has an
M? value of 1, meaning that its minimum spot size is diffraction limited. Any other beam profile will
always have an M? value greater than this. We measure the M? value by passing the beam through a
spherical lens and measuring its beam radius vs distance from the lens. A beam profiler is placed on

a moving stage, and a beam profile is taken at every position point to get a beam radius. As the
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beam is focussed down its intensity increases, and so it must be attenuated with a series of ND
filters to ensure that it does not saturate the pixels of the beam profiler. Once a graph of beam

radius vs position has been plotted, the curve is fitted to the following function to calculate M.

M?2)z
2

w=w, |1+
Wy
Where w is the beam radius, wy is the beam waist radius, A is the beam wavelength, and z is the

distance from the beam waist [17].

Characterising Films

Absorbance and Reflectance Measurements

Knowing the absorbance and reflectance of one’s materials is very important for determining their
bandgap, assessing their worth as a solar cell material, and for calculating their PLQY. These
parameters are measured using a Varian CARY 300 absorption spectrometer, which works by passing
monochromated light from a lamp source through the sample, and comparing the transmitted
amount to a reference beam. The setup has a tungsten lamp for measuring the visible range and a
deuterium lamp for measuring the UV range. To remove any contributions from the substrate, a
reference measurement is taken where the substrate material (usually glass) is placed in front of
both the reference beam and the sample beam to give a 100% transmission measurement. Next a
substrate coated with the desired material is placed in front of the sample beam to give a

measurement of the transmission spectrum of the sample.
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Figure 8- a) CARY 300 Absorption spectrometer setup. b) Reflection Setup in 100 % reflectance calibration. c) Reflection

setup measuring sample. A 0% reflection calibration is taken by removing the sample and allowing all light to escape..
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Reflectance is measured with a slightly different setup where the sample beam is reflected off
several mirrors and then into the sample at an angle as close to normal incidence as possible (see
figure 8). To account for the imperfect reflectance of the mirrors in the setup, first a 100%
transmission measurement is taken with the setup in figure 8b, where all the light should get
through to the detector. Second a 0% reflection measurement is taken, with the measuring sample
being absent, in order to remove any background signal. Finally the sample is measured by placing it
in the path of the beam so that the beam is reflected twice off the sample. The reflectance spectrum
of the material can then be calculated by measuring the amount of light that reaches the detector. If

we assume that there is no scattering in the film (which is usually quite easy to spot due to its strong
1 . . .
7 dependence), then it is straightforward to calculate the absorbance of the sample by assuming

the following equation holds true:
Absorbance + Transmission + Reflection = 1.

PL Lifetime measurements

When a sample is excited with a short pulse, a number of excited states are generated which will
then decay exponentially. This exponential decay has a time constant known as the
photoluminescence lifetime (PL lifetime). The PL lifetime is a crucial parameter of any
semiconducting material because it gives key insight into the way excited charges behave in the
material. At its core, the PL lifetime gives the total rate of recombination, which is the sum of the
radiative (k,44) and non-radiative (k,onrqq) rates respectively. Knowing k.4 is useful because it
gives a measure of the strength of the emissive transition in the material, while k,, 5;,q4 gives
information about the number and type of trap states in the material. Combining knowledge of the
PL lifetime and the PLQY of a sample allows us to know these two quantities individually by using the
following equations [18]:

. , 1 Krad
PL lifetime (1) = ——— PLQY = —2¢
f ( ) kradatknonrad ’ Q kraatknonrad

The PL lifetime is measured using one of two methods — a streak camera, or time correlated single
photon counting (TCSPC). For TCSPC, an Edinburgh instruments FLS 980 fluorimeter is used, which
excites the sample with a pulsed laser with picosecond pulse duration. The emitted photons are
collected using photomultiplier tubes and are binned according to their delay time — that is the time
it takes them to be emitted after the laser pulse is absorbed. The result is a plot of the number of PL
counts vs time after excitation which, provided the response time of the instrument is known, can be

fitted with an exponential to give a quantitative value for the PL lifetime.
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TCSPC measurements can accurately give the PL lifetime on scales ranging from 2 ns 50 ps with a
resolution of approximately 500 ps. However, it has some disadvantages in that the setup is limited
to using only low power from a low power laser, and it is very time consuming to measure how the
PL spectrum evolves with time. If these issues are significant, a streak camera is used which can
quickly measure the time evolution of a PL spectrum over a range of 200 ps to 2 ns with 2 ps
resolution, while using a much more intense power source. The sample is excited with 515 nm, 200
femtosecond laser pulses from a Light Conversion™ optical parametric amplifier. The resultant PL is
collected with a wide area lens and the excitation light is then filtered out. The PL is then focussed
into the slit of a Hamamatsu C10910 streak camera where it is reflected off a diffraction grating to
give spectral resolution, and then impacted onto a photocathode. The electrons from the
photocathode then impact a phosphor screen where they are detected. To give temporal resolution,
the electrons from the photocathode are subject to a time dependent electric field which will alter
what pixel on the screen they hit depending on their time of arrival [19]. This results in the excitation
forming a “streak” on the screen which gives the streak camera its name. Each pixel will receive a set
number of counts after each pulse, which allows a 2D plot of the light emission to be created - with
the horizontal axis giving spectral resolution and the vertical axis giving temporal resolution. In this
setup the sample being studied is usually stored in an Oxford Instruments™ cryostat to allow

measurements at low temperatures and high vacuum.

Air Photoemission - Measuring HOMO and LUMO levels

One of the most important parameters when designing an electronic device is the position of the
energy levels in the materials being used. If the energy levels are not properly aligned then the
charges will experience barriers preventing them from moving through the structure, meaning the
device will not work efficiently. In this thesis we use a KP technology APS03 setup to measure both
the work function and the HOMO level of materials because it provides accurate and reproducible

results on thin films with a simple setup.

The APSO03 setup has the design shown in figure 9 and uses air photoemission to measure the HOMO
value of a material, which involves illuminating the film with monochromatic UV light (generated
from a deuterium lamp) and measuring electrons ejected from the sample via the photoelectric
effect [20-22]. If a UV photon with more energy than the depth of the HOMO is absorbed by the
sample, it promotes an electron all the way to the vacuum level, meaning it escapes the material.
The electron is then collected by the probe tip and measured as a current signal. If the photon has
less energy than the HOMO then the sample will absorb the photon, but the electron will remain

within the sample and no photocurrent signal is detected. The HOMO level can be determined by
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varying the photon energy and determining the point at which the photoemission turns on. In most
semiconductors the number of available states below the HOMO level approximately goes with the
excess energy cubed, and so above photoemission threshold the measured photocurrent should

obey the following equation [20-22].
Photoemission Counts & (Epnoton — Enomo)®

The measured photoemission counts are then corrected for the known intensity spectrum of the
excitation lamp, and then plotted on a cube root scale. The cube root scale turns the plot of
photoemission counts into a straight line, from which the HOMO level can be easily calculated by

extrapolating to the x axis crossing point.

This setup is very versatile and can work in atmosphere on a wide range of materials. The key
constraints are that the sample must be a good photoemitter, allowing a good signal to noise ratio,
and it must be grounded to compensate for the loss of charge from photoemission. If the sample is
not grounded then it will become positively charged as it emits photoelectrons, making it harder for
the electrons to escape the surface and causing the signal to decay over time. Hence films are
usually measured on an ITO substrate in order to facilitate an easy contact to ground. The
measurement will receive photoelectrons from up to 100 nm depth inside the sample. This means
that we can be sure that the majority of the signal is coming from the bulk sample, and not the

substrate or surface states, provided that the film is sufficiently thick.

It is worth noting that the mean free path of the photoelectrons in air is in the order of 100 nm,
which should be nowhere near long enough to reach the detector at ~100 microns from the sample
surface. To combat this, most measurements of this class are usually done under ultra-high vacuum,
which can be very expensive and time consuming. However the APS03 setup can still achieve a
strong signal under ambient conditions because the electrons will ionise the air around the sample,
creating a cloud of charged ions that can be easily collected by applying a small (+70 V) potential to

the measuring tip.

Kelvin Probe — Measuring the Fermi Level

In addition to providing direct measurements of the HOMO level of a material, the APS03 setup can
also be used for measuring a material’s fermi level [20]. Thus providing a measure of how strongly
doped a material is and how the bands are bending in the device. The fermi level is calculated by
using the setup in a kelvin probe configuration. The film to be measured is grounded in the same
way as before, and the tip is held at ~100 microns from the sample. Because the sample and the tip

have different work functions, there will be a potential difference across the air gap, causing some
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charge to accumulate on the end of the tip. This is called the contact potential difference (CPD) and
it allows the probe tip and the sample to essentially form a parallel plate capacitor which obeys the

following equations.

A simple measurement of the work function would be to measure the charge generated, and apply a
voltage to zero it. The value of this cancelling voltage will give us the difference in work function
between the tip and the sample. However this measurement is slow, and very susceptible to
background noise or charging effects. Therefore it is better to use an oscillating measurement which
is much easier to separate from the background. If the tip is oscillated up and down by a small
amount, it will change the capacitance of the setup, which will in turn change the voltage across the
capacitor since the charge should remain constant. This produces a clear signal in the form of an
oscillating voltage, and the magnitude of the signal will be directly proportional to the potential
difference between the tip and the sample. Most setups will then apply a cancelling voltage until
they find a voltage which sets the amplitude of the signal to zero [23]. However this gives a large
error margin because the signal disappears into the background noise as the optimal cancelling
voltage is approached. A better method is to apply a large positive and negative voltage (in the range
of £7 V) and measuring the signal magnitude at each point. The difference in work function between
the tip and the sample can then be extrapolated by fitting a straight line between the two points and

finding where it crosses the x axis.

To ensure that the measured value is correct, and not due to random charging effects, the
measurement is repeated once per second and plotted on a graph of contact potential difference vs
time. A good quality measurement on a well-grounded sample will be stable and drift-free over a 30
s scan, whilst also having a standard deviation from the mean of less than 3 mV. Measurements
which do not meet these criteria are discarded and the sample is realigned to ensure proper
grounding before repeating the measurement. The absolute value for the work function can be
extrapolated from the contact potential difference by adding the value to the work function of the
measuring tip. To ensure accurate measurements, the work function of the tip is measured before
each measurement by calibration against a gold reference sample with known work function,

allowing absolute values of a material’s work function to be accurately measured.
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Figure 9- a) Air Photoemission Setup - photoelectrons are collected by the tip and measured as a current. b) Kelvin Probe
setup - an oscillating potential is measured on the tip with amplitude proportional to the difference in work function

between the tip and the sample.

Film Quality and Thickness Measurements

When making a thin film of material, it is vital to be able to accurately measure their thickness and
surface roughness. A rough film with incomplete coverage of the substrate is useless for devices as it
allows shorting pathways to ruin the device operation, and the thickness of a film will strongly affect
the conductivity, light absorbance, and light outcoupling of a device. To assess film quality, samples
are usually imaged with a Hitachi S4800 scanning electron microscope. As long as the sample
material is sufficiently conductive, images of sub-100 nm resolution can be taken on a film, allowing

any pinholes or poor coverage to be clearly identified.
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Figure 10 - a) A Dektak surface profilometer measuring a rough thin film. b) A typical data output from this measurement.

A film’s thickness and roughness are measured using a Veeco Dektak surface profilometer, which
drags a stylus along the surface of a sample and measures the height of the stylus against position
using the force on the tip. This gives a one-dimensional scan of the surface profile of the sample,
allowing the roughness to be clearly determined from the root mean square (rms) deviation from

the mean. The thickness can also be measured using this instrument by drawing a clean scratch in
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the film all the way down to the substrate. Thus when the stylus crosses the scratch it will leave a

clear step in the surface profile which corresponds to the thickness exactly.
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Chapter 4 - Solar Cells, Energy Levels, and
Doping

The initial aim of this PhD was to use advanced techniques such as Kelvin probe and time resolved
photoluminescence to study the properties of perovskite solar cells and identify avenues for their
improvement. The end goal was to design alternative perovskite structures with superior properties,
or without the toxic lead component present in the most common perovskite solar cell materials.
The first step on achieving this goal was to create solar cells which could match literature
performance, which would then be used as a platform for further improvement. This proved to be
much more difficult than first anticipated because perovskite processing methods suffer from very
poor reproducibility due to the unusual way the film is formed. When spin-coating with an OSC, the
polymer is simply falling out of solution as the solvent dries, meaning a similar quality film will form
in a wide range of processing conditions. When spin-coating a perovskite solution, a polycrystalline
film is formed by a chemical reaction. The size and shape of the crystals in the film are strongly
controlled by the rate and nature of this reaction, and as such the film quality is strongly affected by
a wide range of factors such as humidity, temperature, solvent choice, and any contaminants in the
atmosphere. The usual outcome of these effects is to cause the perovskite to aggregate into large,
micron-sized crystals with very poor surface coverage, and the processing must be extremely well

optimised in order to produce a continuous film which is of sufficient quality for device applications.

Initial Work on Solar Cells

Spin-coating in Atmosphere
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Figure 1 - (a) The structure of an inverted perovskite solar cell. (b) J-V curve of the best solar cell of this design, reported by

Gratzel et al [1].
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The first attempts at perovskite solar cells used the inverted planar heterojunction (PHJ) structure
consisting of Indium tin oxide (ITO) as a bottom contact, polyethylenedioxythiophene:polystyrene
sulphonate blend (PEDOT:PSS) as a hole transporter, CH;NH;Pbl; as the active layer, phenyl — Cg —
butyl methyl ester (PCBM) as the electron transporter and calcium/aluminium contacts (see figure
1). PEDOT:PSS was spin-coated from a low conductivity Clevios"™ AL4083 solution at 4000 RPM for
60 s, followed by annealing at 110 °C for 10 minutes, resulting in a 40 nm thick film. The PCBM was
spin-coated from a 20 mgml™ solution in chlorobenzene at 1000 RPM for 60 s inside a glovebox to
give a 50 nm film. The perovskite precursor solution consisted of a 1:1 molar mixture of lead iodide
and methylammonium iodide at a total concentration of 600 mgml™ in dimethyl formamide (DMF).
Initially, the solution was spin-coated on top of the PEDOT:PSS film in 50% humidity atmosphere at
2000 RPM, before annealing at 100 °C for 30 minutes. However the high humidity caused the
perovskite to form films which were completely unsuitable for devices. Figure 2 shows a microscope
image of the resulting film, along with a comparison of surface profilometer traces of an OSC film
and the resulting perovskite film. It can be clearly seen that the film has aggregated into micron
sized crystals with large areas of the surface completely uncovered by perovskite. Devices made with
these films were completely shorted, with J-V curves closely resembling resistors with 0% power

conversion efficiency (PCE).
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Figure 2 - (a) Optical microscope image of a perovskite film deposited on glass in air — the film has clearly aggregated into
large crystals with no continuous film. (b) A dektak surface profile trace of the same film, demonstrating very high

roughness and incomplete coverage. (c) A dektak trace of a high quality organic thin film for comparison.

It is a known effect that high humidity is extremely detrimental to the formation of perovskite films
[2-4], and hence most groups perform their fabrication in a nitrogen filled glovebox to combat this.
However some groups, particularly Yang Yang and co-workers, have found that the presence of
oxygen or even a small amount of water can often improve film quality [5]. Hence they perform their
fabrication in glove boxes filled with dry air, or at fixed humidity of 30 %. Since we did not have the
facilities to perform spin-coating in a controlled humidity environment, all spin-coating of

perovskites in the rest of this thesis was done in a nitrogen filled glovebox with <0.1 ppm O, and H,0
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unless stated otherwise. Spin-coating the same lead iodide perovskite film in a glovebox resulted in
somewhat enhanced film formation, but the overall quality remained very inconsistent, resulting in

low quality devices that never exceeded 2 % PCE.

Mixed Halide Method

In an attempt to improve efficiency and reproducibility, we switched to a different perovskite
precursor solution known as the mixed halide method. This precursor route, first reported by
Stranks et al. [6] consists of a 3:1 mix of methylammonium iodide and lead chloride in DMF at a

concentration of 660 mgml™. The reaction for this route follows the below equation:
3CH3NH3](S) + PbClZ(s) g CH3NH3PbI3_xClx(S) + 2CH3NH3Cl(g),

where x is a very small number. The size difference between I and Cl ions is so large that they
cannot coexist in the lattice, and so any Cl ions are rejected and slowly escape the film as CH3NH;CI
gas when the film is annealed. The excess CH3NH;Cl is not very volatile, and hence the film must be
annealed at high temperatures (~150 °C) for long periods (~ 2 hours) in order to completely remove
the CH;NH;Cl and convert the other precursors into a perovskite film. Despite the longer annealing
time, this method was often considered to be a superior method because it formed higher quality
perovskite crystals and ultimately achieved higher performance than its pure iodide counterpart. To
make films, the solution was spin-coated in a glovebox at 2000 RPM for 60 s, before being left at
room temperature for 30 minutes and then annealed for two hours at 100 °C. The films were
observed to turn from yellow to orange over the room temperature step and then slowly turned
dark brown over the course of the annealing step. Films made from this route had greatly improved
quality over films from the pure Pbl, route, but quality was still poor by comparison to organic
semiconductors. Surface profile plots of the sample as seen in figure 3 (a) show a film with complete
coverage at a thickness of ~ 500 nm, but with a high roughness of £100 nm. This high roughness
could be explained by looking at microscope images of the resulting films, as can be seen in figure
3(b), which showed a dense network of large pinholes in the film which are formed as the CH;NH;Cl
gas escapes. As a result of these pinholes, the device efficiency and reproducibility still remained
low, with a maximum efficiency of 4.1 % (figure 3c). The key limiting factor on their efficiency was a
very low fill factor of 44%, which was unsurprising given that the pinholes can be expected to
introduce a high density of shunting pathways into the device, which would strongly reduce the fill
factor. Attempts to improve upon these results would need to achieve films with a low density of

pinholes.
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Figure 3 - (a) Surface profile scan of CH;NH;Pbls.Cl, film, (b) Optical microscope image of the same film, showing a uniform

but high density of pinholes. (c) J-V curve of the best cell made using this method the dark spots are pinholes.

Note that a common problem with perovskite solar cells, first reported by Snaith et al, is that they
can often have hysteresis in their J-V curves [7]. The J-V curve of a perovskite solar cell scanned from
negative to positive bias (forward scan) can often be significantly different to a scan of the same cell
from positive to negative bias (reverse scan). This can lead to inaccurate measures of the efficiency.
For reasons which are still not entirely clear, the problem is much prevalent in perovskite solar cells
with the non-inverted architecture, but even when using the inverted architecture, it is important to
show scans in both directions to prove that there is no hysteresis. Hence all J-V curves in this thesis

will contain a dark scan, a forward scan, and a reverse scan.

Sequential Deposition

Another attempt to improve the quality and reproducibility of the films was to deposit the film via
sequential deposition. This route, first reported by Gratzel and co-workers [8, 9], allows for much
easier optimisation of the processing by separating the film formation into two steps. First a pure
Pbl, layer is deposited via spin-coating at 3000 RPM from a 461 mgml™ solution of Pbl, in DMF. The
film is then dried by annealing at 110°C for 10 minutes before it is exposed to solution of MAI

dissolved in isopropanol (IPA) to convert it to CH;NH;Pbls. This exposure is done either via dip
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coating, where the sample is submerged in the solution for 60 s before being removed and rinsed, or
via spin-coating. In the spin-coating method the Pbl, film is set to spin at 2000 RPM, and the IPA is
dropped slowly onto the spinning film. The resultant perovskite film is then annealed at 100 °C for

10 minutes in order to complete the conversion.
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Figure 4 - (a) A high quality Pbl, film (b) a good quality CH3NH;Pbl; film formed using the sequential deposition method (c)
and (d) CH3NH;Pbl; films which achieved poor conversion. (e) A surface profile of a high quality CH;CH3;NH;Pbl; film. (f) The

best J-V curve that was achieved using this method.

This method has been reported to give efficiencies as high as 18% using the same device
architecture used here [1]. But the recipe for the optimal method varies wildly between
publications. The ideal concentration of MAI solution varies from 10 mgml'lto 50 mgml'1 [1, 8,9],

and some groups incorporate additives into the Pbl, layer in order to achieve better film quality [1].
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This method is reported to have very good reproducibility and stability, however despite this we
were never able to reproduce the results reported in these works. The key problem was that,
assuming a good quality film of Pbl, was produced (i.e. dense crystals with no pinholes), complete
conversion of the Pbl, into CH3;NH;Pbl; was rarely achieved because the MAI could not penetrate
into all of the film for reaction. This could be clearly seen in the “milky” or translucent appearance of
the perovskite films, as shown on figure 4. The degree of conversion had large sample-to-sample
variation, even on films fabricated under ostensibly identical conditions, and hence the efficiency of
solar cells produced by this route could vary by up to an order of magnitude within a single batch.
Films which happened to achieve good conversion showed a film thickness of 250 nm with a low
roughness of £ 25 nm, and devices from this route had a significantly enhanced fill factor over the
mixed halide route (see figure 4). This would indicate that better quality films with fewer shunting
pathways were being formed. However, the maximum efficiency was still limited to ~5 % due to all
of the cells having a low short circuit current of <9 mAcm™, as opposed to ~20 mAcm™ which is
achieved in literature devices. Low current density proved to be a recurring issue among all inverted

solar cells produced in this group, and this is discussed in more detail in the next chapter.

Nanocrystal Pinning

One of the key problems with spin-coating perovskites is that there is very little control over how the
crystallites form. Dimethyl formamide (DMF) and dimethyl sulphoxide (DMSO), the usual solvents
for perovskites, have very high boiling points and as such they evaporate extremely slowly during
spin-coating. This results in larger crystals with a strong tendency to form islands with poor surface
coverage. A solution to this, first reported by Sang il Seok and coworkers, is to force the crystals to
form quickly by washing the sample with a poor solvent (antisolvent) such as toluene shortly after
the start of the spin-coating [10-12]. The antisolvent completely displaces the DMF or DMSO and
forces the perovskite precursors to crash out of solution, rapidly forming a dense network of smaller

crystals with very low roughness and a complete absence of pinholes.

A typical recipe for this method is a to make a 1:1 molar ratio mixture of Pbl, and MAI at a total
concentration of 371 mgml™ (0.6 M) in DMSO. The sample is spin-coated at 3000 RPM for 60
seconds, and the sample is washed with toluene approximately 10 s into the spin-coating step. The
film is quickly observed to turn from clear yellow to dark brown. The sample is then annealed at 100
°C for 10 minutes, causing the film to darken further as the reaction completes. This recipe gives
extremely reproducible and high-quality perovskite films with a thickness of ~140 nm, which should

be more than sufficient to achieve a high efficiency.
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Figure 5- (a) The nanocrystal pinning process (b) A scanning electron microscope image of a CH;NH;Pbl; film formed by
nanocrystal pinning. Note the dense crystals with no pinholes. (c) J-V curve of the best cell made via this route in St

Andrews, note that a small amount of hysteresis is visible in this device

Unfortunately the efficiency of solar cells made from this method remained extremely low, despite
the excellent film quality. The best devices achieved only ~3.5 % PCE, as shown on figure 5, and most
devices had less than 2% PCE. The reasons for this low efficiency remain unclear, since the quality of
this perovskite film is significantly better than the films shown in many papers which report greater
than 10 % PCE [3]. The devices we report show a good fill factor, indicating a good quality film with
few pinholes or defects, but the efficiency is severely limited by a mediocre voltage and a very low

current for this class of cells. A good perovskite solar cell of this type should get a short circuit
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current density (Jsc) in the region of 20 mAcm™, but most of the cells produced in our lab have Jsc
values less than 5 mAcm™. Both the PCBM and PEDOT layers are known to be of good quality
because identical solutions were used in a separate project to produce organic solar cells with high
efficiency, so the problem must lie in the perovskite layer. However there is no obvious reason for
this perovskite layer to have a problem. Our best hypothesis is that our processing environment

leads to differences in the films which are detrimental to performance.

Lead Acetate Route

For some time, the mixed halide route was the most popular method for creating perovskite films.
But it had some significant drawbacks in that it required very long annealing times and it formed
many pinholes as the CH3;NH;Cl gas escaped the film. Both of these problems are caused by the fact
that the CH5NH;Cl takes a long time to escape the film due to its low volatility. The formation of
perovskite is strongly inhibited when CH3;NH;Cl is present in the film, and so it forms extremely
slowly as the gas escapes. A solution to this proposed by Zhang et al. [13] was to use lead acetate,
which shall be referred to as Pb(ac),, instead of lead chloride as a precursor. The resulting chemical

reaction is as follows
Pb(ac)z(s) + 3CH3NH3I(S) d CH3NH3PbI3(S) + ZCH3NH3(aC)(g)

This is an identical reaction to the chloride route, with the exception that the by product is
methylammonium acetate (MA(ac)) instead of methylammonium chloride. MA(ac) is much more
volatile than methylammonium chloride, and as such it completely escapes the film after just 5
minutes of annealing at 100 °C. This means that the perovskite film can form much more rapidly and
does not have as much time to form pinholes as in the chloride route. This allows the acetate route
to produce films of extremely high quality with a very small number of pinholes, a low surface

roughness, and a low sample — to — sample variation.

To learn the details of this method, we made a visit to Prof. Snaith’s laboratory in Oxford, where Dr
Zhang demonstrated the technique to us on the non-inverted solar cell structure (shown in figure 6).
The non-inverted structure uses titanium dioxide (TiO,) as an electron transporter on the base of the
cell, and 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) as a
hole transporter. The top contact was made from thermally evaporated silver, while the bottom
contact was made from fluorine doped tin oxide (FTO). FTO is used instead of ITO because the TiO,
layer requires an annealing step of 500 °C in its fabrication, which would cause the ITO layer to crack
and lose its conductivity. FTO is more expensive than ITO, but it can withstand the 500 °C annealing

step with little loss in conductivity.
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Figure 6- (a) A scanning electron microscopy image of a CH;NH;Pbl; film formed by the lead acetate route. Note the smooth
landscape with only very small pinholes. (b) The structure of the non - inverted cell. (c) J-V curve of the best solar cell of this

structure made in oxford.

The full recipe for the process is as follows. Patterned FTO substrates from XinYan Technology Ltd
are cleaned, and a TiO, precursor solution was spin-coated on the sample in air at 1500 RPM. The
precursor solution was made from a mildly acidic 1:10 volume ratio solution of titanium
isopropoxide and ethanol, with the acidity being provided by the addition of a small amount of
ethanoic acid. The TiO, layer was then completed by annealing the samples at 500 °C for 30 minutes
and then leaving them to cool down overnight. The CH;NH;Pbl; precursor solution was made from
methylammonium iodide and lead acetate at a 3:1 molar ratio dissolved in DMF at a total
concentration of 400 mg ml™. It had also been found that the addition of a small amount (3 pl per
ml) of hypophosphoric acid to the solution provided enhanced performance [14], which was quickly

dissolved by 5 minutes of vigorous shaking. To form the perovskite films, the solution was spin-
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coated at 2000 RPM for 45 s in a nitrogen filled glovebox, before being left at room temperature for
10 minutes then annealed at 100 °C for 5 minutes. The resultant perovskite layer was 150 nm thick,
which is slightly thinner than optimal but still allows for the absorption of ~“90% incoming light. For
the HTL, Spiro-OMeTAD was deposited from an 80 mg ml™ solution in chlorobenzene containing
additives of 11.6 pl per ml tert-butyl pyridine and 33.2 pl per ml of 0.61 M bis(trifluoromethane)
sulfonimide lithium (Li-TFSI) solution in acetonitrile. These additives enhance the solubility and
conductivity of the Spiro-OMeTAD layer. Finally, silver contacts were evaporated on top of the

sample to complete the solar cell.

Using this method in Prof. Snaith’s lab, we were able to reproduce the high efficiencies reported,
with a best efficiency of 13 % PCE and an average of ~ 10 % PCE, as shown in figure 6. However, on
reproducing this method in St Andrews the efficiency dropped significantly to an average of ~6%
with a best efficiency of 10 %, as shown in figure 7(a). It is unclear what the cause for this drop in
efficiency could be, given that the materials used for the Oxford batch were from the same batch as
what is used in St Andrews, but it seems likely that our perovskite films form differently in the

environment we have available in St Andrews.
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Figure 7 - (a) Best non-inverted CH3;NH3Pbl; cell made in St Andrews, (b) - Best inverted solar cell made with the acetate

route.

This lower efficiency became even worse when the lead acetate route was attempted with the
inverted PEDOT:PSS/CH3;NH;Pbl;/PCBM structure, with a wildly varying efficiency which would vary
between 2 and 5% PCE, once again with a good fill factor but the main limiting parameter being a

poor Jsc. This leads to the conclusion that the inverted structure is significantly more difficult to
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optimise than the non-inverted structure, and so the non-inverted structure was chosen for further

study with Kelvin probe in the next section.

A final point to note, which was discovered near the end of this PhD, is that in many of the routes
described here the purity of the lead iodide precursor is a crucial factor. We observed that
“Perovskite grade” lead iodide, which is extra dry and has undergone an extra purification step over
standard lead iodide, has dramatically improved solubility over its standard counterpart. This is in
spite of the fact that both classes of lead iodide are rated to the same purity standard of 99.999 %.
The precise reasons for this are currently poorly understood -it is difficult to see how such a small
impurity could have such a profound impact on a material’s solubility, and dryness should not be a
factor since it is common practice to include a small amount of water as an additive in perovskite
solutions [1]. It will be discussed in later chapters that the performance of light emitting perovskites
are strongly enhanced if ultra-pure precursors are used, but preliminary measurements performed
on solar cells by Natalie Mica showed little to no improvement over the use of standard lead iodide,
indicating that the solubility of the lead iodide was likely not the main factor contributing to our low

solar cell performance.

Energy Levels in a Perovskite Solar Cell

The non-inverted structure is by far the most commonly used device architecture in perovskite solar
cells, and as such it is important to get a detailed map of the energy levels in this structure in order
to identify any weaknesses or avenues for improvement in the structure. As mentioned before, the
correct alignment of energy levels is crucial for a device to achieve the best performance possible, as
the structure must have minimum barriers for the desired charge transport whilst also not wasting
excessive energy as charges fall to lower energy levels. This is already a subject of intense interest,
and there are many papers which try to map the HOMO, LUMO, and Fermi levels in a perovskite
system [15-18]. However none of these are able to get a reliable and complete map from a single
instrument. The key parameters to note are the HOMO and LUMO level of the perovskite active
layer, the HOMO level of the Spiro-OMeTAD layer, and the LUMO level of the TiO, Layer. It is also
important to know the position of the Fermi levels in each of these materials, as well as how they
change when the sample is illuminated with light. Our KP technology APS03 setup allowed us to
study almost all of these parameters in one instrument under real-world conditions, making it an

ideal platform for an in-depth study into the workings of the solar cell.
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Measuring HOMO Levels

Accurate knowledge of the HOMO and LUMO levels in devices has been a crucial factor in the
construction of organic optoelectronic devices for many years, and thus far most measurements of
this parameter are done using cyclic voltammetry (CV) in solution. CV is a simple and widely used
method, but it is known to have several significant drawbacks. First, there is a significant margin of
error in the measurement due the measurement having a strong hysteresis with most materials.
More importantly, CV is usually done on materials in solution rather than solid state. It is well known
that the HOMO levels of a material in solution can be significantly different to its HOMO in solid
state [19], and so it is @ major concern that incorrect HOMO levels are being quoted when building
devices. Air photoemission, as described in chapter 3, provides a quick and easy way of measuring a
film in its natural state whilst also being much more reliable than CV. The LUMO of the material can
then be determined using the material’s bandgap which, in a semiconductor such as CH;NH;Pbls, is

very easily measured from its absorption spectrum.

Energy (eV) Energy (eV)

Figure 8 - Air photoemission spectra for (a) Spiro-OMeTAD, and (b) CH;NH;Pbl; deposited via the acetate route. Figures

taken from our paper [20].

Figure 8 shows plots of air photoemission vs photon energy for bare films of Spiro-Ometad (with all
of its usual dopants) and CH3;NH;Pbl; (fabricated via the acetate route) deposited on FTO glass. The
data is plotted on a cube root scale to turn the curves into straight lines, which are then
extrapolated to the x axis to give a value for the HOMO level. The data gives a HOMO level of -5.31 +
0.05 eV for CH3NH3Pbl;, and -4.84 + 0.1 eV for Spiro-OMeTAD. No photoemission spectrum from
TiO, could be obtained, as its known HOMO of -7.4 eV [21] is deeper than our UV source was able to

excite.
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Figure 9 — Absorption and normalised photoluminescence spectrum of CH3;NH;Pbl;

Our measurement of CH;NH;Pbl; agrees closely with results obtained previously via ultra-high
vacuum UV photoemission spectroscopy (UPS), which give a HOMO level between -5.4 eV [22] and -
5.3 eV [23]. This is encouraging as it shows that the HOMO level of perovskite is not significantly
affected by measurement under ambient pressure, and even with the possibility that there is a small
amount of degradation on the surface of the sample we can conclude that it does not directly affect
the HOMO of the bulk system. Of more interest is our measurement of Spiro-OMeTAD, which differs
significantly from literature results from CV. Solution CV measurements on Spiro-OMeTAD report
values for the HOMO level between -5.0 eV [24] and -5.2 eV [25, 26], leaving a large discrepancy
with our value of -4.84 eV. Our thin film measurement is much more relevant to device operation,
and leads to the conclusion that the HOMO of Spiro-OMeTAD may not be as well matched to the
HOMO of CH;NH;Pbl; as previously thought. It can therefore be concluded that there may be scope
for a new material to achieve even better performance through better matching of the energy levels

by deepening its HOMO without altering its other excellent properties.

By combining these measurements with bandgap measurements of CH;NH;Pbls, and literature
measurements on TiO,, we can construct a full diagram of the energy levels in the solar cell. The
LUMO of CH3;NH;Pbl; can be obtained from adding its bandgap energy to the HOMO level, and the
LUMO level of TiO, has been widely studied in previous literature [21]. Measuring the absorption
spectrum of CH;NH;Pbl; gives a clear absorption onset of 790 nm, corresponding to a bandgap of 1.6
eV and a LUMO of 3.7 eV, which is offset from the LUMO of TiO, (4.1 eV) by roughly the same
amount that Spiro-OMeTAD is offset from the HOMO. Note that obtaining the LUMO level via the

bandgap is a viable strategy on CH;NH;Pbl; because it has a very clearly defined absorption edge,
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and only a small shift between the PL peak and the absorption edge. In many other materials

(particularly OSCs), the bandgap is not as clearly defined and so it cannot be used to accurately

determine the LUMO level.

Measuring Fermi Levels — Single Layers

To investigate the position of the Fermi levels in the system, films of each layer deposited directly

onto FTO were measured using the APS03 setup in Kelvin probe contact potential difference (CPD)

configuration. First the work function of the tip was calibrated against a gold reference sample and

found to have a value of -4.87 eV. All measurements in CPD are relative to the work function of the

measurement tip, and gave values of +100 mV, +229 mV, and -284 mV for Spiro-OMeTAD,

CH3;NH3Pbls, and TiO, respectively. This corresponds to Fermi Levels of -4.97 eV, -5.10 eV, and -4.59

eV respectively. For Spiro-OMeTAD, this shows that the Fermi level lies almost exactly on top of the

HOMO level, indicating strong p doping as we would expect for a good hole transporter. This result

also agrees closely with literature reports from X-Ray photoelectron spectroscopy, which show that

the Fermi level is strongly shifted towards the HOMO by the presence of the Li-TFSI salt which is

added to Spiro-OMeTAD. Thus giving it its hole transporting properties.

Material

HOMO Level (eV)

LUMO Level (eV)

Stable Fermi Level (eV)

FTO (Cleaned) -4.9 N/A -4.9

TiO, (on FTO) -7.4 -4.1 -4.6
CH5NHsPbl; (on FTO) 5.3 3.7 5.1
CH3NH;Pbl; (on TiO,) -5.3 -3.7 -4.7
Spiro-OMeTAD (on FTO) -4.9 -1.9 -4.9
Spiro (on CH3NH3Pbls) -4.9 -1.9 -4.9

Table 1 — Summary of all HOMO, LUMO, and Fermi levels as measured by CPD and air photoemission. HOMO data for TiO,

is taken from Liu et al. [21]

The Fermi level of TiO, (-4.6 eV) is close to the known LUMO of -4.1 eV, indicating a mild n doping

which is unsurprising given that it is an electron transporter, while CH;NH;Pbl; has its Fermi level at

-5.10 eV. This deviates significantly from the bandgap centre of -4.65 eV and indicates that it is

mildly p doped. This is of interest because the Fermi level of CH;NH;Pbl; has been found to vary




strongly with the choice of processing route, and it has been previously found that CH;NH;Pbl; films
made with lead chloride have fairly strong n doping with a Fermi level of around -4.2 eV [27]. The
reason the Fermi level is so variable with preparation route is due to the inherent ambipolar nature
of CH3NH;Pbls. CH3NH;Pbl; can easily conduct both electrons and holes, and which carrier is in
excess tends to be determined by the dominant vacancy in the crystal. It has been shown that
vacancies of — CH;NH," and Pb* tend to lead to p doping while I"vacancies result in n doping [28, 29].
The lead acetate route uses a 3:1 ratio of methylammonium iodide to lead acetate, and as such the
methylammonium and lodide ions are likely to be the ones in excess. Hence Pb** vacancies are likely
to dominate and thus perovskites from this route will tend to be p doped, as we observe here. The
addition of the hypophosphorous acid to the precursor solution was also shown by Zhang et al to
help reduce the presence of metallic lead in the material [14], as well as to passivate trap states
which normally form at the grain boundaries. This could also have an impact on the work function,

so it is unsurprising that the observed Fermi level is significantly different to that from other routes.

Multilayer KP — Fermi level pinning

One factor to be aware of when measuring the work function of the materials is that the energy
levels will bend to meet the layer below them, creating a depletion region in the material where the
work function will differ from that of the bulk material. The size of this depletion region will vary
with carrier concentration, and in a thin film of material with a low carrier concentration the
depletion region can extend all the way to the surface of the film. As a result of this, the apparent
work function of the top layer will be “pulled” towards the work function of the layer below [30]. To
investigate this effect in the solar cell structure, two more samples of FTO/TiO,/CH3;NH;Pbl; and
FTO/CH3NH;Pbls/Spiro-OMeTAD were measured with the Kelvin probe setup. Putting perovskite on
TiO, causes the observed Fermi level to shift from -5.10 eV on bare FTO, to -4.65 eV on TiO, — a
change of roughly 0.45 eV. Since the Kelvin probe setup only measures work function on the surface,
this would indicate that the depletion region of the TiO,/CH3;NH;Pbl; interface has extended all the
way to the surface of the perovskite and has “pulled” the work function of the perovskite towards
that of the TiO,. Therefore we can conclude that the TiO, forms an excellent interface with the
perovskite layer, and that the depletion region from this contact will be at least 190 nm thick (i.e.
greater than the thickness of the sample). An interesting experiment to get an exact measure of the
thickness of the depletion region would be to perform this experiment on varying thicknesses of
CH3NH3Pbls, with the maximum depletion layer thickness where the work function returns to that of
the isolated CH3NH;Pbls. This was not possible in this case because the lead acetate fabrication route

cannot be used to make films thicker than 190 nm. But a separate study by Jiang et al using Kelvin
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probe force microscopy found the depletion region to be roughly 300 nm thick (using a different

depostition method to achieve a thicker film), which is consistent with what we observe here. [31]

Similar, but less pronounced results are observed in the FTO/CH;NH;3Pbls/Spiro-OMeTAD structure in
that the Fermi level of the spiro-OMeTAD is “pulled” towards the Fermi level of the CH;NH;3Pbl; by
approximately 55 mV (as opposed to a shift of Y400 mV in the previous case). This indicates that a
depletion region is still forming, but it is much narrower than in the former case because the carrier
density in spiro-OMeTAD is much higher. From these results it becomes clear that it is important to
check that, when measuring materials with very low carrier concentrations, the Fermi level of the
sample is not being strongly affected by the material below it. Indeed, Tengstedt et al observed that,
due to their low carrier concentration, the Fermi level of certain conjugated polymers would never
be deeper than the work function of their conducting substrate because the band bending effects
would “pin” the Fermi level to the energy of the substrate [30]. The samples measured in this thesis
do not go to this extreme due to their high conductivity and carrier density, but it is still an

important concern to take note of.

Surface Photovoltage

Thus far all measurements of the work function/Fermi level have been performed under dark
conditions, but it is also of great interest to see how this changes when samples are illuminated. As a
first test for this, a stack of FTO/TiO,/CH3;NH;Pbl;/Spiro-OMeTAD — essentially a complete solar cell
without a top contact — was fabricated and its work function was repeatedly measured over time.
Once it was certain that the work function was stable, the sample was illuminated with intense
white light from a quartz tungsten halogen (QTH) lamp source. Once illuminated, the work function
of the sample dropped rapidly from -5.05 eV in the dark to -3.98 eV under illumination — a change of
more than 1050 mV. The work function remained very stable under this condition, but would rapidly
rise back towards its initial value once the illumination was switched off. There is a long tail of about
10 s duration in the final part of the recovery which we hypothesise is due to the slow removal of
trapped charges on the surface of the device. In a single sample this whole process was found to be
completely reversible and repeatable, with the work function reaching identical values every time
the illumination was repeated. Repeating this measurement on 5 separately made samples yielded
similar results in each case, with the key difference being that the absolute magnitude of the work
function shift had a variation in the same way as the open circuit voltage of a solar cell. Low quality
samples would experience a shift as low as 750 mV, and only the best samples would achieve the

maximum of 1050 mV.
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Figure 10 - Measured work function vs time for (a) a full solar cell stack, (b) a stack with the Spiro - OMeTAD layer removed,

(c) a stack with the TiO, layer removed. Measurements under illumination are highlighted yellow, and measurements in

dark are grey. Figures taken from our paper [20].
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Figure 11- (a) A summary energy level diagram of the perovskite solar cell if each layer is considered in isolation. Fermi
levels measured in isolation are shown with dashed red lines, while the green dashed line shows the Fermi level for
CH;3NH3Pbl; when on a TiO, substrate. (b) Band bending diagram for the solar cell under dark conditions —the Fermi levels
all align to be equal, causing shifts in the HOMO, LUMO, and vacuum levels to accommodate this. The resulting offset
between LUMO levels causes a potential gradient for electrons to flow to the TiO,, and the offset in HOMO levels create a
gradient for holes to flow to the Spiro-Ometad. (c) Band bending diagram for the cell under illumination — the accumulation
of charge will cause the Fermi levels to shift until HOMO and LUMO offsets are completely flattened and the potential
gradient for the flow of electrons and holes is removed. This occurs after a Fermi Level shift of 1100 mV. Figures taken from

our paper [20].

It seems reasonably clear that this photovoltage is caused by charges being separated in the stack
and accumulating at opposite ends of the sample, which essentially leads to the stack mimicking the

open circuit voltage of the cell. Measurements of a single perovskite layer on FTO show a light
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response magnitude of less than 150 mV, while the transporting layers such as Spiro-OMeTAD have
very slow and weak responses that are more likely due to heating effects than the motion of charge.
Hence it can be can concluded that the large shift observed in the solar cell stack only happens as a
result of all three layers working together to separate the charge, and so it is of interest to see how
the magnitude of this shift changes when certain layers are removed from the full solar cell
structure. Figure 10 shows scans on stacks of FTO/TiO,/CH3;NH;Pbl; and FTO/CH;NH;Pbls/Spiro-
OMEeTAD (TiO, removed) under pulses of illumination. It can be seen that in the sample without TiO,
the work function shifts by ~640 mV, while the sample without Spiro-OMeTAD has a shift of ~200
mV. Note that sample without Spiro-OMeTAD has a much slower recovery time than the other
stacks with a spiro-OMeTAD capping layer, and also has a slight increase in its dark work function
after every light pulse — indicating a small amount of degradation from the intense heat of the
excitation lamp. This shows that the Spiro-OMeTAD layer is playing an important role in both
allowing the swift removal of charge from trap states in the perovskite, whilst also providing a
capping layer to protect it from degradation by the lamp source. It is important to emphasise that
this degradation was only observed under the accelerating conditions of the intense light
illumination, and that the bare CH3:NH3Pbl; showed no evidence of degradation under dark Kelvin

probe or air photoemission measurements.

The measured photovoltage of these stacks can be predicted using the energy level diagrams of the
solar cell. Figure 11a shows a summarised energy level diagram of the full solar cell using the
isolated energy values measured in this work, while figure 11(b) shows the equilibrium energy levels
when electrically connected. Without illumination there is no potential difference across the sample,
meaning that the energy levels in the stack will bend in order to keep the Fermi level constant across
the entire sample. Since the FTO layer is grounded, its Fermi level cannot change and so the Fermi
levels of each layer are “pinned” to that of the FTO, resulting in the bands bending to form the
energy level diagram on figure 11b. This places the effective HOMO level CH;NH;sPbl; to be much
deeper than that of Spiro-OMeTAD, and so holes generated in the CH;NH3Pbl; will experience a
strong potential gradient to move to the Spiro-OMeTAD. The inverse is true for electrons in the
LUMO at the interface between CH3;NH;Pbl; and TiO,, meaning that under illumination the charges
will be separated by this internal potential gradient and accumulate at opposite ends of the cell. This
accumulation of charge is what builds up the observed photovoltage, and in an ideal world it will
continue to build up until the electric field induced by the charge build up exactly cancels out the
potential gradient and flattens the bands — as is shown in figure 11(c). Looking at figure 11c, the
bands will flatten completely once the Fermi level of the TiO, is shifted by 450 mV, and the Fermi

level of the Spiro-OMeTAD is shifted by 650 mV. This leads to a theoretical maximum open circuit
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voltage for the solar cell of 1100 mV. In a real sample there will be other competing factors such as
recombination losses which will prevent one from reaching this point, but our best samples and the
best cells reported in the literature can come remarkably close to this value at 1050 and 1070 mV
respectively. This model is further backed up by the fact that the photovoltage of our
FTO/CH3NH;Pbls/Spiro-OMeTAD stack has a magnitude of 640 mV, which closely matches the
predicted open circuit voltage if just the interface between the Spiro-OMeTAD and the CH;NH;Pbl; is
considered. This indicates that this model can closely reproduce experiment in ideal cases with no

degradation or trap states to provide competing loss mechanisms.

Perovskite Doping

Bismuth Doping

One of the key aims of us studying perovskite solar cells in detail was to find an alternative to the
toxic lead component of CH;NH;sPbl;. An attractive candidate for this purpose is bismuth, which is
cheap, non-toxic, and has a similar electronic orbital structure to lead. However it has a key
difference from lead in that it forms a 3+ ion instead of a 2+ ion, meaning that a simple substitution
is not possible because it does not conserve charge balance. This is not a complete disaster as there
is no reason to conclude that bismuth could not form a similar structure to CH3;NH;3Pbl; by using
slightly different partner ions. But as a first feasibility test we aimed to dope the normal CH3;NH;Pbl;
structure with a small amount of bismuth ions to see how the presence of bismuth affects the
performance. The excess charge of the Bi*" ion will mean that, for every Bi** ion in the place of a Pb**
ion, one CH3;NH;" ion will need to be removed from the lattice, leading to the presence of vacancies
in the A site of the structure. Films of bismuth doped perovskite were fabricated using identical
methods for fabricating CH;NH;sPbls, with the exception that the stoichiometry of the solutions was
modified to exactly give perovskite of the formula (CH3;NHs),.,Pb,.,Bils, where x is the doping

fraction.

Bismuth proved to have similar levels of solubility to lead, allowing solutions to be easily made and
spin-coated in the same way as standard perovskites. But even a small bismuth component was
found to turn the precursor solutions from a clear yellow colour to a dark red, indicating that the
bismuth component was very strongly absorbing in the green and blue parts of the spectrum. Films
made from these precursors maintained their dark red colour, and X-Ray diffraction measurements
performed by Dr Julia Payne from the department of chemistry in St Andrews showed that the

material would keep its perovskite structure up to a doping level of 30 %.
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Despite these promising characteristics, further measurements showed that the presence of even a
small amount of bismuth was highly detrimental to the performance of the perovskite. Absorption
measurements of films taken with the CARY absorption spectrometer show that the absorption edge
at 780 nm, corresponding to the strong direct bandgap of CH3;NH;3Pbl;, completely disappears when
even a small amount of bismuth is incorporated into the structure. As can be seen in figure 12 (a),
the absorption edge is replaced by a linearly increasing absorbance, indicative of a strong scattering
component. There is also a broad absorbance peak around 480 nm. The size of this peak increases
with increasing bismuth concentration, indicating that it is either due to absorption from the Bi*" ion,
or some impact of the vacancies. But even if this material were to have good semiconducting
properties it is now useless as a solar cell material because the sample only usefully absorbs at
wavelengths shorter than 500 nm, which will result in a very low efficiency because only a small

fraction of the energy from the sun is in the spectral region.

The issues become worse when one looks at the photoluminescence properties — pure CH;NH;Pbl;
has a strong photoluminescence (PL) peak at 790 nm with a narrow full width half maximum of
roughly 30 nm, indicating it has a low density of trap and defect states. However it was found that
even a small amount of bismuth would quench the PL completely. This meant that no spectrum
could be measured with any of our instruments, and indicated that bismuth was unlikely to perform

well as a solar cell material.
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Figure 12 - (a) Absorption measurements of (CH3NH;)1.Pb 1. Bixl3 with varying x values. (b) J-V curve for the best cell made

using x=0.1 doped perovskite from the acetate route in Prof. Snaith's laboratory.

To confirm these conclusions, a batch of solar cells made from 10% bismuth doped (CH3;NH3),.,Pb..
«Bixlz was fabricated alongside a control batch of normal CH;NH;Pbls. The cells were made whilst
visiting Prof. Snaith’s lab in Oxford and used the non-inverted structure with the lead acetate route

(with bismuth acetate substituted in for the doped cells). Cells made from the standard CHzNH;3Pbl;
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achieved an average efficiency of ~10%, with a best of 13%, while cells made from
(CH3NHs3)0.6Pbg oBig 115 were all less than 0.1% efficient. The best J-V curve is shown in figure 12 (b),
and the weak light response of the cells can be clearly seen. The (CH3NH3)9Pbg 9Big11; Wwere made in
the same batch as the 11% cells, so the discrepancy can only be due to the change in active layer,
and they all demonstrated diode-like J-V curves meaning that the low performance cannot be
attributed to an error in fabrication. This leads us to the unfortunate conclusion that bismuth doping

is not a viable route for achieving low toxicity perovskite solar cells

Diamine doping — other ways to introduce vacancies

One question which arose from the bismuth doping experiment was whether the poor
optoelectronic charachteristics was due to the presence of the A site vacancies, or whether it was
something intrinsic to the Bi*" ion. To resolve this, Dr Julia Payne designed a precursor compound
that could introduce vacancies to the perovskite structure without replacing any of the lead
component. This would allow us to isolate the effects of the vacancies from any other effects the
bismuth doping may have introduced. To do this, a portion of the methylammonium iodide would be
replaced with ethylenediammonium diiodide (HsNC,H;NHsl,), which forms a 2+ ion instead of a 1+.
The resulting structure would have the formula (CH3;NH3;).,,(HsNC,HsNH;),Pbls, and could be made
using any of the standard methods for fabricating CH;NH;Pbl; films, provided that the stoichiometry
of the films was adjusted to give the desired doping level. X-Ray diffraction measurements
performed by Dr Payne found that the resulting crystal underwent two phase transitions as the
doping concentration was increased — going through a tetragonal to cubic transition at a doping

constant (x) of 0.1, and going from cubic to mixed phase above a doping constant of 0.2.
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Absorption and photoluminescence measurements on the resulting doped films found that the
introduction of vacancies resulted in somewhat reduced properties, but did not have anywhere near
as significant an impact as the bismuth doping in the previous section. Absorption measurements
seen on figure 13(a) show that the absorption onset of the resulting films is slowly blue shifted as
the doping concentration is increased, indicating that this doping is increasing the bandgap of the
material. Photoluminescence data shown on figure 13(b) supports this conclusion, as the PL
spectrum can be seen to blue shift from 770 nm at x=0.00 to 740 nm at x=0.20 — a similar rate to the
absorption spectrum and an overall shift of ~0.06 eV. Looking back at the absorbance, it can also be
seen that the steepness of the absorption onset is gradually reduced as the doping is increased. This
is generally bad for devices as it indicates the presence of sub — bandgap states trap states which will
reduce performance, but it is nowhere near as detrimental as the complete removal of the
absorption onset seen in the bismuth doping. Additionally, the previously observed peak in
absorption at 480 nm is seen to appear here too at high doping concentrations, leading to the

conclusion that this peak is due to effects from the vacancies rather than the Bi** ion itself.

Air photoemission measurements on the films indicate that the HOMO level of the perovskite
structure is drastically affected by the addition of the vacancies. The HOMO level deepens sharply
with increasing doping constant before flattening out at -5.9 eV at around x=0.10, as shown on
figure 13(c). This represents a shift of 0.6 eV — 10 times greater than the shift in bandgap, and is
likely to cause issues in device fabrication because the LUMO level of the perovskite will be poorly
aligned with any electron transporting layer. To investigate this, Dr Lethy Jagadamma from our
research group in St Andrews fabricated some inverted solar cells using the nanocrystal pinning
method from x=0.10 (CH;NHs).,,(HsNC,H4NH;),Pbls, as well as a control batch of standard
CH3NH3Pbls. The resulting J-V curves are shown in figure 14 and show a clear drop in performance
from (7.5% PCE to 4.5%), though not to the same extent as observed with the bismuth doping (13%
to 0.04%). The open circuit voltage is improved by ~0.06 eV, as would be expected from the widened
bandgap, but the short circuit current is significantly reduced. This is in part due to the reduced
absorption from the widened bandgap, but transfer matrix simulations of the structure using public
software released by McGhee et al [32] revealed that the reduced absorption can only account for
about half of the reduction in Jsc. The rest of the drop in Jsc will be due to losses induced by the
vacancies which have been introduced. This can also be clearly seen in the incident photon to charge
conversion efficiency (EQE) curves of the solar cells, where the doped cell has reduced conversion
efficiency across the entire spectrum, in addition to its blue shifted absorption onset. However, the
main conclusion which can be drawn from this is that the perovskite still works remarkably well

when A site vacancies are introduced.
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Figure 14 - (a) J-V curves for inverted solar cells made from pure CH;NH;Pbls(red), and x=0.1 diamine doped perovskite
(blue). Note that the doped curve has reduced Jsc but increased Voc. (b) EQE curves for the undoped (black) and x=0.1 (red)
materials. The shift in bandgap can be clearly seen, and the x=0.1 material has overall worse conversion efficiency. (c) Cell
volume vs doping fraction for diamine doped CH;NH;Pbl;. Measurements for (a) and (b) were taken by Dr L. Jagadamma,

while (c) was made by Dr J. Payne.

Although these results clearly indicate that the introduction of vacancies is definitely not desirable
for optimised performance, they also show that these vacancies are far less detrimental to the
performance than the effect of the bismuth doping from the previous section. This leads us to the
conclusion that it was the Bi** ion itself that was ruining the performance of the Bismuth doped
perovskite solar cells, and so attempting to replace the lead component of perovskites with bismuth

is unlikely to lead to a material with useful optoelectronic applications.

Conclusion

In conclusion, this chapter describes the fine details of how perovskite films were fabricated, and the
steps we took trying to achieve high performance perovskite solar cells. High quality perovskite films
can now be easily achieved, but the efficiency of most devices fabricated in our laboratory remains
poor for reasons we have not been able to ascertain. We also used Kelvin probe and air
photoemission to perform an advanced study on the energy levels in the most common perovskite
solar cell structure, and used these data to form a detailed and effective model of the solar cell’s
operation. Finally, we have discussed our attempts at designing low toxicity perovskite materials,
and our investigation into the effect of A site vacancies on the performance of the material leads us
to the conclusion that perovskites containing Bi*" ions are unlikely to be of significance for

optoelectronic devices.
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Chapter 5 - Infrared Perovskite Laser

Making a Perovskite Laser

ASE from CH3NH;Pbl;

As mentioned in chapter 2, a good solar cell must be a strong light emitter, and hybrid perovskites
are no exception to this rule. Many of the best solar cell films reported in the literature were found
to have a high PLQY [1], and so studying the PL of our films was deemed to be a good route to
finding a possible reason for the low efficiency of our solar cell devices. However, studying the PL of
perovskites proved more difficult than expected due to their intensity dependent PLQY [2]. Our most
advanced setups for measuring PL predominantly used a low intensity lamp source for excitation,
and so no signal could be measured from films of CH;NH;Pbl; deposited via the acetate route. PLQY
measurements using a Hamamatsu integrating sphere with lamp excitation gave 0% PLQY with no
spectrum visible above the background, and so we switched to pulsed laser excitation for further
study of the material. This switch allowed the material to operate in an intensity regime where the
light emission was much more efficient, thus allowing clear photoluminescence spectra to be
recorded. However it became clear that, under the right conditions, the light emission could be
much stronger than first anticipated. While attempting to map the dependence of the
photoluminescence versus excitation intensity, the emission from a sample of CH;NH;Pbl; deposited
via the acetate route [3, 4] was suddenly observed to dramatically increase once the excitation laser
power reached a certain threshold, and the emission spectrum collapsed to a narrow peak of ~10
nm full width half maximum (FWHM). The spectrum of this emission compared to the normal PL is
shown in figure 1, and this unexpected result indicated that waveguided light in the CH;NH;Pbl; film

was undergoing amplified spontaneous emission (ASE).
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Figure 1 - (a) Absorption and photoluminescence spectrum of CH;NH;Pbls. (b) Emission spectrum of CH;NH3;Pbl; when

excited above its ASE threshold with 355 nm light. The normal PL spectrum can be weakly seen in the baseline.

The presence of ASE in CH3;NH;Pbl; had very recently been demonstrated by Stranks et al [5], using
cholesteric liquid crystal reflectors to provide mode confinement, and so the demonstration of ASE
from a simple thin film of CH;NH3Pbl; was not an especially interesting discovery in itself. However,
what it did show for us was that CH3NH3Pbl; was an excellent candidate material for the production
of distributed feedback lasers. Achieving gain in a thin film would allow for laser operation in an
identical manner to that used in organic thin film lasers, and enable the properties of perovskite
lasers to be comparable with their organic counterparts. Firstly, the exciton binding energy of
CH3;NH;Pbl; (<5 meV at room temperature) [6, 7] meant that excitons would be dissociated almost
immediately in a perovskite film. This absence of excitons in the film would mean that pulse duration
would not be limited by the accumulation of triplet excitons in the material, since no singlet excitons
would exist to be converted via intersystem crossing. This could open up a route to a new generation
of high power thin film lasers which can operate in the continuous wave (cw) rather than pulsed
regime [8]. Secondly, CH3;NH3Pbl; has an ambipolar(i.e. for both electrons and holes) charge mobility
several orders of magnitude higher than most OSCs [9], meaning that an electrically pumped
perovskite device could conceivably reach the very high current densities required to reach
electrically pumped lasing —a major milestone on the road to making thin film lasers a commercial
viability. Additionally, perovskites are cheap, solution processable, and have easily tuneable
properties, meaning that commercial devices could be easily mass produced on a large scale at low
cost. Finally, the refractive index of hybrid perovskites tends to be far higher than what is seen in
most organic semiconductors(~2.6 [10] compared to ~1.9 [11] in polymers). This is a big

disadvantage for making light emitting diodes because they will be much worse at outcoupling their
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light. But it is a useful feature when making lasers because the high refractive index will allow
stronger mode confinement in a thinner film. In light of these advantages, we set out to prove these
concepts by producing an all solution-processed perovskite distributed feedback laser using easily

scalable techniques.

Competing with Scattered ASE

(a) (b)

CH,NH,Pbl,

Air
gaps

Figure 2- (a) A schematic of the ideal CH;NH;Pbl; laser —the crystals conform to the grating structure to make a smooth
capping layer with minimal scattering off the grain boundaries, allowing strong distributed feedback to occur. (b) A more
likely scenario where the CH;NH;Pbl; does not conform to the grating, leaving a rough film with air gaps. Scattering off the

imperfections and the grain boundaries eclipses any feedback from the grating structure.

In spite of their advantages, achieving distributed feedback in a perovskite film would present some
major challenges. Firstly, it was not clear how the perovskite would behave when being deposited on
a distributed feedback (DFB) grating. To operate effectively, the perovskite would need to
completely conform to the grating structure without leaving any air gaps in the ~200 nm wide
troughs in the grating, whilst also ideally leaving a completely flat capping layer on the top. Since
perovskite films form via crystallisation, it could not be guaranteed that the crystals would grow to
fill the gaps. Instead the crystals might simply lie randomly on top of the structure without
conforming to it, resulting in the situation shown in figure 2. Secondly, the multicrystalline nature of
the films would be highly likely to introduce large scattering losses to the film. If the scattering from
the crystal boundaries became stronger than the scattering from the feedback grating then the DFB
lasing mode would be eclipsed by random lasing modes, which would compete with the DFB mode
for gain, thus ruining the device. In order to minimise these issues, we would need to produce
perovskite films with a very low surface roughness to minimise scattering, and small crystals to aid
conformity with the grating structure. For this, the lead acetate route (see chapter 4, pg 88) was
selected due to its excellent and highly reproducible film quality with weakly defined crystal

boundaries. Hence this route is used in all CH;NH;Pbl; film depositions for lasers in this chapter.
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When designing a DFB laser, one must pick the grating period so that it satisfies the Bragg equation
2neffA = MAigser

where A;45¢r is the wavelength the laser is expected to operate at, 1. s fis the effective refractive

index of the waveguide, A is the period of the grating, and m is the order of diffraction (which is 2 in
the case of second order gratings). The master grating structures are very expensive to make, and so
usually it is easier to tune the effective refractive index of the waveguide to match the grating
periods that are readily available. A simple way to calculate the effective refractive index is to treat

the laser as a slab waveguide and use the approximation
Nefp = Ny COSO

Where n; is the refractive index of the lasing medium and 8 is the propagation angle of the light in
the slab waveguide. The angle of propagation is iteratively calculated by satisfying the phase relation
for the waveguide. That is calculating the phase change in one cycle through the waveguide, and
finding the propagation angle where the phase change is an integer factor of 2m. This allows us to
accurately model the effective refractive index of any thin film. Assuming the cladding layers are the
grating material (n=1.52) and either air (n=1) or an encapsulant (n=1.33), the main factors which
control the ng of the waveguide are the refractive index of the gain material and the thickness of
the gain layer (which was measured by Dr Guy Whitworth, from our group at the University of St
Andrews, using ellipsometry to be n=2.46 at 783 nm). Since the gain medium’s refractive index is
constant, that leaves only the thickness as a means to control n,¢¢. Our most advanced mixed order
gratings (which could achieve the lowest threshold) had a period of 350 nm, which would require
the CH;NH;Pbl; layer to be at least 250 nm thick to meet the feedback condition. To achieve this
thickness, the lead acetate precursor solution was set to a concentration of 550 mgml™ and the
solution was spin-coated on distributed feedback gratings at 2000 RPM in an N, glovebox with the
usual annealing parameters. The gratings were fabricated via the method described in chapter 3,
and the complete devices were encapsulated with a layer of the fluoropolymer CYTOP™ to prevent

degradation of the perovskite by water.

To test the laser devices, they were excited with 1 ns pulses of 355 nm laser light from a diode
pumped Crylas solid state laser with a spot size of ~100 microns and a repetition rate of 100 Hz. The
output light was collected with a fibre coupled Andor CCD spectrograph in the setup shown in figure
3. The resulting devices showed a clear threshold in output, but did not have any of the spatial or

temporal coherence normally associated with lasing. The emission linewidth remained at ~5 nm
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instead of the <1 nm expected for lasing, and the emission could be detected from the film at all
angles. These results indicated that the effect of random scattering was stronger than the feedback
from the grating, meaning that structure was simply producing scattered ASE rather than lasing.
Looking back at the quality of the films produced by this method, the surface roughness was still
below the noise threshold of the Dektak surface profilometer (~10 nm). However visual inspection
revealed a “cloudy” appearance to the films, which suggested that the optical quality of the films
was dropping with the increased thickness and introducing extra scattering. Attempts to improve
film quality whilst maintaining this film thickness (by varying the spin speed, annealing conditions,
and solution concentration) all produced the same, poor quality results, and so we were forced to
conclude that the lead acetate route could not be used to produce films of sufficient quality for our

advanced gratings.

(a)

(b)

30cm
——>

Laser Output[

Fibre-coupled
CCD
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Figure 3 - (a) A simplified diagram of the setup used to measure DFB lasers. The laser is pumped at a slight angle to prevent
excess pump light being coupled into the CCD. (b) The emission spectrum from the laser, indicating that the sample is only
emitting scattered ASE. This spectrum was seen from the samples at all angles, and is too spectrally wide to be considered

single mode coherent emission.

Achieving Distributed Feedback Lasing

In general, it is easier to achieve smooth and high-quality films if the film thickness is reduced, so in
order to improve film quality we aimed to build a laser incorporating a thinner CH;NH;Pbl; film. This
would not meet the resonance condition of the main gratings we planned to use, so instead we
switched the master grating structure to a tuneable array of 2D feedback gratings. This structure
consisted of a 6x6 array of 2D 2™ order gratings with period varying between 250 and 425 nm in 5
nm steps. These gratings would achieve a worse lasing threshold than the mixed order gratings we
had planned to use, but it could be guaranteed that at least one of the gratings would meet the
resonance condition to provide distributed feedback so long as the layer was thicker than the cut-off
thickness (which can be as low as 70 nm for CH3NH;Pbl; due to its high refractive index). This

increased freedom in layer design allowed us to reduce the concentration of the lead acetate
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precursor solution from 550 mgml™ to 400 mgml™. When spun at 2000 RPM, this created films of
~190 nm thickness with greatly improved optical quality. The waveguiding loss coefficient of these
films was measured using the procedure described in chapter 3 to be roughly 6 cm™, which is
average by the standard of organic semiconductor films [12], meaning it should have sufficiently low
losses to provide distributed feedback lasing. Solving the phase relationship equation for a stack
with this thickness gave an effective refractive index of 2.14 which, assuming a lasing mode of 785

nm, should provide lasing on a 365 nm grating.
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Figure 4 - (a) Scanning electron microscopy image of the high quality CH;NH;Pbl; film deposited via the acetate route. Note
the dense films with only a very small number of pinholes. (b) Waveguiding loss measurement on a similar film. Images are

taken from our paper [13]

In order to see how the perovskite film coated the grating, one device from the batch was made
without the CYTOP encapsulation layer, and was studied using an FEI Scios™ DualBeam focussed ion
beam/ scanning electron microscopy setup operated by David Miller at the department of
Chemistry, University of St Andrews. Prior to measuring, a thin layer of gold (1-10 nm) was sputtered
on top of the CH3sNH;Pbl; layer using a Quorum Q150R ES sputterer to prevent charging effects on
the material surface to aid imaging. Figure 4 shows an image of the resulting CH;NH;Pbl; layer on a
planar part of the substrate. Note that the material shows a complete and uniform coverage with an
average crystallite size of ~300 nm. To ensure that the CH;NH;Pbl; was completely conforming to
the grating, a region of the CH;NH;Pbl; on the grating was milled away using the focussed ion beam
to reveal the polymer structure underneath. Figure 5b shows an angled (52°) SEM image of this
sample, which clearly shows the perovskite forming a high quality planar film over the grating

structure with a number of small pinholes visible in the film.
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CH3NH;Pbl,

<

Figure 5- (a) Transverse SEM image of CH;NH;Pbl;laser. The perovskite can be clearly seen to fill in the grating, leaving a
smooth capping layer with no gaps. (b) Angled SEM image of the same laser with a square of CH;NH;Pbl; milled away to

reveal the grating underneath. Images are taken from our paper [13]

Finally a transverse SEM image of the grating was taken by digging a trench in the sample using the
focussed ion beam and imaging the sample at a steep angle. A layer of carbon was sputtered onto
the sample prior to milling to assist in achieving a clean vertical cut while also providing a strong
contrast with the perovskite layer to produce a clear image. Figure 5a shows the resulting image,
and it can be clearly seen that the CH;NH;Pbl; has completely filled in the gaps in the grating, leaving
no air pockets or voids. The grating has a depth of 80 nm with a planar capping layer of ~145 nm on
top. This shows that the resulting structure should provide high quality distributed feedback to the
lasing mode, although we can still expect some scattering losses due to the pinholes and small non-

uniformities which are also visible.

7
@ TN
ol 6 - /
— | 7 [ 138 wdiem?_aJ "
= 3 o % P ] Ry \ﬂ\w‘,ﬁ._
4 o) (/0 5 - —
=, 1° v 21O
» @] ”,. el | i
< = 2 4 2 £ Fooyiimns
4 I nd/em
: : . Eojlmee
8 o lsg 5@
T o) /e 3 g i
9 ° | 4% | -
= ya 12 w110 pJiem?
(o2 © ]
9 . 7 .ﬁ ,.,—f”f‘_)// 1 i (e)
: = ’A_,_-v—" -
¢ v
= o o P %20 o
ooro * ¥ o - € P 0 97 wJiem?
; ' ' ' ' ' ' ‘ 775 780 785 790 795
80 1 00 1 20 140 1 60 Wavelength (nm)

. 2
Pump Power Density (pJ/cm°®)
Figure 6 - (a) Threshold Measurement of the CH3NH;Pblslaser. PL counts are on a linear scale. (b),(c),(d), and (e) The
emission spectrum at varying pump fluences. Clear single mode lasing can be seen between 110 and 121 chm'Z, but there is

evidence of extra modes appearing at 138 chm’Z. Images are taken from our paper [13]
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Upon testing under the same conditions as the previous batches, these devices were measured by
Dr Guy Whitworth, and above a certain thereshold the emission spectrum from the 365 nm grating
was observed to abruptly collapse to a FWHM of less than 0.4 nm, as shown in figure 6. This would
indicate strong temporal coherence in the emission, and the spectrum was only measurable directly
perpendicular to the substrate, indicating a clear beam was formed. Note that an image of the beam
could not be seen directly because the emission wavelength of 785 nm is at a wavelength where the
human eye has very weak response. Plotting the output counts against input fluence on figure 6 (a)
shows a clear threshold behaviour, and extrapolating the two straight line parts to the intersection

gives a clear lasing threshold of 110 pcm™ for the grating.

Although distributed feedback lasing had been achieved thanks to the improved film quality,
competing modes due to scattering still remained a problem for the devices. As the pump fluence
was increased further, the laser started to operate at multiple modes simultaneously. These modes
were very closely spaced, meaning that the modes appear to merge to form a single broad peak
unless the spectrum was examined in close detail. Zooming in on the spectrum would reveal the
broad peak was made up of a series of narrow peaks with ~0.2 nm spacing. To confirm that these
were lasing modes and not random noise, Dr Whitworth took repeated measurements of the
spectrum over two minutes and compiled all the spectra into a 2D colour plot (figure 7a). It can be
clearly seen that these individual peaks are stable with time, meaning that we can conclude that

they are stable lasing modes and not the result of random lasing or noise.
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Figure 7- (a) A 2D colour plot of emission from the CH3NH3Pblslaser vs time. Multiple modes which are stable with time can
be seen at a 0.2 nm spacing. (b) Spectra of the laser operating at high powers. As the pump fluence is increased an ASE

peak is seen to appear at 790 nm. Figures made by Dr Guy Whitworth

At very high powers we observed that a scattered ASE peak, spectrally separated from the

multimode lasing described earlier, would appear and compete for gain with the lasing modes
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(figure 7b). This shows that scattering is still a problem in this device, and if the gain becomes too
high then emission from the random scattered modes will become favourable over the coherent
scattering from the grating. Therefore, we conclude that there is still room to improve on the

scattering losses and film quality in these devices, and if these could be improved then the lasing

threshold and output quality could be dramatically enhanced.
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Figure 8— (a) A comparison of lasing threshold between nanosecond and femtosecond pumping. The threshold is drastically
reduced in the fs regime. (b) The output intensity of the laser vs time when under 100 kHz excitation. The device falls to half

its normal output after ~10° pulses. Images are taken from our paper [13]

It is known in that the threshold pump fluence of a laser can be significantly reduced if ultrashort (fs)
pulsed lasers are used as a pump source instead of ns pulses [14]. This is because a fs pulse will
create a high carrier density, and thus a high population inversion, in a very short period of time
before any loss pathways can remove them. To investigate this effect in perovskite DFB lasers, the
CryLas pump source was replaced with 515 nm, 200 fs pulses from the second harmonic of a
PHAROS regenerative amplifier with a pulse rate of 100 kHz. The perovskite laser spectrum was
measured using a fibre coupled Ocean Optics USB spectrometer, and the laser output vs input
fluence is plotted on figure 8. The lasing threshold was observed to drop down from ~ 80 pwcm™ to
~4 pJem™, which corresponds to a reduction of almost two orders of magnitude. This high repetition
rate was also the ideal environment for testing the laser stability, and it was found that the
CH3NH;Pbl; laser exhibited a device half-life of ~ 10® pulses when left under excitation in
atmosphere. This is far longer than would be typical for an organic laser in air, indicating that

CH5NH3Pbl; does not seem to be as vulnerable to the thermal degradation and photooxidation
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processes which normally cause degradation in organics [15], and suggesting a possible advantage of

perovskite lasers.

Approach to Quasi CW Regime

After observing such high stability in the CH3;NHsPbl; lasers under fs pumping at 100 kHz, it was a
natural progression to see if they could operate under ultra-high repetition rates of 80 MHz. This is
known as the quasi CW regime because the pulse separation becomes shorter than the fluorescence
lifetime of most materials. A key problem with this is that, assuming the threshold fluence remains
constant, a jump from 100 kHz to 80 MHz will require an 800x increase in average pump power. A
major block for achieving quasi CW lasing in most organic lasers is that the gain medium will quickly
photodegrade in these conditions, but since our perovskite lasers showed high stability then this
might not be a problem. Giebink et al recently observed stable lasing from a CH3;NH;Pbl; sample
under long pulse continuous wave pumping at low temperatures [16], and so we aimed to see if this

phenomenon still worked when approaching the CW regime using short pulses.

To view the operations of the CH;NH;Pbl; laser in this regime, PL spectra and kinetics were
measured with a Hamamatsu streak camera C10910-05 with S-20ER photocathode coupled to an
Acton SP-2358 imaging spectrograph. The lasers were pumped with 515 nm, 180 fs pulses at either
100 kHz or 80 MHz by using light from a Pharos (Light Conversion) amplifier or oscillator
respectively. The streak camera would measure emission wavelength, strength, and delay time and
would plot them on a 2D heat map to simultaneously show the spectrum and lifetime of the light

emission.
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Figure 9 - Streak camera images of PL emission from a CH;NH3Pbl; laser under 2.4 chm’Z pulse fluence at 100 kHz
repetition rate with a temperature of (a) 77 K, (b) 120 K, and (c) 200 K. The images are 2D colour plots where the colour of
each pixel represents the number of counts at that time and wavelength. Increasing counts go from black to blue to green

tored.

As a first test on the effect of cooling on the CH3;NH;Pbl; laser, we pumped the DFB gratings at a
range of different temperatures with 100 kHz pulses from the amplifier, focussed down to a 100

micron spot size. The sample was tested at 77 K, 120 K, and 200 K, and the PL spectrum below lasing
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threshold was seen to drastically shift with temperature, as shown on figure 9. At 200 K, above the
tetragonal to orthorhombic phase transition, the PL peak was at 790 nm. At 77 K, the PL was much
stronger and had a strong blue shift to 750 nm, while at 120 K the sample appeared to be emitting
from a 2 phase region and so two peaks were observed at 730 and 780 nm. As the intensity of the
beam was increased, lasing could be clearly observed as the PL spectrum collapsed to a narrow peak

and the emission decay dropped to less than 20 picoseconds, as can be clearly seen on figure 10.
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Figure 10 — Streak camera images of emission from a CH;NH;Pbl; laser grating at a range of pump fluences when set at
different temperatures. Set (a) is at 77 K, (b) is at 120 K, and (c) is at 200 K. Lasing is achieved when the emission linewidth

abruptly narrows.

It is worth noting that the minimum FWHM of the lasing peaks was strongly limited by the spectral
resolution of the streak camera to about 5 nm, so the exceptionally narrow linewidth emission
typical of a DFB laser cannot be directly observed. But the sudden spectral narrowing and extremely
short emission lifetimes provide sufficient evidence that lasing is taking place. The lasing threshold of
these samples was found to be strongly affected by the temperature, with lasing thresholds of 4
chm'z, 8 chm'z, and 10 chm'2 being observed for 77 K, 120 K, and 200 K measurements

respectively. This reduction in threshold with reduced temperature is not surprising since the
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strength of the PL has been repeatedly observed by ourselves and others to dramatically increase at

low temperatures [17]. Hence the sample will have more gain and therefore a lower threshold.

Switching to high repetition rate excitation, we were able to achieve a maximum pulse fluence of
12.5 plem™, which should be more than be sufficient to observe lasing from the samples. However,
our streak camera images shown on figure 11 present no signs of ASE taking place at any
temperature. Even at 77 K, where we should be a factor of 3 above threshold, the spectra showed
no sign of narrowing and the emission decay remained in the hundreds of picoseconds. A possible
reason for this lack of lasing was that the pump beam was heating the CH3;NH;Pbl; to the point
where it could no longer provide optical gain. This hypothesis was backed up by the fact that the PL
spectrum and lifetime had a tendency to shift significantly when the pump spot was moved,

indicating that the beam is changing the parameters of the sample somewhat.
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Figure 11 - (a) Streak camera image of emission from the CH3;NH;Pbl; laser structure under maximum power excitation at

80 MHz. The sample emits bright PL, but the spectrum linewidth is still wide, indicating that no ASE or lasing is taking place.

(b) Evidence of sample heating — the PL spectrum from the 100 kHz excitation is significantly different from the 80 MHz

excitation. The difference increases as the average power is increased, indicating that this is likely a heating effect.

To test this, we moved to a fresh spot and excited it with the oscillator beam at 1% of its maximum
power. The spectrum was measured, and then remeasured under maximum power excitation.
Comparing these results to the 77 K spectrum from the 100 kHz pump source, the spectra show
increasing dissimilarities as the pump power is increased (see figure 11 b). This effect was reversible,
and spots which had experienced the high power pumping would still lase at the same threshold as
fresh spots, meaning that the effect we observe is not due to degradation. Hence we conclude that
the high pump powers used in the quasi CW regime are causing undesirable heating effects which
prevent the films from producing optical gain. It is known that CH;NH;Pbl; has a very low thermal
conductivity, and so in retrospect it is not surprising that this became an issue. However future work

could improve upon this by performing measurements on a more conductive substrate, such as
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sapphire, in order to conduct heat away from the beam centre and hopefully keep the CH;NH;Pbl; at

a temperature where it can support lasing.

Acetonitrile Deposition

The general conclusion from all of these results is that highly luminescent films of excellent optical
quality are the key to achieving low threshold lasing from perovskite films. Therefore, it greatly
captured our interest when a new method of producing perovskite films using acetonitrile was
reported by Noel et al. [18] A big problem when depositing perovskites is that the only solvents
which can dissolve the lead salts in perovskite precursors (DMF and DMSO) have very high boiling
points and viscosity. This means that the solvents will tend to evaporate very slowly during spin-
coating, meaning the crystallisation of the film will tend to be very uneven and sensitive to external
factors. The nanocrystal pinning and lead acetate methods are both attempts to circumvent this
issue by replacing parts of the solution with something more volatile in order to make the crystals
form more quickly, thus hopefully resulting in smoother films. However, it would be much more
preferable to use a low boiling point solvent. Acetonitrile is an excellent candidate for this because it
has a low boiling point and a high polarity, but it still cannot dissolve the lead salts to the required

concentrations.

It had previously been shown that methylamine gas was able to dissolve CH;NH;Pbl; films into a
clear liquid, which would then crystalise back into CH;NH3Pbl; perovskite once the gas was removed
[19, 20]. Zhou et al [20] exploited this to improve the performance of perovskite solar cells by
exposing CH3NH3Pbls films to a post treatment of methylamine gas which, in optimal conditions,
would recrystalise the perovskite to achieve much higher quality films with dramatically improved
performance. Nikita et al used this phenomenon to make acetonitrile a valid solvent by attempting
to dissolve CH;NHsl and Pbl, in a 1:1 molar ratio to a concentration of 0.4 M in acetonitrile. The
result was a black precipitate of CH;NHsPbl; crystals in the acetonitrile solution, but they found that
the black crystals could be dissolved completely by bubbling methylamine gas through the solution
for several minutes. Spin-coating the resulting solution using a simple one step method would then
reliably create films with exceptionally low roughness with strong PL and very high uniformity. Films
made in this way showed dramatic improvement in solar cell performance over all other deposition

methods, but it was the low roughness and strong PL that was of interest to us because it would
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seem to be an ideal method for making perovskite lasers.

Figure 12 - Images from Noel et al [18]. (a) Attempting to dissolve CH;NH3Pbl; in acetonitrile, resulting in a black precipitate
which dissolves completely after bubbling with methylamine gas. (b) The resulting perovskite films are extremely smooth

and reflecting. (c) An SEM image of the resulting films

To reproduce Noel’s results, we mixed high purity Pbl, and CH3;NH;l in a 1:1 molar ratio at 0.4 M
concentration in acetonitrile. Once the black crystals had formed, we passed methylamine gas
through the solution by bubbling an N, carrier gas through a solution of methylamine dissolved in
water to cause outgassing, and the resulting methylamine/nitrogen mixture was passed through a
drying tube and into the acetonitrile mixture. Following this we then spin-coated the solution in a
nitrogen glovebox at 2000 RPM for 60 s before annealing the film at 100 °C for 60 minutes. The
resulting films were by far the highest quality we had yet come across, with a mirrored surface and
completely uniform coverage. Dektak measurements showed a film thickness of ~300 nm and, SEM
images of the resulting films (figure 13) show a highly dense network of ~200 nm crystallites with a
complete absence of pinholes. This is somewhat smaller than what Noel et al reported (observing ~1
um crystals), but our methods consistently produced similar sized crystals in a variety of conditions.
Switching the processing between an N, atmosphere and dry air made very little difference, and
adjusting the annealing time seemed to affect the conductivity but not the crystal size. It was much
harder to get clear SEM images of samples with only 5 minute annealing time as opposed to 60
minutes, indicating that the shorter annealing time had severely reduced the conductivity, but the

observed crystals were roughly the same size.

It is worth noting that this method does not work for CH;NH;PbBr; films because the methylamine
gas does not affect the bromide perovskite in the same way that it works for the iodide. Exposing
CH3NH;sPbBr; films to methylamine gas makes them become very rough, and they permanently lose
their colour and luminescence. Attempting to dissolve bromide salts in acetonitrile seems promising
at first because it results in a precipitation of bright orange CH;NH;PbBr; crystals, and bubbling the
mixture with methylamine gas does cause the crystals to dissolve. However the solutions will tend to

produce a white precipitate after only a few hours, and spin-coating from these solutions resulted in
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colourless films with very poor coverage and a high roughness. Hence this method is only suitable

for depositing exactly CH;NH;Pbls.
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Figure 13 — (a) SEM image of the CH3NH;Pbl; films formed by the acetonitrile route in St Andrews. (b) Comparison of the

normalised emission spectra from CH;NH;Pbl; deposited via the acetate and acetonitrile routes at ~400 ;Ucm’z.

The high film quality would suggest that CH;NH;Pbl; films from this method should have ASE at an
extremely low threshold. However, we found that films from this route would not produce ASE even
at the maximum power of the Crylas, as can be clearly seen in figure 13 (b). Switching to 400 nm
excitation with 4 ns pulses from an optical parametric oscillator allowed us to achieve pump fluences
in excess of 1000 wcm?, but even at these powers the films would only emit bright PL in all
directions, with no sign of stimulated emission. We spent a significant amount of time altering the
parameters of this method by adjusting annealing times, modifying the stoichiometry of the
precursor solutions, and spin-coating in humid, dry, and nitrogen atmospheres. But in all cases the

films would emit strong PL but no ASE.

To investigate the reasons for this, we performed a comparison of time resolved PL measurements
on films from both the acetate and acetonitrile route using the El fluorimeter (see chapter 3 for
details). Measuring films from the acetate route, the PL decay cannot be fitted with a single
exponential because the slope changes with time. As can be seen on figure 14 (a), it starts with a

steep slope of roughly 60 ns lifetime, and over time it tends towards a pure exponential with 300 ns
lifetime. But overall it decays by e% in 1000 ns, giving a very rough average for the lifetime of 250 ns.

This is in good agreement with reports on this route by Zhang et al, which would indicate that this

deposition route is working as planned.

The total rate of recombination in a film is the sum of the radiative and non-radiative rates in the
material. Since the radiative rate of a given material does not tend to change much between

different materials, a longer PL lifetime is generally a very good thing because would indicate that
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there has been a reduction in traps and other non-radiative pathways in the film. Films from the
acetonitrile route were reported by Noel et al to have a clear single exponential decay with a lifetime
of roughly 676 ns, suggesting that they have greatly reduced loss pathways in the material and
should make an excellent gain medium. However, when we measured our films using the El
fluorimeter we found that the films had a very non-exponential decay with a maximum lifetime of 20
ns (figure 14b). This would explain the lack of ASE from the films, since it is clear that our acetonitrile
films have much higher non-radiative losses than films from the acetate route. But it is not clear to
us why our results diverge so much from the literature reports. We found that this short lifetime
would occur regardless of the solution stoichiometry and processing conditions, so it is likely that
there is another hidden factor that is proving detrimental to this method. In any case, this is a very
surprising result and certainly warrants further investigation into the photophysics of films from

different processing routes.
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Figure 14 - Time resolved PL measurement of films from (a) the acetate route and (b) the acetonitrile route. Note that the

acetate route has a much longer lifetime.

Conclusion and Next Steps

In conclusion, this section describes the use of the lead acetate perovskite deposition route to
produce the first all solution-processed distributed feedback laser. We show that perovskites have
many favourable properties which are perfectly suited for use in thin film lasers, but the
multicrystalline nature of their films remains their biggest weakness. We found that the quality of
the perovskite film must be extremely high in order to prevent scattering modes from eclipsing the

feedback mode, and so the thickness of useful lasing films is limited by fall-off in film quality with
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increased thickness. Even once these parameters were optimised, we found that scattering was still

a major factor increasing lasing threshold and causing multimodal operation.

Despite the issues with scattering, CH;NH;sPbl; lasers were found to have a threshold which is
competitive with many organic materials, whilst having some very different properties. In particular,
CH3;NH;Pbl; proved to have very good stability in comparison to most organic films, and its low
exction binding energy and high charge mobility make it a very exciting candidate for CW operation
and electrical pumping. In addition, the fact that CH3;NH;Pbl; emits in the infrared is a very unusual
property in thin film lasers, since it is very unusual to find a good light emitting OSC with a bandgap
narrower than 700 nm. Although this property makes CH3;NH;Pbl; lasers considerably more difficult
to work with on the experimental side, it does make them of significant interest for certain
applications where organic DFB lasers have been previously overlooked. The most notable of these is
light assisted medical applications, where the infrared emission of the CH3;NH;Pbl; laser results in
much less scattering and absorption in human tissue, thus allowing much greater tissue penetration

than in lasers operating in the visible spectrum.

After observing high stability of perovskite lasers under fs excitation, we performed an investigation
into the behaviour of CH3NH3Pbl; lasers under high repetition rates. We found that the perovskite
was able to withstand the extremely high powers experienced when approaching the quasi CW
regime, but there appears to be a secondary heating effect that prevents the sample from lasing
when under an 80 MHz pump source. If these heating effects could be overcome, then perovskite
lasers could prove to be an excellent material for quasi CW laser sources. Finally, we performed an
investigation into the use of acetonitrile as a solvent for perovskites in an attempt to improve
threshold. Although the film quality was very promising, our films made via this route had very poor
light emission properties and were therefore unsuitable for lasing. In light of all the above results,
perovskite lasers have proven themselves to have great potential as a lasing medium, and definitely

warrant further study to see if they can be pushed towards commercial viability.
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Chapter 6 — Optimising PL for Green
Perovskite Lasers with Enhanced

Threshold

Motivation

The work in the previous chapter provided a clear demonstration of the potential of perovskites as a
lasing medium, but it was also clear that there was significant room for improvement. A key point of
this was that, while the lasers showed good stability, their threshold of 110 wem™ under ns pumping
was still significantly higher than the best organic semiconductors (OSCs). Some OSCs can achieve
thresholds of less than 200 nicm™ under 4 ns pumping [1], and perovskite lasers will need to at least
be competitive with this if they are to achieve commercial viability or electrical pumping. If a
perovskite laser could match this threshold, it would allow them to be pumped via pulsed light
emitting diode s[2] —a much more compact and practical pump source than the lasers we use in the
lab. Additionally, it would be of significant commercial interest if we could exploit the tuneable
bandgap of hybrid perovskites to achieve laser emission in the “green gap” region of the spectrum
that is currently unavailable to commercial inorganic lasers. Commercial indium gallium nitride lasers
can access wavelengths up to 525 nm, while aluminium gallium indium phosphide lasers can cover
wavelengths above 635 nm, but finding materials which can usefully emit laser light in the yellow-

green part of the spectrum remains a major challenge which hybrid perovskites could overcome.

Electrically pumped green emission is currently achieved by using a diode laser to pump a Nd:YAG
laser that emits at 1064 nm. A frequency doubling crystal is then placed inside the lasing cavity with
the Nd:YAG crystal, which doubles the 1064 nm light to 532 nm, which appears as a pure green. This
has proven to be effective and commercially viable, but it does not have the compactness and easy

scalability that conventional diode lasers have.

To achieve the low threshold objective, we aimed to further optimise two key parameters in the
perovskite films — scattering losses and PLQY. In the last chapter, we found that a perovskite film
must be as smooth as possible in order to reduce scattering from the multicrystalline film. It would

also seem logical that films with smaller crystals and less clearly defined boundaries would be less
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likely to scatter the waveguided mode, thus achieving lower threshold. The importance of this was
highlighted previously, where it was found that the laser would not operate at all if the scattering
was too high. Of possibly more significance is the PLQY of perovskites. The best performing OSC laser
materials all have PLQY values exceeding 80 % at most intensities [3], while the PLQY of most
perovskites is close to zero for low intensities and only becomes significant under high powers [4].
With this in mind, it is indeed impressive that the lasing thresholds in perovskites are as low as they
are. But if the PL behaviour could be improved so that the PLQY reaches higher values at lower

intensities it could enable perovskites to reach the lasing regime at much lower pump thresholds.

To achieve emission in the “green gap” part of the spectrum, we switched from CH;NH;Pbl; to
CH5NH3PbBr; — an exact analogue of the original material with the exception that it has a Br™ ion
replacing the I ion. The smaller ionic radius of the Br™ ion causes the peak emission to shift from 790
nm to 550 nm, thus providing light emission in the “green gap” which also has the advantage of
being near the peak response point of the human eye. A big problem with optimising the PLQY in
CH3;NH3Pbl; is that it emits in the infrared, meaning that it is not possible to quickly determine if a
sample is strongly light emitting by using the human eye, and measuring PLQY is also significantly
more difficult as many sensors start to become less responsive in this region. Working with green-
emitting CH;NH;PbBr; greatly streamlined this optimisation process, as it was possible to rapidly
screen deposition methods by simply illuminating samples with a UV lamp immediately after

fabrication to qualitatively assess the strength of their PL.

Exploring Different Deposition Methods

Acetate Route

CH3NH3PbBr; can be deposited using identical processing methods to CH;NH;Pbls, so long as the
molar ratios of the precursors are kept the same, and so a good point to begin studying the PL would
be on films of CH;NH;PbBr; deposited via the lead acetate route, since this had proved to be
successful in the previous chapter. To deposit films via this route, 154 mg methylammonium
Bromide (MABr) was dissolved with 175.6 mg lead acetate (pbac) in 1 ml dimethyl formamide (DMF)
with 3 pl of hypophosphorous acid (HPA) as an additive. Essentially an exact analogue of the route
used in the previous chapter, with MABr replacing methylammonium iodide [5, 6]. The resultant
solution was spin coated at 2000 RPM in an N, glovebox and then annealed for 5 minutes at 100 °C.
The resulting films could be visually seen to have excellent optical quality with very little scattering,
and surface profilometry found their thickness to be ~ 190 nm. To further assess their quality, the

films were imaged using atomic force microscopy, and were found to have a low root mean square
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(r.m.s) roughness of 15 nm over a 5x5 pm area, which is in good agreement with the observations of
Zhang et al. when the method was first proposed. However, despite their high optical quality it was
clear that films made via this route had a very low PLQY — no light emission visible to the human eye
was observed when the samples were exposed to UV light from a lamp, and measurements using

the Hamamatsu PLQY setup measured zero signal coming from the samples. In spite of this weak PL,

ASE measurements taken by exciting the films in a stripe using the pulsed CryLAS laser found that

the films could readily support ASE at a reasonable threshold of 125 wcm?, as shown in figure 1.
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Figure 1 — (a) The ASE threshold of a film of CH;NH;PbBr; made via the acetate route. The PL counts deviate from linear and
the FWHM drops dramatically at roughly 125 chm'Z. (b) The ASE and absorption spectra for CH;NH;PbBr; fims. The ASE

peak is between 546 nm and 556 nm. Images taken from our paper [7].

From these results it is clear that, while the PLQY of these CH;NH;PbBr; films is very poor at low
intensities, it must increase significantly as the ASE regime is reached. To study this further, | worked
with lain Harrison, a final year undergraduate project student, to perform intensity dependent PL
measurements on CH3;NH;PbBr; films. The overall aim of this was to excite the films with a 355 nm
pulsed DPSS laser (1 ns pulses, 2.5 KHz rep rate, 2 mm beam diameter) and measure the PLQY as a
function of the beam intensity. This would be done using the PLQY setup described in chapter 3 [8],
with a series of ND filters being used to alter the intensity of the pump beam. Unfortunately, taking
absolute PLQY measurements of the films proved to be too difficult when using a 355 nm pump
source because we could not perform a sufficiently accurate calibration of the spectral response of
the system at wavelengths as short as 355 nm. The calibration light source was a Bentham calibrated
tungsten lamp, which did not have sufficient intensity at 355 nm to provide a good calibration,
meaning that any PLQY measurements would have unacceptable error margins in their results. Since
355 nm was the only pulsed laser source readily available to us, we were forced to take relative

measurements on a given sample within the integrating sphere, but without a complete calibration
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for the spectral response of the sphere. These measurements could be accurately used to compare
results from the same film at different intensities, but could not be used to get quantitative
measurements of absolute quantum yields. Since the aim of the experiment was to observe trends

rather than absolute values, this was deemed sufficient for our purposes.
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Figure 2 - (a) The difference between bimolecular and geminate recombination. In the geminate case an electron will
recombine with the same electron it came from, effectively making the recombination a single particle process, while in
bimolecular recomnbination the pair complely separates amd the charges will find other electrons and holes to recombine
with, making it a 2 particle process. (b) shows a log-log plot of PL counts vs input power for SuperYellow and CH3;NH;PbBr;
films. Note that the CH3NH3PbBr; film could not be measured at very low powers because the signal to noise ratio became

too high for accurate measurements.

Measuring the PL strength as a function of pump pulse fluence, one would expect a material with an
intensity independent PLQY to follow a trend where PL counts are directly proportional to pump
fluence. In organic semiconductors, this is exactly what is observed because the radiative
recombination tends to be geminate —that is an absorbed photon creates a bound electron and hole
pair (exciton), which will then recombine to create light in the way shown in figure 2. Since the
excitons do not need other excitons to help them recombine radiatively, the efficiency of
recombination should remain constant except at extremely high intensities where higher order
effects such as Auger recombination (which are usually bad) start coming into play. Many inorganic
semiconductors are the opposite case to this, where the absorbed photons create free electrons and
holes which must then find each other again if they are to recombine radiatively. In this case, the
efficiency will increase with excitation density because more excited charges means more potential

for a hole to quickly find an electron and recombine before they fall back down via a trap state or
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other non-radiative pathway. This is known as bimolecular recombination, and in this case the PL

should be proportional to the excitation density squared.

Using our setup, we were able to measure the PL from films of SuperYellow (a commonly used
organic light emitting polymer) at pump fluences between 0.4 and 6 pJcm™. The data on a log-log
curve follows a straight line, and the slope indicates the power law which the PL vs pump fluence
curve follows. The data, plotted in figure 2 (b), shows that SuperYellow has a slope very close to
unity. This indicates that the recombination in this film is geminate in nature, which is exactly as
expected for a polymer with a strong exciton binding energy. Comparing this to a film of
CH5NH3PbBr; deposited via the lead acetate route, which has a slope of 1.9, it becomes clear that
the CH3NH;PbBr; films have strong bimolecular behaviour. This explains why the PL is so weak at low
intensities because the charges are unable to find counterparts to recombine with. Therefore, most
of them will decay non-radiatively through trap assisted recombination or similar processes, unless

the excitation density is substantially increased.

Assisted Nanocrystal Pinning

If the problem with our films is that the bimolecular nature of the recombination means the material
only works at very high powers, does that mean that the problem could be solved by making the
recombination more geminate in nature? One method of achieving this, proposed by Tae Woo Lee
and coworkers [9] was to develop a spin coating method that produced very small crystals. He
proposed that the charges were much slower when crossing the crystal boundaries than moving
through the bulk crystal, and so a small crystal would effectively confine the generated electron —
hole pairs in a small space in the way shown on figure 3, thus forcing them to recombine in a manner
which was closer to the geminate nature seen in organics. Creating small crystals in this way is then
obviously a bad thing for solar cells, which aim to separate the charge, but it could be an excellent
way of making films for perovskite LEDs and lasers. By following this logic, Lee was able to create
perovskite light emitting diodes with external quantum efficiencies greater than 8.5 %, using an

adapted version of the nanocrystal pinning technique.

The precursor solution for this assisted nanocrystal pinning (A-NCP) recipe was a 0.6 M solution of
PbBr, and CH3NH;3Br in a 1:1.05 molar ratio dissolved in DMSO. The bromide salts were generally
much more soluble than the iodide salts, and the precursors would be completely dissolved after 5
minutes of vigorous shaking to form a colourless solution. The solution contained a slight excess of
CHsNH;Br in order to minimise the amount of uncoordinated Pb?* ions, which have been shown to
be a major source of trap states in the perovskite films [10], thus helping to improve the light

emission. The solution would then be spin coated in a nitrogen glovebox in a 2 step process, starting
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at 500 RPM for 7 seconds to provide a thick coating followed by a 90 s step at 3000 RPM. During this
second stage, the spinning sample would be washed with an antisolvent of dichloromethane (DCM)
containing 5 mgml™ 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi). The addition
of TPBi to the antisolvent was shown by Lee to substantially reduce crystal size, and we observed
that the resulting CHsNH;PbBr; films were much more luminescent than films made without the
additive. The exact timing of the washing step would vary from day to day due to fluctuations in
room temperature due to changes in the solvent evaporation rate, but the optimal washing time to
achieve high film quality was usually approximately 40 s into the 3000 RPM step. In each device run,
several test samples would be spun to find the optimal timings before the main samples were

fabricated. Following the spin coating the films were then annealed at 90 °C for 10 minutes.

o0e

Figure 3 - (a) In large crystals the free charges cannot find each other to recombine, so strong PL is only seen at high

intensities, as seen in (b) where there are many charges available for recombination. (c) In small crystals the charges are

confined and forced to recombine radiatively.

As a first screening to observe their PL, the samples were illuminated with a UV lamp during the
various stages of fabrication. The samples were observed to immediately glow bright green when
the antisolvent was dropped on the film, indicating the immediate formation of highly luminescent
CH3NH3PbBr; crystals. This PL was observed to grow weaker over the course of the spin coating and
annealing steps, presumably due to the crystals growing to a larger-than-optimal size, but all
samples would eventually stabilise to have a similar level of PL, which was still easily visible to the
human eye — a much better result than seen with the acetate route. Attempts to prevent this initial
decline in PLQY proved fruitless, as the film would always decay to be roughly the same brightness
even if the annealing step was completely removed or the spin coating time reduced. Unannealed
films were also found to be much more vulnerable to degradation than annealed films, and so it was

concluded that the above conditions were optimal.
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Figure 4 - (a) Log-Log plot of PL counts vs power for CH;NH;PbBr; from the acetate route (black) and the A-NCP route (red).
Note that the A-NCP has a slope much closer to one, indicating recombination which is more geminate in nature. (b) ASE

threshold of CH;NH;PbBr; made by the A-NCP route. The red dashed line is a guide to show the threshold. [7].

To provide a more quantitative comparison to the acetate route, we once again measured the
intensity dependence of the PLQY. The log-log plot of the PL to excitation power shows a slope of 1.1
(see figure 4), indicating that the A-NCP route bringis the material very close to the geminate
recombination seen in organic semiconductors. This is an excellent sign as it shows that control of
the crystal size does indeed grant a measure of control over the nature of recombination in the film.
Absolute PLQY measurements were also performed using continuous wave, 442 nm excitation from
a helium-cadmium laser source at an intensity of 4.2 Wem?, yielding a PLQY of 5 % while films from
the acetate route could not produce a signal large enough to accurately measure (meaning a value
of much less than 1 %). This substantial improvement in PL properties for the A-NCP route translated
into a much lower ASE threshold of 45 picm™ (shown in figure 4), which is a factor of 3 reduction
over the acetate route (shown in figure 1). Hence, considering its high PLQY and low ASE threshold it
appears likely that the A-NCP route would be the superior method for the production of perovskite

lasers.

Film Quality and Scattering

While the PL measurements of the films provided a good measure of the gain which these films
could provide, the scattering losses are of equal, if not greater importance because the scattering
can completely destroy the distributed feedback. Best films from the two routes were measured for
waveguiding loss using the method described in chapter 3. The results are shown in figure 6, and it
was found that films from the acetate route have an exceptionally low loss coefficient of 2.5cm™

while films from the A-NCP route have a loss of 8.7cm™. These values are both more than low
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enough to be useful in DFB lasers, but looking at the visual appearance of the films it becomes clear
why the acetate route is so much better in this regard. The acetate route gives clear, glassy films
which provide pristine reflections of their environment, indicating extremely low scattering within
the film. Films from the A-NCP route on the other hand are still smooth, but they have many visual
imperfections within the film. These are likely caused by the much faster formation of the
CH3;NH;3PbBr; crystals, and the result is a film which is much less reflective with some noticeable

scattering.

Pbac Route A-NCP Route

RMS roughness 15.1 nm RMS roughness 1.36 nm

Figure 5 - SEM images of CH3NH;PbBr; films from (a) the acetate route and (b) the A-NCP route. (c) and (d) show 5x5 micron

AFM roughness measurements of the acetate and A-NCP routes respectively. Images from our paper [7].

Part of the reason for this can also be seen from SEM images of the films shown in figure 5. Films
from the A-NCP route show a dense network of clear crystals of ~300 nm size and a complete
absence of pinholes, while the acetate route has a smooth landscape of weakly defined crystals with

a small number of pinholes. The strong crystal boundaries are likely a major contributor to the
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higher scattering coefficient of the films from the A-NCP route, while the small pinholes seen in the
acetate route will be problematic for electrical devices but are too small and thinly spread to cause
significant optical scattering. In spite of the higher scattering, one major surprise of the A-NCP route
was that its root mean square (r.m.s) roughness was a factor of 10 lower than in the acetate route,
despite the smoother visual appearance of the acetate route. Atomic force microscopy
measurements on the films, seen in figure 5, showed that the acetate route had an r.m.s roughness
of 15 nm on a 5x5 um scan area, while A-NCP films showed an exceptionally low roughness of 1.3
nm on the same area. We attribute this discrepancy to the presence of pinholes in the acetate film
which will go all the way through to the substrate. It can be seen in the AFM images that the
roughness is mostly dominated by the presence of a small number of points which almost certainly
correspond to pinholes, meaning that the average roughness is far higher than would be seen in the

completely pinhole-free films made from the A-NCP route.
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Figure 6 - Loss measurements on CH3;NH;PbBr; films from (a) the acetate route, and (b) the A-NCP route. Images are from

our paper [7].

Making a CH3NHsPbBr; Laser

Fabrication Process

Since the A-NCP route showed a dramatically improved threshold whilst keeping the scattering
within acceptable bounds, this method was chosen for the production of green perovskite lasers.
Surface profile measurements of the optimised films gave a film thickness of 140 nm, whilst the
literature report the refractive index of CH;NH;PbBr; at its ASE peak of 550 nm to be 2.2 [11].
Modelling this film using the same logic applied in chapter 5 predicted that this waveguide would
have an effective refractive index of ~ 1.91, indicating that a grating period of 290 nm should provide

distributed feedback. To meet this condition, we once again used the tuneable 2D grating array of

133



with periods from 250 nm to 425 nm in 5 nm steps. The gratings were fabricated via UV nanoimprint
lithography as described in chapter 3, and the finished gratings were pre-treated with a brief
exposure in a plasma asher at low power to assist in spin coating. The CH3;NH;3;PbBr; layer was then
spin coated on top via the A-NCP method, and a layer of CYTOP™ amorphous fluoropolymer was

added as an encapsulant via spin coating at 2000 RPM in the N, glovebox.

( ) Outcoupled Laser Light

T g—
(b) CH3NH3PbBr3—ﬁ>“ —-> - 2% Fu )"* > 3 ¥

. 5 N : 3 -
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_ — CH,NH,PbBr
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Figure 7 — (a) The basic structure of our CH;NH;PbBr; Lasers. (b) A transverse SEM image of a sample without a CYTOP

capping layer. Images are from our paper [7].

Achieving Distributed Feedback Lasing

The completed device had a structure shown in figure 7, and a transverse SEM image of a spare
sample without a CYTOP capping layer was taken to ensure that the perovskite was conforming to
the gratings as expected. When the 300 nm period grating was excited with 355 nm, 1 ns pulsed light
from the CryLas laser source it demonstrated clear single mode lasing emission above a pump
threshold of 6 plcm™. The emission from the sample was measured using a fibre-coupled CCD with
the collection point approximately 20 cm from the sample. The pump beam was input at a 10 degree
angle to ensure that no remnants of the pump were coupled into the CCD. Below threshold, the PL
from the sample was weaker than the background noise in the CCD due to its high divergence, and
so no measurable emission from the sample was observed. Above threshold, a clear spike in the
spectrum at 547 nm appeared with a full width half maximum of ~0.2 nm. The nominal resolution of
the CCD in this configuration is 0.03 nm. The emission spectrum and threshold measurement are

shown on figure 8.

The exact wavelength of lasing could be tuned to a small degree (between 555 nm and 543 nm) by
altering the grating period in the region between 285 nm and 305 nm, as shown on figure 9 (a), but
the 300 nm grating was found to give the lowest threshold. Starting at the 285 nm grating, the lasing
wavelength increased linearly with grating period up to 295 nm, where a mode hopping behaviour
was observed from 555 nm to 543 nm. Above this period the lasing wavelength continued to

increase linearly with grating period before disappearing in gratings of period 310 nm or larger. This
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hop is attributed to a switch between TE and TM polarisations and will be discussed in more detail in
the next subsection. Note that lasing could not be observed in gratings with periods greater than 305
nm or shorter than 285 nm because the feedback modes would lie outside of the region where gain

was greater than loss in the perovskite film. A rough estimate of the region where gain exceeds loss

can be taken from the ASE spectra of CH3;NH;3;PbBr3;, and it can clearly be seen on figure 1 that this

lies between 546 and 556 nm.
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Figure 8 - (a) Emission spectra from CH;NH;PbBr; laser as threshold is crossed. (b) Measurement of lasing threshold of 300

nm grating. Images are from our paper [7].

It is worth noting that some, but not all of the devices made were able to sustain 2 lasing modes on
the 295 nm grating — the point at which the mode hop occurs. An example of this is shown in figure
9 (b), where the laser clearly turns on at 544 nm above a pump fluence of 15 pcm™, with a second
mode at 555 nm appearing as the pump fluence was increased. This second mode appeared to have
a much higher slope efficiency than the 544 nm mode, and by 35 pcm™ it dominated the spectrum.
This double mode operation is caused by competition between two possible modes with similar
resonance conditions (hence the hopping effect which will be further discussed later), and so if the
exact conditions are met then both modes can be supported on the grating. Due to small sample to
sample variations in thickness, this double mode behaviour was only observed in about 50 % of
samples, indicating that there is a very narrow resonance condition for a grating to be able to
support both modes simultaneously. Of more interest is why the 555 nm mode seems to grow faster
with pump power than the 544 nm mode, despite the 544 nm mode having a lower threshold, since
modes with a lower threshold tend to have a better slope efficiency. The results we observe
contradict this general rule, and the most likely explanation for this is that the 544 nm mode has a
lower surface emission loss than the 555 nm mode, which could lead to a lower threshold but

weaker overall outcoupling.
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Figure 9 - (a) Lasing wavelength vs grating period. Note there is a "hop" in the lasing wavelength on the 295 nm grating. (b)
Dual mode lasing from a 295 nm grating. Images are from our paper [7].(c) Graph of peak counts vs pump power for the

two competing modes.

Beam Properties

A photograph of the laser emitting from the 300 nm grating is shown on figure 10 (a), while figures
10 (b) and 10 (c) show close ups of the emitted mode from the 290 nm grating and the 300 nm
grating respectively — on either side of the mode hop. The lasing is clearly dominated by output from
an annular transverse mode which we attribute to a 2D Bloch resonance supported by the two
orthogonal grating vectors in the 2D micropillar grating array, thus creating a (1,1) output mode.
Faint traces of the cross-like emission of the (1,0) and (0,1) modes can sometimes be seen in some
gratings, but it is clear that the (1,1) mode dominates. This is interesting because the (1,1) mode is
usually not visible in OSC lasers of identical design, suggesting that the high refractive index of the
CH3NH3PbBr3 may strongly affect which modes are favourable. Other scattered light is also visible
far from the centre which is due to the outcoupling of waveguided light by adjacent gratings, and the

fact that these are clearly visible emphasises that this laser is achieving very low waveguide

propagation losses.
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Beam Properties

A photograph of the laser emitting from the 300 nm grating is shown in figure 10a, while figures 10b
and 10c show close ups of the emitted mode from the 290 nm grating and the 300 nm grating
respectively — on either side of the mode hop. The lasing is clearly dominated by output from an
annular transverse mode which we attribute to a 2D Bloch resonance supported by the two
orthogonal grating vectors in the 2D micropillar grating array, thus creating a (1,1) output mode.
Faint traces of the cross-like emission of the (1,0) and (0,1) modes can sometimes be seen in some
gratings, but it is clear that the (1,1) mode dominates. This is interesting because the (1,1) mode is
usually not visible in OSC lasers of identical design, suggesting that the high refractive index of the
CH3;NH;3PbBr; may strongly affect which modes are favourable. Other scattered light is also visible far
from the centre which is due to the outcoupling of waveguided light by adjacent gratings, and the
fact that these are clearly visible emphasises that this laser is achieving very low waveguide

propagation losses.

Figure 10 - (a) A photograph of a CH;NH;PbBr; Laser in operation. The surface emitted beam is refocussed with a collecting
lens (not visible) and projected on a white screen. Remnants of the pump beam are visible to the right of the sample output.

(b) A close up of the emission from a 300 nm grating and (c) a 290 nm grating. Images are from our paper [7].
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Figure 11 - Analysis of beams using a linear polariser. (a) and (d) show the unpolarised beam profiles of the 300 nm and 290
nm gratings respectively. (b) and (e) show the beams after passing through a horizontal polariser, while (c) and (f) show the
vertically polarised beams. Applying this logic, we can conclude that the 300 nm grating mode is radially polarised while the

290 nm beam is azimuthally polarised. Images are from our paper [7].

Comparing the beams from the 300 nm and 290 nm grating, both beams have the same annular
shape, but the beam from the 290 nm grating has a much smaller diameter. This rule holds across all
gratings in that beams from gratings below 295 nm are much smaller than the beams from gratings
above. This looks to be strongly linked to the mode hopping effect seen on the 295 nm grating, and
so to investigate the effects of this mode hop further the beams were viewed using a Coherent™
beam profiler to examine their properties in more detail. As would be expected, the unpolarised
beams have a clear annular shape when viewed through the profiler, but when the beams are
passed through a linear polariser the beam switches to a double lobed (TEM,o-like) beam as shown

on figure 11. Both the 290 nm and 300 nm gratings have this effect, with the only difference being
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that the double lobed beam is rotated by 90 degrees between the two modes. Rotating the polariser
by any angle would result in an identical rotation in the output beam by the same angle, showing

that the polarisation of both beams has circular symmetry.

Using this information, we can conclude that the beam from the 290 nm grating is azimuthally
polarised, as is the case for the TE output for most OSC lasers [12], while the output from the 300
nm grating is radially polarised. This would suggest that our mode hop is between TE and TM
polarisations, which shows another major difference between perovskites and OSCs for DFB lasers
because the TM mode is not normally visible in OSC lasers due to the strongly anisotropic nature of
polymer films. In a polymer laser, the molecule chains are usually strongly orientated to be in the
plane of the films, meaning that the TE and TM modes will see very different environments and
hence will have very different refractive indexes [13]. Perovskites on the other hand have very little
difference in refractive index for the two polarisations, and hence the resonance condition for the TE
and TM mode have only a small separation compared to polymer lasers, which will usually only meet

the resonance condition for the TE mode.
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Figure 12 - M’ measurements of beams from (a) the TM mode and (b) the TE Mode. Images are from our paper [7].

This easy switching between TE and TM modes could have sensing applications, where the laser
would be tuned to be close to the hopping point so that a small change in local environment would
cause a sudden shift in output polarisation, and achieving radially polarised emission could also be of
interest because it has been hypothesised that a radially polarised beam could be focussed to a
radius below the diffraction limit [14]. To test this, we took M? measurements of the beams from
both gratings by focussing the output of the laser to a point using a spherical lens with 40 mm focal
length, and measuring the beam radius with the beam profiler. The beam radius was then measured

as a function of displacement, and the resulting curve was fitted to the beam radius equation
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f 237\2 .
w=wy |1+ (Zw j) . The results are shown on figure 12, and show that the TM beam has an M?
0

value of 36, while the TE beam has an M? of 26, indicating that we are very far from the diffraction
limit in either of the beams. Having an M? value as high as this is quite surprising given that the
beams appear to be of good quality with strong temporal coherence. The presence of the wide
minimum in intensity on the axis of the surface emitted beam will certainly contribute to the poor
value, but this cannot explain the whole problem because most Laguerre-Gaussian beams have a

good M? whilst still having minimum in the centre.

FDTD simulations of Modes

Thus far, we have assumed that the radially polarised beam comes from a TM mode while the
azimuthally polarised beam is TE. To confirm this, we performed further finite difference time
domain (FDTD) simulations of the waveguides using software provided by Markus Karl from Prof.
Gather’s lab at the University of St Andrews, and detailed refractive index data of CH;NH;PbBr;
reported by Alias et al [11]. The aim was to reproduce the lasing modes observed at 543.5 nm and
556.0 nm in the dual mode 295 nm grating, which we had assigned to the TM and TE modes
respectively. The simulations were made more complex by the fact that CH;NH3PbBr; has a strong
dispersion in its refractive index in the lasing region, meaning it is important to know the exact

refractive index at each wavelength in order to get an accurate simulation.
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Figure 13 - FDTD simulation curves for (a) TM and (b) TE modes. The effective refractive index is defined as the point where
the phase shift and geometric line cross. Calculations were performed assuming grating period of 295 nm, a perovskite
layer thickness of 140 nm, and cladding layer refractive indices of 1.33 and 1.53 for CYTOP and the UVcur-21 grating

respectively. Images are from our paper [7].

Modelling the laser as a slab waveguide and plugging in refractive index values for CYTOP (1.33), the

grating material (1.53), and CH3NH3PbBr; at 556 nm (2.165) gives an effective refractive index for the
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TE mode of 1.884. Multiplying this value by the grating period predicts a lasing wavelength of 556
nm, which is exactly what we observe in experiment. Thus we have external confirmation that the
556 nm mode, along with the azimuthally polarised modes observed on the 290 and 285 nm
gratings, are indeed TE modes. Performing the same simulations for the TM mode, whilst being sure
to account for the dispersion of the refractive index of CH;NH;PbB; gives a TM mode effective
refractive index of 1.832. Plugging in the grating period of 295 nm predicts a lasing mode at 540 nm,
which is 3 nm shorter than what we observe experimentally. The most likely reason for this small
discrepancy is that the different film preparation route we use might result in slightly different
dispersion relation to that seen by Alias et al. But the salient point is that the FDTD simulations
predict the TM modes to be at a shorter wavelength than the TE, which agrees with the polarisations
we initially assigned. This confirms that it is indeed correct to call the radially polarised modes TM
and the azimuthal modes TE and shows that, in this case at least, the same polarisation logic applies

to perovskite lasers as it does in polymer lasers.

Stability

One of the key challenges in the field of solution processed lasers is maintaining stability under high
average pump powers. Even if the problems with triplet excitons are sorted, the ultimate aim of
achieving continuous wave operation is unlikely if the material degrades quickly under these
conditions. The main advantage of CW operation is the ability to achieve high average powers, but
many organic semiconductors can be quickly degraded by photooxidation if pumped in this way.
Perovskite solar cells have similar issues with stability, but their main catalysts for degradation are
water and metals [15, 16], which are both far easier to exclude in a laser device than oxygen is.
Whether oxygen is able to degrade perovskites is a matter of some debate, but in any case the rate
of degradation due to oxygen is many times lower in perovskites than it is in organics, and in some
cases it has even been shown to improve PL in CH;NH;PbBr;[17]. This means that the simple
encapsulant of a CYTOP™ capping layer, which is an excellent water barrier but a poor barrier to

oxygen, could be sufficient to allow the perovskite laser to operate for extended periods of time.

Due to their high resistance to oxidation, we found that CH;NH;PbBr; laser devices remained
operational even after several months of storage in ambient conditions at 50 % humidity, albeit with
most devices having an increased threshold to as much as 50 pcm™ after storage. This stability
made perovskite lasers very simple to work with, as a single grating could be studied while operating
well above threshold for days at a time with no noticeable degradation in the beam output, allowing
detailed characterisations to be easily performed. To assess this stability more quantitatively, a

CYTOP™ encapsulated laser was excited at roughly 2x threshold with 400 nm pulses from a 20 Hz
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optical parametric oscillator source. The lasing output vs time was set to be repeatedly measured
overnight, and it was found that the output power of the perovskite laser showed no downward
trend even over the entire test duration of more than 15 hours. The results of this measurement are

shown in figure 14.
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Figure 14 - (a) CH3;NH3PbBr; laser stability under ns pumping at 2x threshold at 100 Hz. (b) Stability under high power(~200

,chm'z) fs pumping at 100 KHz. Images are from our paper [7].

In an attempt to stress the material to its limit, we tested the laser under very high power using 400
nm, 200 fs pulses from the second harmonic of an optical parametric amplifier which was pumped
by a Light Conversion™ regeneratively amplified Pharos laser. The pump fluence was set to be
several orders of magnitude above threshold at 200 wcm™ with a pulse rate of 100 kHz, resulting in
an average intensity of 20 Wem™. This represents 10000x more average power than used in the ns
pumping experiments, but even under these extreme conditions the laser was able to withstand 80
minutes of continuous excitation before falling to 10 % of its initial value. These results show
perovskite lasers have a stability far beyond that of most organic laser materials, which until recently
were only reported to survive a maximum of ~10° pulses at 30 wcm™ in the literature [18]. Very
recently, Adachi et al. showed great progress by reporting an organic laser which fell to 10% of its
initial value after ~7x10° pulses [19], but due to its lower threshold the total energy absorbed by the
perovskite laser still far exceeds that of the organic material (1x10™* pJcm™ versus 3.6x10° pem™
respectively). Our results definitely have scope for improvement with improved encapsulation or
improved for lower thresholds, and we have therefore shown that perovskites have the potential to

operate under high powers for very long periods of time.
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Purity of Lead Salts

As mentioned in chapter 4, it was discovered towards the end of this PhD that the purity of the lead
salt in the precursor solution is critical to achieving high performance in perovskite devices. All
devices reported in this work were made using 99.999 % purity lead bromide (PbBr,) from Sigma
Aldrich (CAS 398853), but to provide comparison we made several batches of devices using their
lower purity PbBr, which was rated to only 98 % (CAS 211141). The solubility issues reported earlier
were not a problem because the bromide salts are much more soluble in DMSO than their iodide
counterparts, meaning that the precursors were easily soluble even when using the low purity PbBr,.
However, the difference was clearly visible in the lasing threshold of the resulting devices. DFB lasers
made using low purity PbBr, demonstrated a minimum lasing threshold of 50 pcm™ — an order of
magnitude increase over the otherwise identical samples made from pure PbBr,. We attribute this
drop in efficiencies to impurities in the final perovskite causing a quenching of the PL, and it provides
a clear demonstration of the impact that the purity of the precursor compounds can have when

making perovskite devices.

Attempts to Reduce Threshold

Alternative Antisolvents for Nanocrystal Pinning

When finding the optimal deposition method for achieving low threshold CH;NH;PbBr; lasers, we
tried many different choices and compositions for antisolvents in the NCP method before concluding
that the TPBi in DCM solution was optimal. The general trend we found was that more volatile
antisolvents gave better PLQY but were much harder to optimise to get a good film quality. Using
antisolvents such as toluene or chlorobenzene would easily result in good films, with the exact
timing of the solvent wash having a large window for optimal quality. However the samples would
emit only very dim green light under a UV lamp, and had a PLQY of less than 1 % under laser
excitation. Using more volatile antisolvents such as chloroform, dichloromethane, and diethyl ether
in general resulted in films with much stronger photoluminescence. However the spin coating
process proved much harder to optimise. If the antisolvent was dropped too early then the film
would have spiral patterns on the surface, leading to films which were too scattery to be of use in
lasers. However if the antisolvent was dropped too late then the PL from the sample would be weak
and patchy. In chloroform, the optimal timing for the wash had a window of about 5 seconds. The
more volatile the solvent, the stronger the PL but the narrower the optimal window, and so we
found that DCM had a window of about 2 seconds while getting a good film using diethyl ether
proved to be more luck than judgement. Thus making it unsuitable for achieving reproducible

devices. The difference in threshold between films made using chloroform and DCM was found to
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be fairly negligible, but we chose to stick with DCM since it was the most volatile solvent we could

reliably get good films with.
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Figure 15- (a) Threshold measurement comparing ASE thresholds of films made with or without TPBi as an additive to the
antisolvent. A comparisson of SEM images from samples made using (b) pure toluene, (c) pure chloroform, and (d) DCM

with TPBi additive.

Adding TPBi to the solvent was found to dramatically enhance the PLQY of samples when using any
antisolvent which would dissolve it, but it once again led to a trade-off between high PLQY and good
film quality. If the concentration of TPBi was increased much beyond 5 mgml™ in DCM or chloroform
the surface roughness was seen to visibly increase, and blue emission from the sample could be seen
caused by the emission from the TPBi. We therefore decided to use the highest concentration we
could get away with before visual reduction in film quality became evident, which is why 5 mgml™
was considered optimal. A point of interest is that TPBi was the only organic small molecule we
could find which caused an improvement in performance. Adding other small molecules such as
Bathocuproine (BCP), 4,4'-Bis(N-carbazolyl)-1,1'-biphenyl (CBP), or 1,3-Bis(N-carbazolyl)benzene
(MCP) all resulted in films with only a small improvement in PL coupled with a far greater decrease in

film quality than observed with TPBi. It is not clear why TPBi works so well in this case, or indeed
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how Tae Woo Lee et al. discovered its utility, but it seems to be one of a very small subset of

materials that works.

Ceasium and Formamidinium Perovskites

As a final step to optimisation of the lasing threshold, we decided to experiment with switching the
A site cations in the perovskite structure. Both formamidinium (FA) and caesium (cs) have been
shown to give improved performance in lodide perovskite solar cells [20-22], so we aimed to make
films of FAPbBr; and CsPbBr; for testing. It is worth noting that FAPbBr; and CsPbBr; are both stable
at room temperature, while their iodide counterparts are not. This is because the ionic radius of Br’
is much better suited to forming a perovskite structure with these cations than the I anion. FAPbBr;
films were made via an identical recipe to the A-NCP route, with the exception that the CH3NH;Br
component was replaced with the same molar fraction of FABr. Spin coating with this solution
tended to produce films of very poor quality with poor PL and many pinholes in the film. However it
was found that the film quality could be improved greatly by adding a small amount (20 ul per ml) of
hydrobromic acid (HBr) to the solution prior to spin coating. The addition of HBr made the solutions
much more unstable, meaning that the solution had to be used in the same day or the solution

would precipitate and give poor results, but the film quality was dramatically enhanced.

Unfortunately, the same trade-off between PLQY and film quality cropped up again.

(b) (9)

Figure 16- Perovskite films made via various routes, illuminated with UV light. The first three samples show CH3NH;PbBr;
produced via (a) the acetate route, (b)the NCP route using chlorobenzene as an antisolvent, and (c) the A-NCP using TPBi in
chloroform as an antisolvent. (d) shows FAPbBr; made via the A-NCP route using TPBi dissolved in chloroform as the

antisolvent.

FAPbBr; samples spun using pure chloroform as an antisolvent produced excellent films made of
densely packed grains with a complete absence of pinholes(see figure 17), but under UV excitation
they would produce no photoluminescence at all, even under high powers. Films made when
washed with a 5 mgml™ solution of TPBi in chloroform had much stronger PL than any other film
made via this method, but the film quality and stability was very poor. Samples made in this way

could be measured to have a PLQY of 1.3 % in the Hamamatsu PLQY machine using low intensity
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excitation. This is still below the point at which the setup is considered trustworthy, but it is a major
improvement on all CH;NH;PbBr; samples which were either unmeasurable or less than 0.5% when
using powers as low as this. Pictures of the films from various routes are shown for comparison in
figure 16, and SEM images of FAPbBr; films with and without the TPBi additive are shown on figure
17. Unfortunately, the bright FAPbBr; films had poor waveguiding properties due to their loosely
packed crystals, and so the damage threshold of the films was reached before any ASE was

observed.

54800 3.0kV 9.4mm x22.0k SE(M) S4800 3.0kV 6.0mm x22.0k SE(M)

Figure 17- SEM images of FAPbBr3 spun using the A-NCP method using (a) Pure Chloroform as an antisolvent, (b) Using a 5
mgm/'1 solution of TPBi in Chloroform as an antisolvent. The addition of TPBi to the antisolvent dramatically enhances PL

but results in extremely poor quality films.

Using CsPbBr; as a gain medium was a very attractive prospect because its completely inorganic
nature made it extremely stable and resistant to degradation. To make films, we followed a recipe
by Mcghee et al [22] - a 0.4 M solution of a 1:1 mixture of CsBr and PbBr, was prepared in DMSO,
which was dissolved overnight by stirring at 100 °C. This lower concentration is because the CsBr is
far less soluble than its organic counterparts, meaning we were limited to low concentrations. The
films were formed by spin coating at 3000 RPM for 60 s and then annealing at 100 °C for 30 minutes.
Despite reports of good film quality in the literature, we found this method gave poor surface
coverage and films which were unsuitable for lasing. To rectify this, we introduced an antisolvent
wash step approximately 30 seconds into the spin coating. We found that most antisolvents resulted
in similarly poor film quality, but washing the films with pure toluene resulted in films which were of
acceptable quality. However, despite their improved stability and smooth surface, our CsPbBr; films
had very poor light emitting properties. The samples emitted PL at approximately 530 nm — a slight
blue shift compared to CHsNHs;PbBr; — but were significantly weaker even than CH;NH;PbBr;

produced via the acetate route. The CsPbBr; films could be used to achieve ASE at a threshold of

146



approximately 150 wJcm?, but the ASE was unstable with poor reproducibility. ASE would usually
only be observed if the excited strip was left under high power excitation (~500 pcm™) for extended
periods to “burn in”. Samples under these conditions would initially show a simple PL spectrum, but
over time an ASE peak would slowly grow from the spectrum over the course of several minutes.
After the burn in, ASE could be observed at 150 chm’2 in the affected area of the sample, but it
would quickly turn off if the excitation strip was moved to a fresh area. Attempts to ascertain a
reason for this unusual effect were unsuccessful because the areas which had undergone burn in
appeared to be completely indistinguishable from fresh areas by any other measurement. Areas
which had been “burnt in” did not appear to have any increased PL when viewed under lamp
excitation, and the PL part of the spectrum would always remain relatively constant even as the ASE
peak started to appear, meaning that this effect is likely not due to an increase in PLQY. In any case,
the relatively high ASE threshold, together with the unpredictable and undesirable burn in behaviour
led us to conclude that CsPbBr; was an inferior medium for creating distributed feedback lasers.

Hence it was not studied in further detail.
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Figure 18 - (a) Emission spectra of a CsPbBr; film under excitation at 500 wem™. Initially only PL is observed, but after 180 s
of exposure a clear ASE peak is observed. After burn in, threshold measurements could be taken, and the results are shown

in part (b).

Conclusions

In conclusion, this chapter further develops halide perovskites as a laser material, and demonstrates
a low threshold laser which emits highly stable and coherent light in the “green gap” part of the
visible spectrum. We showed that the lasers have many interesting properties, being able to support
multiple polarisations and modes, whilst also being stable and resistant to degradation. We

performed a comparison between many different routes of producing CH;NH3PbBr; films, and found
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that the A-NCP route was the best for confining the charges and bringing the material closer to

geminate recombination. Thus optimising the trade-off between PLQY and film quality. Finally, we

performed an investigation into other potential perovskites for supporting lasing, but unfortunately

neither of the alternative structures we studied proved to have suitable properties.
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Chapter 7: Low Dimensional Perovskites

In the previous chapters we demonstrated that many of the properties of perovskites which make
them excellent materials for solar cells also make them an excellent gain medium in thin film lasers.
We demonstrated that optimising the processing conditions for the perovskite films to promote high
PLQY at low intensities, whilst also maintaining good film quality, was key to achieving a low lasing
threshold in perovskite thin films. By applying this logic, we were able to make simple solution
processed lasers which emitted in the green and near infrared parts of the spectrum with
remarkable stability. The high stability, conductivity[1], and low exciton binding energy [2, 3] of the
perovskite lasers give them some advantages over their OSC counterparts and make them excellent
candidates for continuous wave or electrical pumping. However, our best threshold of 6 plcm™ is
still an order of magnitude higher than the best performing organic polymer lasers[4], and we have
yet to translate the easily tuneable bandgap of perovskites into lasing across the visible spectrum. In
this chapter we attempt to improve upon these shortcomings by investigating the properties of low
dimensional perovskites, which use their geometry to confine the charges to operate in a low
dimensional regime. We shall first discuss our work with quasi-2D layered perovskites to produce
high PLQY films for amplified spontaneous emission, before showing our results on using zero-

dimensional perovskite nanocrystals (PNCs) to produce lasers and thin films with tuneable colours.

Layered Perovskites for Improved PLQY and high film quality

Theory of Layered Perovskites

In chapter 6, our improvements to the PLQY of CH;NH;PbBr; films certainly made a big difference to
the threshold of the resulting lasers, but even our best performing films never had a PLQY larger
than 5% under excitation from our He:Cd laser. Comparing this to the ~70 % PLQY seen in poly[2,5-
bis(2’,5'-bis(2"'-ethylhexyloxy)phenyl)-p-phenylenevinylene] (BBEHP-PPV) polymer laser films[5] it is
not surprising that polymer lasers can achieve a much lower threshold. We appear to have reached a
local maximum in how far we can improve the PLQY of CH;NH;PbBr; films, and so without an
obvious pathway to making further improvements it seems clear that we will need to significantly
modify our material compositions to achieve PLQY values (and hopefully lasing thresholds) which are

competitive with OSCs.

Layered perovskites offer an alternative way to get high PLQY films whilst still maintaining much of
the favourable properties of perovskites. As mentioned in chapter 2, they work by confining the

charges into 2 dimensions to increase the exciton binding energy, and the resulting excitons are all
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funnelled into the lowest bandgap region where they can recombine with low loss. This significantly
reduces the intensity dependence of the PLQY in the film because the recombination becomes
mostly geminate in nature, and the charges are concentrated in a small region even at low
intensities. Thus these materials can achieve high PLQY values at low intensities in a similar way to
0OSCs, but they have a broadly similar composition to normal CH;NH;PbBr;. The only difference being

that they incorporate a second (much larger) organic cation to separate the layers.

Layered perovskites were first developed for the study of polaritons in perovskites[6, 7] because the
exciton binding energy in normal 3D perovskites was too low for strong coupling to occur[2]. The
first attempts at this involved replacing the CH;NH5* (MA) ion in the perovskite with something much
larger such as phenylethylammonium (PEA) or n-butylammonium (BA). The structure of these ions is
shown in figure 1, and replacing MA with them created a series of 2D layers made from planes of
Pbls octahedra, separated by the bulky organic cations. These materials showed a very strong
exciton binding energy (~200 meV)[7], but they only had strong photoluminescence at low
temperatures[8] due to exciton-phonon quenching[9]. Later attempts found that much better
results could be obtained from a hybrid between the two extremes of 2D and 3D perovskites by
creating several repeat units of the 3D perovskite within each layer[10-12]. Layers with many repeat
units will have a bandgap approaching that of the bulk 3D perovskite, but the bandgap is strongly
blue shifted for thinner layers. The average number of repeat units in each layer is referred to as the
n value for the layered perovskite, with n=1 being single layers of Pblg octahedra and n=<° being the
bulk 3D perovskite, and any material with n=2 or greater will have a mixture of layer thicknesses
which average out to the n value. Since the widest regions have the lowest bandgaps, all excitons
are funnelled to these regions via quantum tunnelling through the layers, resulting in a high

concentration of the charge even at low powers.
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Figure 1 — The structure of the (a) Phenylethylammonium ion and (b) the n-butylammonium ion.

The n value of a layered perovskite is easily controlled by tuning the stoichiometry of its precursor
solution, and samples between n=3 and n=7 tended to give the strongest PL in the literature. In

2016, two research groups (Huang et al and Sargent et al)[10, 11] simultaneously exploited these
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properties to produce perovskite light emitting diodes with external quantum efficiencies up to 11.7
% - an extremely impressive result given the high refractive index of perovskite films. These LED
results were impressive, but of particular interest to us was that in making these devices they
reported that layered perovskites produced films with high stability, extremely low roughness, and
PLQY values exceeding 60 % at most intensities. This was the exact goal we were aiming for in
chapter 6, so if these results could be replicated then it could be the ideal route to achieving

extremely low lasing thresholds in perovskite films.

Making Layered Perovskite Films

To make films of layered perovskites, we initially started following Sargent et al’s route[11] to
making films with phenylethylammonium iodide as the bulky cation to separate the layers. The
recipe aimed to make films with the composition (PEA),(MA),.1Pb,l3..1. The precursors were mixed in
the specific stoichiometry to achieve the desired n value, and were then dissolved to a 1M
concentration in DMSO. The correct stoichiometry of the solutions for a given n value could be

calculated using the following recipe:

1M Lead Salt,

%M Phenylethylammonium Salt,

(1 - %) M Methylammonium Salt.

For instance, an n=3 perovskite would require 1 M lead salt, 0.66 M PEA salt, and 0.66 M MA salt
dissolved in DMSO. The solutions were then spin coated at 1000 RPM for 10 s before being ramped
up to 5000 RPM, during which the sample was washed with a chlorobenzene antisolvent. The
resulting films were then annealed at 70 °C for 10 minutes to improve crystallisation. In their paper,
Sargent et al reported high quality films with a best PLQY of ~10 % at low intensities when using n=5
(PEA),(MA),.1Pb,l3,.1. However, our attempts to replicate these results gave rough films with a

negligible PLQY for n=3, n=4, and n=5 variants of this material.

With the failure of this initial attempt, we designed a bromide version of this layered perovskite,
(PEA),(MA),.1Pb,Brs,.1, whose green emission would hopefully allow better optimisation of the
parameter space. The recipes remained identical, with the exception that Pbl,, PEAI, and MAI was
replaced with PbBr,, PEABr, and MABr. Films made in this composition still had a rough and scattery
surface texture, but the films with n=3 stoichiometry showed dim blue-green PL when excited with a
UV lamp. These films had a PLQY of ~4 % when measured under lamp excitation in the Hamamatsu

setup. This is a significant improvement upon our previous materials, but still far below the values
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we were hoping to achieve, and the films were too rough to be of any use in an optoelectronic

device.
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Figure 2 - (a) PL spectrum of n=3 (PEA),(MA),.;Pb,Brs,.; formed using DCM:TPBi as an antisolvent, (b) A comparison of the
best PLQY values achieved on n=3 (PEA),(MA),.;Pb,Brs,.; films when using different antisolvents. The PLQY was measured

under 400 nm excitation in the Hamamatsu setup.

To improve upon this, we investigated a range of different antisolvents and spin coating conditions.
A comparison of the performance from each antisolvent is shown on figure 2, and we found that a
method very similar to the A-NCP method used in chapter 6 proved to be optimal for simultaneously
achieving high quality films and high PLQY. The solution was spin cast at 500 RPM for 7 seconds and
then 3000 RPM for 90 seconds. An antisolvent of dichloromethane (DCM) containing 5 mgml™ TPBi
(which we shall henceforth refer to as DCM:TPBi) was dropped on the sample after ~45s of spinning
(optimal washing time could vary day to day). The final films were then annealed at 90 °C for 10
minutes to remove any remaining solvents. One point of interest was that the film quality issues
seemed to be reversed when compared to spinning CHsNH;PbBr; previously. High boiling point
antisolvents such as chlorobenzene or toluene would cause instant conversion to a rough film, whilst
using chloroform (CF) or DCM would slowly convert the film over ~60 s to a much smoother film with

very strong PL.
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Figure 3 - (a) A Dektak trace of a scratch on a film of n=3 (PEA),(MA),..Pb,Brs,.,. The scratch depth shows a total film
thickness of 370 nm. (b) An SEM image of the same film. The scratch is included in the image to show that the sample is in

focus.

A comparison of the PLQY values from all the antisolvent compositions investigated is shown on
figure 2, and it is clear that the addition of TPBi to the solvent mixture improves the PLQY
significantly. The best PLQY of 72 % is seen in films using DCM with TPBi, which we believe is the
highest value reported for any perovskite film in the literature. The use of chloroform (CF) and
dichloromethane (DCM) antisolvent blends once again achieved similar results, with the DCM:TPBi
blend being harder timings to optimise but achieving a higher PLQY. The resulting films from this
optimised method were of extremely high quality, with a thickness of ~370 nm and a roughness
below the resolution of our Dektak (+ 10 nm) as shown on figure 3. SEM images of the samples
appear largely featureless, indicating that the sample is made up of either very small or very weakly
defined crystals, meaning that these films are likely to have extremely low scattering losses. From
the lessons we learned earlier, this combination of low scattering and high PLQY makes

(PEA),(MA),PbsBrio look like an ideal laser material.

Once we had established the most reliable deposition route, we looked into how the PL changed
with the n number of a given film. As can be seen on figure 4, the PL peak of the n=2 composition
(485 nm) is strongly blue shifted from 550 nm peak of n=co CH3;NH;PbBr;. When the n value is
increased to n=3 we see a large red shift in the PL to a peak of 515nm, coupled with a large increase
in PLQY. As the n value is increased above n=3, the PL tends towards the spectrum of the bulk
CH3;NH3PbBr3;, and the PLQY gradually weakens with increasing n. These results are in good
agreement with other literature, showing that films with narrower layers will have wider bandgaps,

and they demonstrate that the n=3 perovskite is optimal for strong PL in this case.
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Figure 4 - (a) A comparison of the PLQY values observed for (PEA),(MA),.;Pb,Brs,.; films of different n values in the
Hamamatsu setup. (b) Normalised PL spectra for the same films measured in the Hamamatsu setup. Note that in order to
get a measurable spectrum from the n=cesample it was measured under 42 mW, 442 nm laser excitation from a He:Cd
laser, under these conditions the n=o= sample has a 5 % PLQY.(c) Peak emission energy vs n number. n=9999 is used to

represent the bulk film which has n=infinity.

Film Formation

To gain some insight into why this method yields such good results, we observed the film formation
in real time by illuminating the films with UV light while they were being spin coated. No PL is
observed before the CF:TPBi antisolvent is dropped onto the sample, but when the antisolvent is
dropped on, a large amount of brightly glowing solution is thrown off the sample. This would
indicate that nanocrystals of the perovskite are forming in the excess chloroform mixture, and they
seem to have an accelerated formation compared to the remaining material in the film. The PL from
the excess solution quickly decays, which suggests that the nanoparticles are not stable in this state,

but during their lifetime they change colour from blue to green before finally decaying.

This behaviour is mirrored to some extent in the film itself, which is seen in figure 5 to slowly shift

from deep blue to cyan to light green over the course of 60 seconds, with the brightness of the PL
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increasing in line with the colour shift. The final film does not decay in the same way as the excess
solution, and after annealing it maintains its strong, pale green emission. The evolution of the PLin
this way could not be observed quantitatively since it was not possible to get a spectrometer into
the glovebox, but we hypothesise that what we are observing is the growth of the perovskite layers

in real time.

Figure 5 — A timelapse of the formation of an n=3 (PEA),(MA),.;Pb,Brs,., film. The film is illuminated with a UV lamp while

spinning. (a) The film has no PL Before the antisolvent is dropped because the perovskite has not yet formed. (b) At 45 s the
antisolvent is dropped on the film (c-h) The film gets brighter and changes colour as the perovskite forms. (h) The final film

after annealing

From our studies varying the n value of the films, we found that narrower layers have a wider
bandgap. This means that the early emission will be blue because it is dominated by the narrower
layers, which will take less time to grow than the larger, green emitting layers. As the wide regions
form, the charges in the narrow layers are funnelled into the wider layers which have a lower
bandgap. Hence the emission will red shift towards the green as the layers grow, until emission from
the wider layers dominates. It would certainly be interesting to prove this hypothesis by performing
X-Ray diffraction measurements on the films as they formed, but the logistical challenges of
performing real-time X-Ray measurements on a spinning sample inside a nitrogen filled glovebox

made this impossible to realise.

Lead Purity
As a final note on film formation of these layered perovskites, it once again became clear that the

purity of the lead salt is crucial to achieving high PLQY films. To test this issue, we made two
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otherwise identical solutions of n=3 (PEA),(MA),.1Pb,Brs,.1 using high purity PbBr, (sigma Aldrich,
99.999 % grade) for one solution and low purity (sigma Aldrich, 98 % grade) PbBr, for the other.
Films were made using the solutions under identical conditions, and the PLQY was found to drop
from 72 % to 58 % when the lower purity PbBr, was used. This further emphasises that ensuring high

purity of the precursor compounds is vital to achieving the best performance in this field.
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Figure 6 — (a) A comparison of PLQY measurements on n=3 (PEA),(MA),.;Pb,Brs,.; when made using 98 % and 99.999 %
purity PbBr,. (b) The PL spectra and PLQY of n=3 (PEA),(MA),..Pb,X3,.1 as the bandgap of the material is blue shifted by

increasing the chloride content.

Colour Tuning

With a reliable method working for a pure bromide layered perovskite, we next tried to tune the
colour by mixing the halides in our samples. To do this, we prepared three n=3 (PEA),(MA),.1Pb. X311
solutions with X being lodide, Bromide or chloride. Since PEACI was not commercially available, our
chloride solution had PEABr occupying the PEA slot, thus making a solution which was 28 % Br and
72 % Br. Perovskite films of the desired halide composition could then be made by mixing the
precursor solutions in the appropriate ratios (with the ratios for Cl mixtures adjusted to account for
its Br component). Using this, we hoped to tune our emission into the blue by adding chloride to the

compound, or tune it to the red by adding iodide.

Mixing bromide with chloride, we were able to tune our emission into the deep blue, but the PLQY
dropped rapidly with increasing chloride component. As can be seen on figure 6, the PLQY dropped
to as low as 3 % for a 50:50 Br:Cl mixture (emitting at 460 nm), and no PL could be observed in films
with greater than 50 % chloride content. This is in line with works by other groups in that perovskites
containing high chloride content tend to have very low PLQY values despite forming high quality

films. The reasons for this phenomenon are hotly debated, but it is generally attributed to intrinsic
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fixed energy defects in the perovskite structure which are shallow and above bandgap in red and

green materials but become problematic as the bandgap is widened into the blue[13, 14].

Upon mixing the iodide and bromide samples it immediately became clear that there was a major
problem with the iodide version of this structure. Mixing even a small amount of iodide solution with
the bromide was found to completely quench all PL in the sample. This explains why we saw no
emission in our early attempts to replicate Sargent’s paper, but it is odd that our results differ so
greatly. To confirm that the PL quenching was not due to an impurity in one of our iodide precursors,
we then made three more solutions containing two bromide salts and one iodide salt, with the
iodide salt being rotated between the Pb, PEA, and MA components in each of the solutions. If one
of the precursors was causing problems, then it would become immediately evident because the
solution with the problematic salt would be the only one not to emit PL. However, upon testing we
found that none of the three solutions had any measurable photoluminescence, which would
indicate that there is a serious underlying problem with the iodide version of this material rather

than an issue with the purity of the precursor salts.

ASE from (PEA),(MA),.1Pb,Brs..1

With a thickness of 370 nm, an extremely high PLQY, and a very low roughness, our films of
(PEA),(MA),.1Pb,Br;,.1 would seem to be ideally suited for lasing. To prove this, we first tested our
films for ASE under 1 ns pulses of 355 nm light from the CryLas laser using our standard ASE setup.
However we found that the films would only emit bright PL in all directions, even under maximum
power of the CryLas laser. This was a surprising result, since by our logic from the previous chapters
these materials should have extremely low thresholds. Testing films with other n values yielded
similar results, and so we switched to much higher powers by exciting with our optical parametric
oscillator laser (OPO) (Continuum, 490 nm, 4 ns pulses). Under these conditions, we were able to

observe ASE, but only at pump powers extremely close to the damage threshold of the material.
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Figure 7 - (a) PL and ASE spectra of n=3 (PEA),(MA),.;Pb,Brs,.1. (b) shows the ASE threshold measurements for n=3
(PEA),(MA),.:Pb,Brs,.; under 490 nm excitation.

Figure 7 shows a threshold measurement on a high-quality n=3 (PEA),(MA),..,Pb,Brs,.1. Comparing
the ASE and PL spectra, this sample already appears to be quite unusual because the ASE peak is
slightly blue shifted relative to the PL peak - most materials with a low stokes shift will tend to have
their ASE peak on the red side of the PL as this is where losses due to self-absorption from the band
edge will be at their minimum. However, of more pressing concern is that the sample has a clearly
defined ASE threshold of ~ 800 pcm™. This is an order of magnitude higher than the thresholds seen
in the bulk 3D perovskites, meaning it will be of little to no use in any practical laser device. This is an
extremely surprising result given the very promising PLQY and film qualities we observed before, and

so to find possible explanations for this we next investigated the absorption spectra of the films.

Absorption Spectrum

In literature works on layered perovskites, the excitonic nature of material can be clearly seen in the
absorption spectra of the material[7, 9, 10, 12]. A narrow spike in absorption, corresponding to an
excitonic resonance, is commonly seen at the absorption edge of the material. This resonance can
also be seen in the excitation spectra of the materials[10], where there is a spike in PL counts when
exciting at the same wavelength as the absorption spike. This is a stark contrast to normal 3D
perovskites such as CH;NH;Pbls;, where the absorption spectrum follows a simple step function with
no evidence of an exciton peak[15]. The main exception to this rule is the films of (PEA),(MA),.
1Pb,l3n:1 developed by Sargent et al[11], which show a series of much weaker peaks and a much
slower absorption onset (see figure 8). To see if our material followed these rules, we measured the

absorption spectrum of our best films using a CARY 300 spectrometer.
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Figure 8 - (a) The absorption spectrum of n=3 (PEA),(MA),.1Pb,l3,.; measured by Sargent et al[11], (b) The absorption

spectrum of a 70 % PLQY film of n=3 (PEA),(MA),.;Pb,,Brs,,; measured in St Andrews on the CARY 300 spectrometer.

Measuring the absorption spectrum of n=3 (PEA),(MA),.1Pb,Br,.1 (figure 8b), it becomes clear that
our material more closely matches the results seen by Sargent et al, which is not unexpected
because our material is a very close analogue to theirs. The bandgap of our material can be clearly
seen at ~510 nm where the absorption suddenly starts to increase, and the bandgap is apparently
not as well defined as in 3D perovskites (where the absorption is a step function at the band edge).
This agrees with our hypothesis that the emission is dominated by the small fraction of the layers in
the sample which have the lowest bandgap. In the n=3 mix, the average layer thickness will be 3, but
there are many different layer thicknesses coexisting within the film. The peaks from the n=1, 2, and
3 layers can be clearly seen in the absorption spectrum on figure 8, but there will also be some
layers of higher thickness which make up the lowest bandgap states. Since there are few layers
which actually have this low bandgap, the density of available states is quite small at the band edge,
and so the absorption onset will be a slow climb rather than a sudden step. The absorption will climb
as more and more layers are able to be excited. This result seems quite logical, but of more concern
is the fact there appears to be clear evidence of sub-bandgap absorption in the material between
525 and 650 nm. The absorbance here is small by comparison to the above bandgap absorption, but
this absorption will be a major problem in a lasing film because it will greatly increase waveguiding
loss. This explains why the ASE threshold of (PEA),(MA),..;Pb,Brs,.1is so high, because the sample will
need to provide a much larger gain to overcome the increased absorption losses, meaning a higher
pump power is required. It also explains why the ASE peak of (PEA),(MA),.1Pb,Brs,.1 (525 nm) is on
the blue side of the PL, as the ASE will exist in the part of the spectrum which has the lowest

absorption losses, which can be seen to be minimal at roughly this point.

Although these results provide a good explanation for the high threshold, it is not clear what causes

this sub bandgap absorption or why it is not observed in other literature reports. This phenomenon
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is highly detrimental to lasing operation, but is much less of an issue in most other optoelectronic
applications. Without a clear pathway to overcome this issue, in future work we shall focus on
finding other uses for the otherwise excellent properties material in areas such as light emitting
diodes and polaritons. Literature works have already demonstrated the great potential these
materials have as LED materials, and their excitonic nature makes them very promising for the study

of polaritons.

Perovskite Nanocrystals

Motivation

One of the major issues facing perovskite solar cells is the Hoke effect[16], where a mixed halide
perovskite will be unstable to halide segregation under continuous illumination. This seriously limits
the range of bandgaps that are available to perovskite solar cells despite their apparently easily
tuneable bandgap. This halide segregation issue is also a significant problem for making colour
tuneable perovskite lasers because the PLQY of mixed halide perovskites drops significantly
compared to those of the pure halide materials. When working with CH;NH;PbX;, it is possible to
tune the PL to almost any colour in the visible spectrum by mixing the halides, and so in principle it
should be straightforward to make perovskite lasers of any colour. However in practice the ASE
threshold of perovskite films increases dramatically once the halides are mixed, and compositions
tuned to the yellow/orange part of the spectrum do not emit ASE under any power. It is for this
reason that the only lasers we have reported thus far emitted in the green and near infrared parts of

the spectrum, as these are the wavelengths accessible using pure CH;NH;Pbl; and CH;NH;PbBr;.

(a) (b)

- H,NH,PbBr,
S .ClDoping /: 81 Doni No ASE at any power
< 1.0 =D < rboping &G 280 : \ . :
— 240 - ®
8 08 § 220 A
c -0+ 200 [ 1 ]
S “SCHNHPbI, 3 M
8 064 E 160
g 2 140
120 4

= 0

0.4+ i
: g :
= =
B 024 = 604 f

40 4

2 I /Br: CH,NH,Pbl,

0.0+ ¥ - =
o 400 500 600 700 800 900 < o 400 500 500 700 800

Wavelength (nm) Emission Wavelength (nm)

Figure 9 — (a) Normalised PL spectra for CH;NH3PbX; films as the bandgap is tuned via mixing the halides. Note that films

with higher than 25% Cl content are not shown because the PL was too weak to get a clean spectrum. (b) ASE threshold vs
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emission wavelength for different CH;NH;PbX; perovskites. Note that the threshold is dramatically increased for mixed

halide materials, and no ASE at all is observed in certain regions.

A potential solution to this issue is to use CsPbX; perovskite nanocrystals (PNCs), which have been
reported in the literature to have close to 100 % PLQY whilst being simple to fabricate and easily
tuneable to any wavelength in the visible spectrum([17]. They are made from nanoparticles of CsPbX;
surrounded by insulating ligands which are then dispersed in a poor solvent such as hexane. These
nanocrystals are isolated from each other by their ligands, and they have not been reported to suffer
from the Hoke effect in the same way as the bulk material, which may be in part due to their small
size providing no scope for large scale halide segregation. Our initial plan was to disperse these
nanoparticles in a Poly-9-vinyl carbazole (PVK) matrix in the way shown in figure 10 to make a
smooth film which could operate in an identical way to an organic dye laser[18, 19]. The PVK matrix
would prevent the nanoparticles from aggregating and causing concentration quenching, whilst also
absorbing some of the excitation light and transferring the energy to the nanoparticles to increase
PLQY. We would expect a laser of this design to have a higher threshold than a bulk perovskite laser
because it will have a lower density of light emitting states, but the high PLQY and colour tuneability

of the nanocrystals would outweigh these disadvantages.

Our supply of PNCs came from Dr Credgington’s group at Cambridge university, and were fabricated
by Nathaniel Davis using the method first reported by Kovalenko et al[17]. To make the nanocrystals,
Cs,C03 (0.814g, 99.9%) was loaded into 100 mL three-neck flask along with octadecene (ODE, 30 mL,
90%) and oleic acid (2.5 mL, OA, 90%), the mixture was then dried for 2 h at 120°C under N,. After
drying, the solution temperature was lowered to 100°C. ODE (75 mL), oleylamine (7.5 mL, OLA, 90%),
and dried OA (7.5 mL) and a lead salt (2.82 mmol) such as Pbl, (1.26 g, 99.99%), PbBr, (1.035g,
99.99%) or PbCl, (0.675g, 99.99%), were loaded into a 250 mL three-neck flask and dried under
vacuum for 2 h at 120°C. After complete solubilization of the PbX, salt, the temperature was raised
to 170°C and the Cs-oleate solution (6.0 mL, 0.125 M in ODE, prepared as described above) was
quickly injected. After 10 s, the reaction mixture was cooled in an ice-water bath. For CsPbCl;
synthesis, 5 mL of trioctylphosphine (TOP, 97%) was added to solubilize PbCl,. The nanocrystals were
transferred to an argon glovebox (H,0 and O, < 1 ppm) precipitated from solution by the addition of
equal volume anhydrous butanol (BuOH, 99%) (ODE:BuOH = 1:1 by volume). After centrifugation,
the supernatant was discarded and the nanocrystals were redispersed in anhydrous hexane (99%)

and precipitated again with the addition of BUOH (hexane:BuOH = 1:1 by volume). These were
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redispersed in hexane before being sent to St Andrews for experiments.

(a ) Laser Light ( b ) Laser Light

Perovskite Film Perovskite Polymer Film
Nanocrystals \

L

e by )

Figure 10 - (a) Normal design for a distributed feedback laser. (b) Our plan for a laser incorporating perovskite nanocrystals

in a polymer matrix.

As a first batch they sent us three solutions of CsPbBr; sCl; 5, CsPbBr3, and CsPbBry sl s dispersed in
hexane, which were measured to have solution PLQY values of 9 %, 81 % and 49 % respectively. A
picture of the nanocrystal dispersions is shown on figure 11. PVK is not soluble in hexane, and so our
first challenge was to move the nanocrystals from a hexane dispersion into a toluene dispersion. This
was achieved by evaporating the 50 % of the solution with a nitrogen airflow, and then replacing the
lost volume with toluene. The process was repeated 4 times to ensure that almost all of the new
dispersion was toluene rather than hexane. The final concentration of the nanocrystal/toluene
solutions could also be controlled by adjusting the final volume of toluene added to the solution.
Once the nanocrystals were dispersed in toluene, we then combined the nanocrystal solutions with
35 mgml™ solutions of PVK dissolved in chlorobenzene (which is miscible with toluene) to make a
PVK:Nanocrystal mixture. The mixtures could then be spin coated in the same way as a normal PVK

film (2000 RPM, 60 s) and then measured using the Hamamatsu PLQY setup.
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Figure 11- (a) Absorption (solid) and PL (dashed) spectra for CsPbBr sCl; 5, CsPbBrs, and CsPbBr; sl; s nanocrystals. (b)
Solutions of CsPbCl;, CsPbBr; sCl; 5, CsPbBrs;, CsPbBr; sl; 5, and CsPbl; nanocrystals dissolved in hexane. Figures created by

Nathaniel Davis.

The resulting films showed weak absorbance and very poor PLQY values, with most samples having a
PLQY of less than 5 %. However, during the optimisation process we found that higher concentration
films generally performed much better. This was unexpected because the PNCs were expected to
suffer from concentration quenching in the same way as organic laser dyes, where higher
concentrations of dye will result in lower PLQY as the molecules come into contact with each other
and induce exciton-exciton annihilation. However, in spite of this phenomenon we found that even
the best performing mixture of 17 mgml™ PVK and 40 mgml™ CsPbBr; nanocrystals achieved a PLQY

of less than 11 %, and none of the films made in this way were able to support ASE at any power.

Because the solutions seemed to improve with increasing nanocrystal concentration, as a last resort
we tried spin coating the raw dispersions of PNCs in hexane onto glass substrates. We found that
dropping ~ 50 ul of the raw dispersion onto a spinning substrate at 1000 RPM resulted in films with
remarkably high optical quality, and PLQY values of up to 50 % for the CsPbBr; solution. By mixing
the CsPbBr; solution with the CsPbBr; sCl; 5 solution in various ratios we were also able to tune the
PL to 500 nm and 460 nm whilst maintaining a modest PLQY of 14 %, which is actually higher than
the PLQY of these nanocrystals in solution. Scanning electron microscopy images, seen on figure 12,
showed that the film was uniform and densely packed, with no pinholes or irregularities to speak of.
This was quite unexpected for a film made of discrete nanoparticles, but it is excellent news from a
laser standpoint because it means that they will be quite likely to conform well to a grating structure

so long as the film is sufficiently thick.
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Figure 12 — (a) PLQY measurements of raw films of CsPbBr; nanocrystals with various levels of chloride doping. The best

PLQY of CsPbBr; nanocrystals in a PVK matrix is shown in black. (b) SEM image of a raw CsPbBrs; film.

Despite their high optical quality, the nanocrystal films were only very weakly bound to their
substrate, meaning they would be easily wiped off by even the slightest touch. In most cases this
was not a major problem because the films could be easily protected by depositing a layer of
CYTOP™ on top of the films by dropping onto a spinning sample at 2000 RPM. However this weak
packing made it very difficult to directly measure the thickness of the PNC films because the Dektak
needle would dig a trench in the film, preventing us from viewing the surface profile. To resolve this,
the films were measured via ellipsometry by Dr Arunandan Kumar on a J.A.Woollam EC400

ellipsometer.
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Figure 13 — (a) n and k values for a raw CsPbBrs; film calculated from ellipsometry performed by Dr Arunandan Kumar.

(b),(c),and (d) show photographs of raw films of CsPbBr 5Cl; s, CsPbBr, ,5Cl, 75, and CsPbBr; nanocrystals.

The polarisation and phase shifts against wavelength and angle were measured, and a model of the
thickness and refractive index of the film was iterated against the data until a good fit was achieved.
By modifying the parameters to fit the data, the model produced n and k values for the PNCs and
estimated a film thickness of 250 nm for CsPbBr; PNC films spun from 80 mgml™ concentration at

1000 RPM. The calculated n and k values are shown on figure 13. Note that it is considered bad
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practice in ellipsometry to simultaneously calculate refractive index and thickness values from a
single measurement because fitting two variables can increase the margin for error. But without any

independent confirmation this was the only option available to us.

Looking at the refractive index data (figure 13 a), the CsPbBr; films have a refractive index of ~1.7
around their PL peak, which is very similar to the value seen in most OSCs and much lower than
previously seen for bulk 3D perovskite films. Modelling the 250 nm films as slab waveguides gives an
effective refractive index of ~1.6, and a cut-off thickness of ~100 nm. All this suggests that these PNC
films should be able to support ASE under laser excitation, and so the films were tested for ASE
under 355 nm, 1ns laser pulses from the CryLas in the standard ASE setup. The results are shown on
figure 14, and it was found that the emission from pure CsPbBr; (green) NC films deposited from
solution at 1000 RPM would collapse into a narrow ASE peak above a pump fluence of ~ 100 plem™.
Films of CsPbBr,,sCly 75 (sky blue) were also found to have a similar ASE threshold when deposited

under the same conditions, but films of CsPbBr; sCl; s(deep Blue) did not show any ASE.
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Figure 14 — PL and ASE spectra for raw nanocrystal films of (a) CsPbBr; and (b)CsPbBr ,5Cl, ;5. (c) and (d) show ASE

threshold measurements of the same CsPbBr3 and CsPbBr, »5Cly 75 films respectively.

We next attempted to reduce the ASE threshold of the CsPbBr3 films by increasing spin speed, thus
improving the film quality and hopefully reducing scattering losses. However it was found that

increasing the spin speed to 4000 RPM resulted in a 25 % increase in lasing threshold to 125 pcm™,
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and samples deposited at speeds faster than this gave no ASE at all. To investigate the reasons for
this, we measured the loss coefficients of both the 4000 RPM film and the 1000 RPM film, and the
results are shown on figure 15. We found that the 4000 RPM film had a loss of ~8 cm™ while the
1000 RPM film had an extremely low loss of ~3 cm™, which is on par with the highest quality 3D
perovskite films we had made thus far. At first glance it would seem counterintuitive that the film

with the faster spin speed would have more waveguide loss, but if one assumes that the films

roughly obey the spin coating thickness rule of thickness « concentration® then we can estimate the
shly Y P 8 /Spin speed

films to be ~ 125 nm thick, which is getting very close to the cut-off thickness so we can expect the
waveguide mode to become leaky. This also explains why films from faster speeds were not able to

support ASE, as they would be thinner than the cut-off thickness.
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Figure 15 — Waveguiding loss measurements on CsPbBr; nanocrystal films spun at (a) 1000 RPM and (b) 4000 RPM

The lower refractive index of the PNC films is a significant advantage to us because it allows the
resonance condition of the film to overlap with our more advanced mixed order gratings, which
were originally designed for OSCs. The effective refractive index of 1.6 should in theory provide
distributed feedback at ~340 nm, and as a first test for lasing we deposited the CsPbBr; PNC films
onto 2D second order gratings of the same design used in chapter 6. The gratings were fabricated
from mr-NIL210 polymer via UV nanoimprint lithography (described in chapter 3), and a CYTOP

encapsulant was spin coated on top of the PNC capping layer to provide protection.
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Figure 16 —(a) A picture of the CsPbBr; nanocrystal laser operating on a 335 nm 2D second order grating under 355 nm
excitation. The output beam is projected onto a white screen and takes the shape of a green cross. The remnant of the
pump beam can be seen as a blue dot on the screen. (b),(c), and (d) show the emission spectra from the CsPbBr; laser at

1.0x, 1.3x, and 5x threshold respectively.

We found that when the 335 nm grating was excited with a circular spot from the Crylas, a very
bright, cross-shaped beam was emitted from the surface of the sample, as shown on figure 16.
Measuring the beam through an Andor fibre coupled CCD camera, we found that the beam turned
on above a threshold of ~70 pJem™ and emitted at a wavelength of ~532.5 nm. At threshold, the
spectrum of this beam is a single resolution-limited spike, which would indicate single-mode
operation. But as the pump fluence is increased the laser begins to operate in a multimode regime,
with more and more spikes appearing in the spectrum as the pump fluence is increased. This is an
undesirable feature, but the modes are stable with time and do not move around when pumping
with constant power, which shows that they are stable lasing modes and not the results of random
lasing or noise in the spectrograph. This lasing behaviour could only be seen on the 335 nm and 340
nm gratings, whilst all other gratings just produced outcoupled ASE. This would indicate that these
PNC films have a much narrower resonance condition than the 3D CH;NH;PbBr; films, which could

support lasing over a 30 nm range of grating periods.
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A major point to note about these lasers is that the surface emitted beam takes the form of a clear
cross shape shown in figure 17, rather than the donut shaped beam we saw in the CH3;NH;PbBr;
lasers. This shows that the PNC laser is operation on the (1,0) and (0,1) modes of the grating, rather
than the (1,1) seen with the 3D material. This cross-like beam is much more common in organic
polymer lasers, and we hypothesise that it is the refractive index contrast between the grating
(n=1.52) and the gain medium(n=1.7 for PNCs, 2.2 for CH;NH;PbBr;) that determines which mode is
favourable. Hence the high refractive index of the CH;NH;PbBr; gives a (1,1) mode, while the low

contrast from PNCs and OSCs favour the (1,0) modes.

Figure 17 — Surface emitted beam from (a) CsPbBr; nanocrystal laser on a 335 nm 2D second order grating compared to (b)

The output from a bulk MAPbBr; perovskite laser on a 300 nm 2D second order grating.

With proof of lasing from the 335 nm and 340 nm gratings, we finally had a material which could be
supported by our 1D mixed order gratings (MOG) (which had a period of 340 nm). To investigate the
effect of these gratings, we fabricated a batch of MOG lasers via nanoimprint lithography, and then
deposited the PNCs and CYTOP encapsulant via identical methods to the previous batch. Upon
excitation with the CryLas pump laser it immediately becomes clear that the MOG makes a
significant difference to the properties of the beam. Firstly, the laser maintains its multimode
operation seen in the second order gratings, but the lasing threshold is reduced by a factor of 4
down to ~20 w cm™. Because more and more modes appear as the pump power is increased, the
input/output curve does not follow the simple two straight lines which are normally expected of a
lasing graph, but the threshold can still be clearly seen in the point where the FWHM abruptly drops

to less than 1 nm.
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Figure 18 - Lasing threshold for CsPbBr3 on a) a 335 nm 2D grating second order grating and b) a 340 nm 1D mixed order
grating. Note that the output counts starts to increase at 20 kWem™ at the same point that the FWHM drops, but the slope
is continuously increasing as more modes are excited. Hence it is not clearly visible in the figure. c) The surface emitted

beam from a mixed order grating and d) shows laser light outcoupled from the edge of the film

Secondly, the surface emitted beam is highly divergent, and takes the form of an elliptical spot
instead of the cross-like beam seen in the 2D second order gratings. The high divergence is to be
expected because the beam is being outcoupled from a much smaller area than in the 2D second
order gratings, meaning it will be strongly diffracted as it leaves the grating. The emitted spot is also
much dimmer than the beams from the other gratings, which is likely because the MOG has much
less outcoupling than the second order gratings, and as such less light escapes the waveguided mode
to join the surface emitted beam. This effect can also be clearly seen by the fact that the sample
emits coherent laser light out the side of the sample of a similar strength to the light from the
surface emitted beam (see figure 18 d). Light emitted in this way has the same spectrum as light
from the surface emitted beam, indicating it originates in the laser grating, but this effect is not
observed when using second order gratings. This is because most of the MOG does not outcouple
light, meaning that a lot of the waveguided light will escape by leaking out the side of the gratings
rather than being outcoupled by first order diffraction. Light which escapes the grating in this

manner will be waveguided through the film until it escapes from the edge of the sample, leading to
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the edge emission we observe. This effect is not clearly visible in second order gratings since they
will outcouple most of their light before it leaks out the side of the grating, meaning that the edge

emitted light will be too weak to observe.

Degradation and Batch to Batch variability

While green distributed feedback lasing from films of CsPbBr; is a nice result which to our knowledge
has not been reported in the literature, the primary purpose of this work was to demonstrate
multicolour lasing across the visible spectrum. We observed strong ASE from the CsPbBr, ,5Cly 75 PNC
films earlier, so it was expected that they would provide DFB lasing in the same way as the CsPbBr;
films on a grating period of roughly 315 nm. However, the film quality from the CsPbBr, ,5Clg 75
proved to be somewhat poorer than the pure CsPbBr;, and all of our attempts at making a laser from
this material simply emitted scattered ASE in all directions rather than coherent emission. It is also
worth noting that we were not able to investigate ASE from iodide doped PNCs in the above
experiments because the CsPbBr sl 5 solution we received appeared to degrade over time. The
emission from the solution slowly blue shifted over several weeks until it was almost the same
colour as the pure CsPbBr; solution, which would indicate that the iodide component of the
nanocrystals had degraded. It is known that bulk 3D films of CsPbl; are unstable to a phase change to
a non-emissive & phase at room temperature[20]. This effect has not been reported in nanocrystals
of CsPbl;, but we judge that the most likely cause for the degradation we observe is the iodide

component of the nanocrystals degrading and ceasing to be emissive.

Figure 19 — 2 month old nanocrystal solutions of CsPbBr; sCl, s (left) CsPbBr; (centre), and CsPbBr sl, 5 (right). Note that the

CsPbBr 51, 5 solution appears green rather than yellow, indicating that the solution has degraded.

In order to overcome these issues, as well as to provide tuning across the entire visible spectrum, we
received several fresh batches of CsPbX; PNCs at a range of compositions. However on receiving the
fresh batches we found that there was significant batch-to-batch variation in the film formation and

PLQY of the PNC solutions. We found that it was common for a fresh solution to produce excellent
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PLQY, often exceeding 60 %, but they would often form a much more scattering film which could not
support ASE. Most batches of CsPbBr; nanocrystals could be made to support ASE after a significant
amount of optimisation, but due to the time spent resolving this effect we were unable to observe

lasing or ASE in other mixed halide films before the end of this PhD.

Conclusions

In conclusion, our work with low dimensional perovskites achieved the initial promise of materials
with excellent PLQYs at low intensities, but we were not able to convert these initial good results
into a reduction in lasing threshold or tuneable lasing. We developed a new form of layered
perovskite with an exceptionally high thin film PLQY of 72 %. However, our material did not possess
the clear excitonic behaviour seen in some other works. It also had an unusually high ASE threshold
of 800 wem™ due to a small amount of sub-bandgap absorption in the material, and the reasons for
this detrimental behaviour remain unclear. Future work with this material would focus on its use in
hybrid polaritonics and exploiting its excellent PLQY to create a high efficiency perovskite LED, or

finding alternative structures without this undesirable absorbance peak.

When working with perovskite nanocrystals, our initial idea of encasing them in a PVK matrix
produced very low-quality results which we hypothesise is due to quenching interactions between
the polymer and the nanocrystals. In spite of this setback, we found that the raw nanocrystals
themselves can be spin coated into films with remarkably high quality, which we use to produce
bright distributed feedback lasers emitting in the green. However, their lasing threshold of 20 pecm™
does not improve upon the bulk CH3;NH3PbBr; films despite the very high PLQY and low waveguiding
loss, and due to time constraints and variability in the precursor solutions we were unable to achieve
our main objective of multicolour lasing. This project is still at a fairly early stage, and there is a clear
route to improvement on these results through future work, so it is possible that further

optimisation will allow us to achieve lasing across the visible spectrum.
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Chapter 8 - Resonant Ultrasound

Spectroscopy

Introduction

Thus far, this thesis has kept its focus on achieving high performance in perovskite optoelectronic
devices, but optimising materials for device applications also requires detailed knowledge of the
physical processes occurring within them. Hybrid perovskites have proven to have almost ideal
parameters for a wide range of semiconducting applications, but even now the precise reasons for
their excellent properties remain poorly understood. Because of this, there is intense interest in
studying the fundamental properties of hybrid perovskites in order to find some clues to improving
their performance even further, and so a significant portion of the work in this PhD involved
collaborations with other groups to study perovskites from a fundamental physics point of view,

rather than solely on device applications.

To date, there have been many studies covering the electrical [1], thermal [2], and photophysical [3]
properties of CH;NH3PbX; (X = Cl, Br, 1). But there have been relatively few studies on how the
internal stresses and strains in the crystal impact the material properties. The coupling of the strain
with the order parameter is well known to strongly impact the phase transitions and the structure-
property relationships of oxide perovskites [4], and it would be of particular interest to see if the
same rules hold for halide perovskites. The most sensitive way to measure this coupling is by
measuring the elastic and anelastic properties of the material, and to do this we worked with Prof.
Irvine’s group (dept. of Chemistry, St Andrews) and Prof. Carpenter (dept. Earth Sciences,
Cambridge) to study the effect of these parameters using resonant ultrasound spectroscopy (RUS)

combined with time resolved photoluminescence and neutron diffraction.

RUS is an advanced spectroscopic technique for measuring the elastic constants and acoustic loss in
a material [5]. It works by measuring the acoustic response of pellets or single crystals of a material,
and it has been successfully used to study inorganic oxide perovskites for many years [4]. It has
played a pivotal role in the study of new materials for ferroelectrics [6], superconductors [7], and
piezoelectrics [8], but in this experiment we aimed to use it to study single crystals of CH;NH;PbX;
and CD3;NDsPbl; . The overarching goal was to use this technique to see how the elastic and anelastic

properties of the materials changed over a wide range of temperatures in order to gain an insight
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into their underlying strains, disorder, and hydrogen bonding. Correlating any trends with changes in
photoluminescence or neutron diffraction measurements would also provide an indication to how
these parameters affect some of the properties which are of relevance to devices, and possibly
provide a route to further optimisation of the material. The effect of the disorder and hydrogen
bonding from the methylammonium (MA) cation in CH;NH3PbX; in particular is a subject of intense
interest [9, 10], and the inclusion of a deuterated perovskite (CD3;NDsPbls) provides us with a
measure of control over the strength of this effect due to the difference in mass between the D and
H atoms. Performing a direct comparison between CH;NH;Pbl; and CD;ND;Pbl; would therefore
allow us to observe differences which can only be due to the change in hydrogen bonding, thus

providing crucial insight into which properties are most strongly impacted by this effect.

Comparison to Oxide Perovskites

Like all perovskites, CH3;NH;Pbl;and its variants have the general formula ABX;, where A and B are

cations and X is an anion. The simplest perovskite structure is a cubic structure with the Pm ém
space group, consisting of corner sharing BXs octahedra with A cations filling in the gaps between
octahedra, but this structure can be distorted via tilting of the octahedra to make crystal structures
of different symmetry. These distorted structures are known as polymorphs, and CH;NH;Pbl; has
been found by many groups to have orthorhombic, tetragonal, and cubic polymorphs in a way
similar to common oxide perovskites such as calcium titanate (CaTiO;) [11, 12]. For many years a
parameter known as the Goldschmidt factor has been used to predict the stability of oxide
perovskites and what polymorph they are likely to adopt. It uses the following equation:

ra+rp

Tolerance fator (t) = T (retrs)
XT'B

where r,, ,, and r, are the ionic radii of the A,B, and X ions respectively. A tolerance factor close to 1
indicates that the ions are in exactly the right size ratio, and hence the crystal will form a cubic
structure. Materials which deviate from t=1 will adopt distorted tetragonal, orthorhombic, or
rhombohedral structures or may not even form a perovskite at all. This parameter is considered to
be quite accurate for oxide perovskites, but work by Palgrave et al. found that applying this equation
to lead halide perovskites generally resulted in incorrect predictions [13]. This was due to the ionic
bonds from the heavy halogens having a significant covalent component to them, which modified
the effective ionic radii and thus resulted in inaccurate predictions. By modifying the effective ionic
radii to take this covalency into account, they were able to design new stability fields for halide
perovskites which can once again make useful predictions [13] and can greatly assist in the search

for new compositions of hybrid perovskites. This behaviour highlights the importance of comparing
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the behaviour of lead halide perovskites with oxide perovskites, where the established wisdom is
still of use, but in some cases will need to be modified to fit the slightly different physics from the

halide anions.

One of the key differences between hybrid perovskites and their oxide counterparts is their organic
component. The MA cation is not spherically symmetric, and hence hydrogen bonding or the
orientation of the cation add additional variables that can affect the structure-property
relationships. Because of this, there have been many theoretical and experimental studies looking
into the effect of hydrogen bonding in CH3NH;Pbls;. Studies using neutron diffraction on deuterated
samples have found that the hydrogen/deuterium atoms in the NH; part of the MA cation have the
strongest hydrogen bonding with the iodine ions in the crystal, as evidenced by short H/D — |
distances in CH3;NHsPbl; [11]. It is also for this reason that the cubic phase has weaker hydrogen
bonding than the tetragonal orthorhombic polymorphs, as the crystal is not able to distort to
minimise the distance between the hydrogen and iodide. Several studies have attempted to
determine whether the hydrogen bonding drives the octahedral tilting or vice versa in halide
perovskites [14-17], but these two effects are strongly dependent on one another and so separating
their effects has proven to be quite difficult. Most notably, Cheetham and coworkers [16]. were able
to conclude that the hydrogen helps to stabilise the tilting in the PbXs octahedra, and also suggested
that the directionality of the hydrogen bonding may have an impact on the photophysical properties.
This result was of particular interest to us, and in this chapter we aimed to explore this link further

by combining an RUS study of hybrid perovskites with an investigation into their photophysics.
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The Importance of the Methylammonium Cation

Orthorhombic

Tetragonal

Cubic

Figure 1 - Structures adopted by CH3;NH3Pbl; as determined by Whitfield et al..[11] (a and b) Orthorhombic, Pnma, (c and
d) tetragonal, 14/mcm and (e and f) cubic, Pm3m. (a),(c), and (e) show views along the ac plane, while (b),(d), and (f) show

the view from the ab plane.

Figure 1 shows the orthorhombic, tetragonal, and cubic polymorphs of CH3NH;3Pbls, as determined
by Whitfield et al. [11, 12]. The MA cation is known to cause significant difficulty in getting accurate
structural models of CH3;NH;Pbl; because the MA cation is able to rotate in the A site, which
introduces a large amount of disorder to the system. It is difficult to study this directly with X-rays
because the X-ray scattering is dominated by the Pblg octahedra rather than the A site, and neutron
diffraction is also difficult because the hydrogen in the MA cation has a large cross section for
incoherent scattering, which is degrades much of the information from the measurement. It was for
these reasons that Dr Julia Payne fabricated deuterated samples in order to achieve high quality

neutron diffraction measurements , but a further advantage of this was that the difference in mass
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between CH3NH;" and CD;ND;" causes significant differences in the hydrogen bonding between the
MA cation and the rest of the structure, the effect of which is currently a subject of intense interest
[9, 10]. There are other methods with which we could control the strength of the hydrogen bonding,
such as by substituting methylammonium for formamidinium, but in this case the effects of the
change in hydrogen bonding would be impossible to separate from other effects such as classical
tilting due to the difference in ion sizes. By comparing CHsNH; and CD;ND;", the only difference is
the mass of the H atoms, and so we can directly observe any differences which must be due to this

effect.

Principles of Resonant Ultrasound Spectroscopy

RUS is an advanced technique for determining the elastic constants of a material by measuring
acoustic resonances in a sample. The setup works by placing a pellet or single crystal of the material
between two piezoelectric transducers, where one transducer drives the sample with constant
amplitude at ultrasonic frequencies (0.1-1.2 MHz). The other transducer acts as a detector,
measuring the amplitude of vibrations in the crystal against the input frequency. Like any simple
harmonic oscillator, the sample will have resonances where the amplitude of oscillation spikes at
certain frequencies when the excitation matches the frequency of a certain vibrational mode. The
resonant frequency of these vibrational modes depends on many factors such as the sample
geometry, density and the elastic constants. Absolute values for the elastic constants of each mode
can be determined by measuring a sample with a regular and known shape (ideally a parallelepiped)
and density. The experimentally measured frequencies of the resonances are then fitted to a
simulation and iterated to find a value for the elastic constants that reproduces the observed
resonances. In our experiments we are more interested in how the elastic constants of halide
perovskites change with temperature, rather than their absolute values, and so we could just use the
fact that the elastic constants associated with a the vibrational mode of a small object are directly
proportional to the resonant frequency (f,) squared. In general, the elastic constants (and hence the
frequency of the resonances) are expected to slowly decrease with increasing temperature due to
thermal elastic softening, but if the material is approaching a phase transition or some other process

then the elastic constants can undergo rapid softening or stiffening.

Making the Perovskite Samples

The single crystals of CH;NH;PbX; were synthesised by Dr Julia Payne by the following method: 2 ml
of concentrated HX (X = Cl, Br, 1) was added to CHsNH; (33%, EtOH) at 0 °C (using an ice bath) under
constant stirring. Lead acetate trihydrate was dissolved in HX at 100 °C. The lead-containing solution

was added dropwise to the methylammonium halide solution. The samples were left on a hotplate
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overnight at 75 °C. White, orange and black crystals formed, depending on the halide (Cl, Br and |
respectively). The resulting crystals were filtered, washed with toluene and dried. CH;NH;Pbl; was

filtered whilst hot to avoid formation of the hydrated phase whilst in contact with the mother liquor.

CD3;ND3Pbl; was synthesised in a similar manner to the above but with measures taken to completely
exclude hydrogen from the synthesis. All glassware was dried prior to use to remove traces of water,
and all synthesis was carried out in an argon atmosphere using D,0 and DI instead of their hydrated
counterparts. After synthesis, solid state NMR was used to probe the level of deuteration in the
CD5ND3Pbl; sample using a Bruker Advance lll spectrometer, spectra showed a small percentage of H

on the ND; group of CD;ND;Pbls.

Resonant Ultrasound Setup

Figure 2 — A parallelepiped sample placed between two transducers in (a) the low temperature RUS setup, and (b) the high

temperature RUS setup. Images taken from McKnight et al [19].

To take the RUS measurements we had two separate setups — one designed to measure above room
temperature, and one for measuring samples down to 4 Kelvin. The low temperature setup
consisted of a home built transducer head controlled by Dynamic Resonance System (DRS) Modulus
Il electronics, as described by McKnight et al. [18]. A single crystal was placed between the two
piezoelectric transducers as shown in figure 2(a), with one acting as a resonator and the other as a
sensor. This setup was then attached to the end of a stick and lowered into an Orange 50 mm helium
flow cryostat, supplied by AS Scientific Products Ltd. The temperature inside the cryostat was
measured and regulated using a silicon diode and a LakeShore 340 controller, allowing the setup to
control the sample temperature with a precision of + 0.1 K. Before the measurement, the sample
chamber was evacuated to prevent any condensation of air during the measurement, and a few
mbars of helium was then added to act as an exchange gas. RUS measurements are taken in 5 K
intervals from ~295 K to ~5 K and back to room temperature, with regions of specific interest being

covered in 1 K steps. Each spectrum was made of ~65,000 data points between 0.1 and 1.2 MHz, and
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the sample was left to reach temperature equilibrium for 20 minutes at each step before the

spectrum was collected.

The transducers used for measuring RUS are not rated to work above room temperature, and so
measurements above room temperature were taken using the setup on figure 2(b), where the
sample is indirectly connected to the transducers by placing it between long alumina rods with the
transducers attached to the other end of each rod. These alumina rods protruded horizontally into a
Netzsch 1600 °C furnace, which had its temperature recorded via a thermocouple placed several mm
from the sample, providing an accuracy of ~+ 1 K [20]. The presence of the alumina rods complicates
the analysis somewhat since the spectrum will contain many resonance peaks due to the buffer rods
in addition to the sample, but so long as the correct sample peaks are identified it is still possible to
get good quality data. The high temperature measurements were taken in the same way as the low
temperature setup, with the exception that the sample was kept in air rather than low pressure
helium. Most measurements in this work were performed using the low temperature setup because
the relevant phase transitions are usually below room temperature. But this setup needed to be
used in order to observe the behaviour of the cubic phase of CH;NH;Pbl;, which is stable at

temperatures above 327 K.

The samples to be measured in this experiment were single crystals of CH;NH;PbX; or CD;NDsPbl;
fabricated by Dr Julia Payne. They were irregular in shape, meaning that they could not be used for
measuring the absolute elastic constants, with dimensions of ~1x1x1 mm?® and masses between 1
and 4 mg. Prior to measurement, the samples were checked optically for the absence of cracks and
were measured at room temperature to determine the quality of the spectra. An example spectrum
is shown on figure 3(a), and the samples which produced the best spectra were selected for further

measurement at a range of temperatures.
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Figure 3 - (a) The RUS spectrum of a single crystal of CH;NH;PbBr; taken at room temperature. The acoustic resonances in
the sample can be clearly seen as spikes in the amplitude of oscillation. (b)Full RUS measurement on the same sample from
room temperature to 4K and back in 5 K steps. Each spectrum has been offset in the y axis in proportion to its temperature,

with the room temperature spectrum at the top and the 4 K spectrum at the bottom. Spectra are plotted with blue lines if

they were taken on a cooling cycle and with red lines when taken on a heating cycle.

All spectra were analysed using the Igor Pro 7.0 (Wavemetrics) software package. When measuring
variable temperature data, all spectra are plotted on the same graph, with each data set plotted
with a y axis offset proportional to its temperature. Spectra taken as the sample was being cooled
are coloured blue, while spectra obtained during heating back to room temperature are coloured
red. An example data set of CH;NH;PbBr; is shown on figure 3(b). Once the data has been plotted in
this way, the clear resonance peaks are selected and then fit to an asymmetric Lorentzian function

to determine peak frequency (f), and their full width half maximum Af. As mentioned earlier, the
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single crystal elastic constants associated with each resonance scale with f*[21], meaning that an
increase or decrease in f* corresponds to the elastic constants stiffening or softening respectively.
The width of each peak is related to the acoustic loss in the sample, with low loss peaks being
narrow and high loss peaks being spread out. This leads us to define a quantity called the inverse
mechanical quality factor, taken as Q™ = Af/f, which provides a measure of the attenuation in each
peak. By fitting curves to each peak, and following the peaks as they evolve with temperature, we
can then produce graphs of £ and Q' vs temperature. This allows us to clearly see how the elastic

constants and acoustic loss vary with temperature for each resonance.

Octahedral Tilting and Twin Walls

Methylammonium Lead Bromide, CH3NH5PbBr;

CH3;NH;3PbBr; is a material which is of less direct relevance to solar cells, but as we have already
shown in this thesis it is still an excellent material for light emitting applications which warrants
further study. In the following experiments, CH;NH;PbBr; also was found to have the most easily

interpreted results, and so we shall discuss this material before moving on to the iodide and chloride

variants. CH;NH;PbBr; is known to be in the cubic (Pm 3m) polymorph at room temperature, and as

it is cooled it has been shown to undergo phase transitions at ~235 K, ~154 K and ~148 K [22]. These

correspond to a cubic (Pm 3m) to tetragonal (14/mcm) transition at 235 K, and a transition to the
orthorhombic (Pnma) phase at ~148 K, with an additional phase between the orthorhombic and

tetragonal regions that has been suggested to be incommensurate [31].
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field of the tetragonal phase. Al/]‘2 values have been scaled so that they fit on the same plot.

The data on figure 3 (b) shows the raw RUS spectra collected at temperatures between 4 K and 300
K from a single crystal of CH;NHsPbBr;. Note that in the region corresponding to the stability field of
the tetragonal phase (~235 — 150 K) there are no visible peaks in the spectrum, but clearly defined
peaks are visible in the regions corresponding to the cubic and orthorhombic regions. The exact
temperatures of the transitions from the RUS data agree closely with the literature results [11],
showing a value of 236 * 3 K for the cubic tetragonal transition and ~147 * 3 K for the appearance of
the orthorhombic phase. In the stability field of the cubic structure, the position of the CH;NH;PbBr;
resonance peaks (Figure 3(b)) can be clearly seen to shift to lower frequencies with reducing
temperature (~300-235K). Starting from 300 K, the peaks in the cubic region can be clearly seen to
shift to lower frequencies as the sample is cooled towards the cubic-tetragonal phase transition,
before disappearing completely as the transition is crossed. The resonance peaks reappear when the
sample enters the orthorhombic phase (~147 K), but in this phase they shift to higher frequencies as

the temperature is reduced towards absolute zero.

To provide a more easily interpreted data set, selected resonance peaks were then fitted with

asymmetric Lorentzian functions to give values for £ and Q" against temperature. The resulting
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processed data is shown on figure 4, and the values for f* of each peak have been arbitrarily scaled
so that the values for all peaks can be observed on a single graph. The data is split into three regions
corresponding to its three main phases, and the tetragonal region contains no data because almost
no resonance peaks are visible in this region. A few very small peaks do exist at ~¥0.9 MHz, but they
show extremely strong attenuation and it was not possible to apply an accurate fit to them. This
strong attenuation of the peaks would suggest that the tetragonal region must have extremely high
loss coefficient (Q*), while the cubic and orthorhombic regions generally have fairly low acoustic loss
(hence they have very cleanly defined resonances). Close to absolute zero, Q™ remains at a fairly
constant low value throughout the orthorhombic region until about 100 K, where it increases
dramatically as the phase transition is approached. Q" in the cubic region follows a similar trend,
where it is low for most of the region but is elevated near the phase transition. But the increase in
Q" close to the transition in the cubic region is much less pronounced than in the orthorhombic
region. Finally, the f* data for CHsNH;PbBr; shows that the peaks undergo a clear softening
(decreasing f°) as the sample is cooled from 300 K towards the cubic-tetragonal phase transition,
while the peaks in the orthorhombic region undergo a steady stiffening (increasing f*) as

temperature approaches absolute zero.

Twin walls

Figure 5 — an illustration of the formation of twin walls taken from Shilo et al. [23]

The behaviour of CH;NH;PbBr; which we observe here closely mirrors the effect of octahedral tilting
transitions seen in oxide perovskites such as (Ca,Sr)TiO; [24]. It is clear that the tetragonal (/4/mcm)
phase has very high acoustic loss, to the point that the resonances almost completely disappear,
while the cubic and orthorhombic phases show very low loss. In the case of oxide perovskites, the
high loss seen in the tetragonal phase is due to the motion of ferroelastic twin walls providing a
pathway for acoustic attenuation. Twin walls are a phenomenon which occur in tetragonal and

orthorhombic perovskites because their unit cell no longer has cubic symmetry. In a cubic
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perovskite, all sides of the unit cell are the same length, but in a tetragonal unit cell one of the sides
is longer than the other two. This creates a situation where the unit cells within a single crystal can
be aligned so their long axes are perpendicular to each other. There is a distortion in the lattice
where two regions of different orientation meet, and these distortions are known as twin walls
because each anomalous region will be bounded by two of these distortions. These twin walls are
free to move through the lattice when the crystal is placed under mechanical stress, dissipating
energy in the process. The dissipation of energy by the twin walls is why the tetragonal region sees
such high loss, and hence we are unable to observe any clear resonance peaks. These twin wall
regions are also present in the orthorhombic phase, but in oxide perovskites they have been shown
to become immobile in the orthorhombic phase [24], [4]. This means that the twin walls in the
orthorhombic phase cannot cause acoustic loss, and hence the clear resonance peaks with low loss
become visible in this region. The precise reasons for the immobile twin walls in the orthorhombic
phase remain poorly understood, but our result shows that the same process occurs in halide

perovskites as well as oxides.

Turning to the f*values, the rapid softening of the elastic constants in the cubic phase as the sample
is cooled towards the cubic-tetragonal phase transition is also typical for oxide perovskites [24-26].
Phase transitions are caused by the current phase becoming unstable to the point that it is
favourable for the crystal to switch to a different phase, and coupling with strain or with fluctuations
associated with the phase transition typically give rise to elastic softening. This can also be seen in
the orthorhombic region, where the peaks harden quickly as they are cooled away from the unstable
region near the phase transition before entering a roughly linear trend. Unless there are competing
effects from incipient phase transitions, it is known that most elastic constants will show a steady
stiffening as the sample is cooled towards absolute zero. Hence the linear trend we see in the
orthorhombic region of CH;NH3PbBr; is entirely expected, and indicates that there is no evidence of
further phase transitions in the material which could be favourable below absolute zero. The overall
picture then is that CH;NH;PbBr; undergoes classical octahedral tilting transitions that are almost an
exact analogue of oxide perovskites such as (Ca,Sr)TiOs, with all the associated elastic and anelastic

properties obeying similar trends.

As a final exploration into the properties of CH;NH;PbBr;, we moved to investigate the reports of
the intermediate phase in the narrow temperature interval between the orthorhombic and
tetragonal phases (148-154 K) [22, 27-29]. To study this, we collected RUS spectra in 1 K steps
between 140 and 160 K. The raw spectra are shown on figure 6(a), with the processed data from

selected peaks being shown on figure 6(b).
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Figure 6 — (a) The raw RUS spectra of CH;NH3;PbBr; between 140 and 160 K in 1 K steps. The black arrow shows the region
between 147.8 and 153.7 K where peaks from the incommensurate phase are visible. (b) The processed data taken from
selected regions peaks. The phase boundaries are shown with dashed lines, and peaks measured in a cooling cycle are

shown in blue, while peaks measured in a heating cycle are red. Each individual peak is represented with a different symbol.

As can be seen in figure 6(a), there is a sudden shift in the appearance of the peaks in the 147.6 K
spectrum, where the sample leaves the orthorhombic region, but there is a second shift in the peaks
at 153.7 K, which would indicate a second phase transition. The temperature of these phase
transitions closely matches the literature reports of ~147 and ~154 K [36]. Differential scanning
calorimetry (DSC) measurements taken by Dr Julia Payne, which find the phase transitions by
measuring spikes in the specific heat capacity as the sample is heated and cooled, also confirmed the
presence of two phase transitions at these temperatures. The spectra of the intermediate phase

appear to more closely resemble the tetragonal (/14/mcm) region than the orthorhombic (Pnma),
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with weakly defined peaks likely caused by attenuation due to twin walls. These results cannot be

used to determine the exact nature of this intermediate phase, but they do provide external

confirmation of the presence of this phase, and we have shown that it is likely more closely related

to the tetragonal phase rather than the orthorhombic.

Methylammonium Lead lodide, CH3;NH;3Pbl;
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Figure 7 — Raw RUS data sets for CH;NH;Pbl; at temperatures between (a) 4 K and 293 K using the low temperature setup,

and (b) 290 to 380 K using the high temperature setup. Note that most of the peaks in the high temperature setup are due

to the rods rather than the sample, but the phase transition at 330 K can still be clearly seen where the peaks abruptly

disappear due to large attenuation in the tetragonal phase.

Figure 7 shows the raw RUS data for a single crystal of CH;NH;Pbl; from 4 K to 380 K, with the high

temperature setup being used to measure spectra above room temperature. The processed data

from selected peaks is shown on figure 8 and, as in the CH;NH;PbBr; case, the values for f* of each
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peak have been arbitrarily scaled so that the values for all peaks can be observed on a single graph.

Looking at the data, it is clear that CH3;NH;Pbl; has very similar behaviour to CH;NH3;PbBr;, with three

distinct regions corresponding to the cubic (Pm ém ), tetragonal (/4/mcm), and orthorhombic
(Pnma) phases. Many clearly defined peaks are visible in the spectra from 4 K up to the
orthorhombic — tetragonal phase transition at ~162 * 3 K, and the peaks are strongly attenuated in
the tetragonal region, with only one peak in this region being clear enough for good fitting. Looking
at the high temperature data, the tetragonal-cubic transition is clearly visible at ~328 + 3 K where

many resonance peaks abruptly appear as the sample is heated past the transition. From the
literature, the expected sequence of transitions is Pnma — 14/mcm - Pm 3m, with the Pnma —

14/mcm transition at ~165 K and the /14/mcm - Pm 3 m transition at ~327 K [11, 12, 30, 31], which

agree almost exactly with our results.

Looking at the Q" data, it is clear that the acoustic loss in CH;NH5Pbl; follows similar rules to those
seen in CH3NH3PbBr; earlier. The loss is low in the orthorhombic and cubic regions, with the
exception of a small increase in loss near the phase transitions, and there is large loss in the
tetragonal region. The high loss in the tetragonal region is once again due to the mobile twin walls in

this phase, and this could have some significance because CH3;NH;Pbl; is in the lossy tetragonal

phase at room temperature, meaning that perovskite solar cells will be affected by this behaviour.
Twin walls have long been known to have a profound influence on the properties of
superconductors and piezoelectrics [32, 33], with the twin walls possessing unusual properties that
are not present in the bulk material, and there is now increasing interest in their significance for
solar cells. The existence of these twin walls has recently been directly observed in CH;NH;Pbl; solar
cells by Rothman et al using transmission electron microscopy [34], and while their direct impact on
device performance remains unclear, it opens up another possible pathway to optimise the

properties of perovskite solar cells.
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during cooling and heating respectively.

Moving to the £ values, the peak frequency of the resonances follows a similar pattern to that seen
in CH3NH3PbBr3. Starting at 380 K, all the resonance peaks show a clear softening as the temperature
is decreased towards the phase transition at 328 K. Below the cubic-tetragonal phase transition,
most of the peaks disappear, but the few that remain also show a clear softening with decreasing
temperature towards the tetragonal-orthorhombic transition point. This is consistent with the
observation that a material generally undergoes softening as it approaches a phase transition. Many
clear peaks appear when the sample goes through the tetragonal-orthorhombic transition and, like
the observations for CH;NH;PbBrs, they all show a clear stiffening (increasing f°) as the sample is
cooled away from the transition point. However, CH;NH;Pbl; starts to differ from its bromide
counterpart at temperatures below 110 K, where the stiffening trend starts to reverse and the peaks
all begin to rapidly soften as they approach absolute zero. This unusual effect cannot be attributed
to the appearance of anelastic defects or cracks in the sample because the loss remains unchanged
throughout the entire process, meaning it must be due to a real effect in the material. It can be seen
in the data that the magnitude of this softening effect varies significantly depending on the peak
being studied, with the most affected peaks softening by up to 20 % over the whole process. But
despite the differences in magnitude, all the peaks obey the same overarching trend of a hardening

followed by a softening.
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Since most materials will tend to stiffen rather than soften as they are cooled, the most likely
implication of these results is that the material is approaching another phase transition. But there
does not appear to be any abrupt changes or discontinuities in the spectra that could indicate
another transition. A similar behaviour to this has previously been observed in lanthanum aluminate
(LaAlOs) [35], and the interpretation in this case was an incipient instability with a phase transition
which is favourable below absolute zero. Hence the material was softening on the approach to this
transition but never actually underwent a transition because the transition point cannot be reached.
This explanation is equally valid for our observations in CH;NH;Pbls, with the key difference that the
magnitude of the softening observed in CH3;NH;Pbl; is nearly 20 times greater than what was seen in
LaAlO;. This incipient transition could be caused by tilting due to the mismatch of ion sizes in the
CH5NH;3Pbls. Alternatively, it could be caused by the MA cation due to hydrogen bonding or the
alignment of the cations at low temperature. Since this instability is completely absent in the
CH5NH3PbBr; sample, it seems likely that the instability is at least partly controlled by the mismatch
of ion sizes in the lattice. To see if the MA cation also plays a role in this behaviour, we shall next
move on to the CD;ND;Pbl; sample to see how the change in mass due to deuteration impacts the

instability.

Deuterated Methylammonium Lead lodide, CD3ND5Pbls

We next collected RUS spectra from a single crystal of CD;NDsPbl; at temperatures between 4 and
293 K. The raw spectra are shown on figure 9, and the processed data for f* and Q" of selected peaks
are shown on figure 10. The first point to note from this data is that the temperature of the
tetragonal to orthorhombic phase transition is almost unchanged by the exchange of deuterium for
hydrogen. From the spectra we find a transition temperature of 159 K + 3 K, and this is backed up by
DSC measurements by Dr Julia Payne which found transition temperatures of 161 K/155 K
(heating/cooling) for the orthorhombic-tetragonal transition and 327 K/324 K (heating/cooling) for
the cubic-tetragonal transition. These transition temperatures are almost identical to the transition
temperatures of 162 + 3 K and 328 + 3 K we observe in non-deuterated CH3;NH;Pbl; This means that
if the change in cation hydrogen bonding has any effect on the phase transitions, its impact is far
weaker than that seen when switching iodine for bromine, which causes the phase transitions to
move to 148 + 3 K and 236 %3 K. This strongly supports the conclusion that the phase transitions in
these materials are primarily driven by octahedral tilting from the size mismatch of the ions, rather

than from hydrogen bonds between the MA cations and the rest of the lattice.
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Figure 9 - Primary RUS spectra from a single crystal of CD;NDsPbl;. Each spectrum has been offset up the y-axis in
proportion to the temperature at which it was collected. Blue spectra collected during cooling, red spectra collected during

heating.

On initial inspection, the RUS data for CD;ND;Pbl; seems to follow a similar pattern to the previous
materials, with low loss in the orthorhombic region and higher loss in the tetragonal region, but on
closer inspection there are several key differences. Firstly, the tetragonal phase of CD;ND;Pbl; has
many clearly defined peaks which, although lossier than in the orthorhombic phase, are significantly
clearer than in the tetragonal phase of the non-deuterated materials. This would suggest that the
introduction of deuterium has substantially lowered the amount of acoustic attenuation in the

tetragonal phase.

The acoustic loss provides a measure of the effective viscosity a twin wall experiences when it is
forced to move through the crystal by an external stress. The exact mechanisms for this loss is a
matter of great interest in many fields, since controlling the behaviour of twin walls (known as
“domain wall engineering”) would be a huge breakthrough in many fields of materials science such
as memory storage and superconductivity. The main two loss mechanisms that twin walls can
experience are extrinsic — caused by the interaction of twin walls with defects in the lattice —and
intrinsic — caused by twin wall interactions with phonons [35]. Determining exactly which of these is
the dominant mechanism in halide perovskites is a matter for further study, but the more interesting
point is that these results show that we can achieve a measure of control over the motion of twin
walls in the sample by exchanging hydrogen for deuterium. This could be of great interest in the field
of domain wall engineering [32, 33], as it could provide a means for controlling the formation and

motion of twin walls without having to make major changes to the perovskite composition.
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Figure 10 — Compiled data of thefz and Q" of selected resonance peaks from figure 9. (a) shows the data for all peaks at
temperatures from 4 K to 293 K. The tetragonal — orthorhombic transition is marked with a vertical broken line. Data
collected on cooling and heating are represented by blue and red points respectively. (b) and (c) show zoomed in data for
single peaks purely within the orthorhombic region. (b) and (c) show the anomalies in the evolution of]‘2 at ~40 K, which

may be the result of an additional phase transition.

Secondly, the sudden softening behaviour seen in the CH;NH;Pbl; sample at ~110 K (figure 8) is
dramatically different in CD;ND5Pbls. Instead, the f* data follows the standard slow stiffening with
decreasing temperature down to ~40 K, at which point there is a sudden change in slope, with some
peaks also having a small discontinuity in their positions (figure 10 b and c). This small discontinuity
could be indicative of a new phase transition which has been brought on by the change in hydrogen
bonding, and this hypothesis is backed up by neutron diffraction data on samples from the same
batch (taken by Dr Julia Payne), which showed a very minor hop in lattice parameter at the same
temperature as the discontinuity in the RUS data. Since the changes are so minor, we cannot draw

concrete conclusions on the exact nature of this transition. But the conclusion that we can draw is
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that the incipient instability seen in CH3;NH;Pbl; is indeed closely related to the effect of hydrogen
bonding in the system, since swapping hydrogen for deuterium causes a dramatic shift in its
behaviour. This is in addition to our previous observation that the effect is completely removed by
swapping | for Br, which would suggest that the instability is related to the hydrogen bonding
between MA cation and the PbXgoctahedra, and this effect is insufficient to cause an instability in

the bromide perovskite because the ion sizes are better matched.

Finally, all of the resonances show a significant hysteresis in their f* values, with the peaks taken
during heating not returning to the values seen on the cooling cycle and remaining different across
the entire orthorhombic region. It is also worth noting that the acoustic loss in the tetragonal phase
seen during the heating cycle is significantly higher than that seen during cooling, but similar effects
to this are also seen in the normal CH3;NH;Pbl; sample. This hysteresis behaviour can be explained by
the dynamics of twin walls in the material. The twin walls can occur on several different axes of the
crystal, and if there are equal numbers of twins on each axis then the overall macroscopic symmetry
will be cubic. However, if it becomes favourable for twins to be oriented on a preferred axis then the
overall symmetry will be broken, and the effective elastic constants for each resonance will depend
on the precise orientation of the twins. Hence this hysteresis could be caused by a change in the

configuration of the twins as the sample is cooled, and this change is not reversed upon heating.

Hydrogen Bonding and Debye Losses

Methylammonium Lead Chloride, CH;NH3PbCl;

As a final part of our investigation with RUS, we studied the properties of CH;NH;PbCl; to see if it
could give us any further insight into the effect of hydrogen bonding in hybrid perovskites. Hydrogen
bonding is expected to play an even larger role in CH;NH;PbCl; because the radius ratio criteria for
tilting transitions are no longer met. It is known to undergo two phase transitions at 171 and 177 K
[36], but these appear to be predominantly driven by hydrogen bonding from the ordering of the
MA cations in the A site, rather than by octahedral tilting [37]. The expected sequence of phases is
similar to the previous materials (cubic to tetragonal to orthorhombic with falling temperature), but
the tetragonal phase has a different space group (P4/mmm rather than /4/mcm) and may even be
incommensurate [37]. Additionally, the unit cell of the orthorhombic phase of CH;NH3PbCl; has a
different unit cell to the tilted structure in the orthorhombic phase of the other perovskites, despite

them both being in the same Pnma space group.

Once again, the RUS spectra were collected from single crystals of CH;NH3;PbCl; between 4 K and 293

K, and the raw spectra collected for CH;NH3PbCl; in the temperature interval 5-295 K are shown in
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figure 11(a), and the compiled data for f and Q" of selected peaks are shown on figure 11(b).
Immediately, it is clear that CH3;NH;PbCl; exhibits very different behaviour to its counterparts. As can
be seen from the data, the resonance peaks change very little across the entire temperature range,
with only a very slight trend of stiffening with decreasing temperature, which is to be expected. The
peaks appear to be completely unaffected by the phase transitions, indicating that the phase

transitions will at most have only small and subtle impacts on the elastic properties.
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Figure 11 —(a) Raw RUS spectra from a single crystal of CH;NH3PbCl; from 4 K to 293 K. Each spectrum has been offset up
the y-axis in proportion to the temperature at which it was collected. Blue spectra collected during cooling, red spectra
collected during heating. (b) Variation of fz and Q" with temperature for the resonance peaks in RUS spectra from a single
crystal of CH3NH;PbCls. Dotted lines represent the expected phase transition temperatures. Blue points and red points

represent values for the cooling sequence and the heating sequence respectively. Each symbol represents a different peak.
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The fact that the peaks are unchanged by the phase transitions provides us with information of how
the hydrogen bonding impacts the elastic properties. CH;NH;Pbl; and CH;NH;PbBr; have acoustic
properties which are broadly similar to those seen in most oxide perovskites. When near a phase
transition, a stress applied via the RUS setup will induce a strain in the crystal, and this in turn causes
the order parameter to relax so that the crystal becomes softer than it would be without coupling.
The stronger the coupling, the greater the magnitude of the softening, and the strength of this
coupling can be measured from the spontaneous strains in the unit cell of the crystal [38],[39]. Data
from the neutron diffraction experiments performed by Dr Julia Payne found that the spontaneous
strain in CD3;ND;Pbl; and CH3;NH;Pbl; is high, at about 3%. This is close to an order of magnitude
higher than normally seen in oxide perovskites [40], and it goes a long way to explain why the
magnitude of the softening seen in CH3NH;Pbl; is so much greater than in oxides such as LaAlO; [35].
The phase transitions in CH;NH;PbCl; are caused by ordering of the hydrogen bonds rather than
tilting of the octahedra, and so studying this material allows us to see how the strain from the RUS
impacts the hydrogen bonds rather than the tilted octahedra. From the literature, the linear strains
in the Pnma polymorph of CH3;NH;PbCl; are roughly 1% [37], and hence by this logic we would
expect large softening effects to be visible in the CH3NH;PbCl; spectra, but this is not the case. The
implication of this is that the application of a stress in the 1 MHz region does not cause the order
parameter to relax i.e. the configuration of hydrogen bonds which are responsible for the phase
transitions in this crystal remain fixed on a timescale of ~10® s and are not disordered by the energy

input from the RUS.

Another crystal which has its phase transitions dominated by hydrogen bonding is Lawsonite,
(CaAl,Si,0,(0H),.H,0), and literature RUS measurements show that the phase transitions of this
mineral are also not accompanied by any elastic softening [18, 41, 42]. Instead, the ordering of the
hydrogen bonds produces a series of braces through the crystal which causes a substantial stiffening
rather than a softening. We do not observe this stiffening effect in CH;NH3PbCls;, presumably
because the additional hydrogen bonding is relatively weak by comparison to the metal-halide
bonds that are already present, and hence the MA cations do not achieve the same bracing effect as

water in Lawsonite.
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Figure 12 — (a) Raw RUS spectra from a single crystal of CH;NH;PbCl; from 131 K to 208 K in 1 K steps. Each spectrum has
been offset up the y-axis in proportion to the temperature at which it was collected. Blue spectra collected during cooling,

red spectra collected during heating. (b) A zoomed in image of the same spectra to more clearly show the hysteresis.

Debye Analysis

The only noticeable feature across the entire data set of CH;NH;PbCl; is that there is a narrow spike
in Q! at approximately 160 K, which does not appear to be related to the phase transitions, and so
to examine this behaviour more closely we collected a second set of spectra between 130 and 210 K
in 1 K steps. This would provide more detail on the spike in Q' we observed, whilst also allowing us
to see any features due to the phase transitions which we may have missed. The raw spectra for this
is shown on figure 12 (a), and looking closely at the peaks there appears to be some form of
hysteresis in the frequency of the resonance peaks between about 140 K and 200 K. Figure 12(b)
shows a zoomed in view of one of the peaks to demonstrate this, and figures 13(a) and (b) show

compiled data of the f* and Q™ for the peaks at 480 and 510 kHz.
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Figure 13 — Compiled data for thefz and Q" values of the resonance peaks at (a) 480 KHz and (b) 510 kHz respectively.

Looking at the data shown on figure 13, there is a clear peak in the Q" values of the peaks at ~ 155 K,
and this is accompanied by a slight stiffening of the resonance with falling temperature. This
behaviour is typical of a Debye loss effect associated with a freezing process that is coupled with
strain [43]. The peak in loss is caused when the relaxation time (1) of the process overlaps with one
of the normal acoustic resonances in the sample. The acoustic resonance will have an angular
frequency (w), where w (=27f), and the peak in loss will occur when wt = 1. To determine what this
freezing process is, we next aimed to calculate the activation energy for this process. This is usually
calculated by measuring loss as a function of frequency under constant temperature. However, in
RUS we only have access to roughly one logarithmic unit of frequencies, and so we perform the
measurement with varying temperature and roughly constant frequency. This has been successfully
analysed in a number of cases [4] using the function

1

I 1
R}(ﬁ)T T

(T)Qch

where the maximum value of Q*, Q*,,, occurs at temperature T, and the temperature dependence
is determined by the activation energy, E,, combined with a spread of relaxation times described by

the term ry(f) [44,45]. R is the gas constant and r,(f) = 1 if there is only one relaxation time.
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shown in the legend.

To extract useful values from this equation, we fit this equation to the Q™ values of the resonance
peaks at 1020, 510, 480, and 290 kHz, and the value of E, that provided the best fit to the data was
taken as the activation energy of the loss process. The result of these fits is shown in figure 14. In the
cooling data, all the measurements show a single peak in Q* at ~155 K, and fitting the curves gave
estimates of activation energies ranging between 340 and 600 meV. In the heating cycle, there are
multiple, smaller peaks around 155 K, and this suggests that several distinct relaxation processes
occur through this interval. Fits to these curves gives activation energies in the range of 350-840
meV (see figure 14). We suggest that the lower E, processes represent a freezing in the rotation of
the CH3;NH;" cation, while the higher energy processes represent the motion of the Cl” ions between
lattice vacancies. The latter of these processes is closely related to the Hoke effect which we have

discussed previously [46], and finding ways to study and overcome this effect is one of the major
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focuses of perovskite research today. The motion of halogens in the hybrid perovskite lattice has
been previously calculated to have an activation energy of ~0.6 eV by Eames et al [47], which closely
matches the activation energy obtained here. The freezing of the MA cation has received less study,
but a recent study by Chen et al [48] found that the MA cation in CH3NH;Pbl; has a rotational degree
of freedom with an activation energy of ~80 meV. This is significantly different from our result of ~
350 - 600 meV, but this could be due to the slightly different structure of There is less available data
on the freezing of the CH3NH;" cation, but Chen et al recently reported that the CH;NH;" cation in
CH3;NH3Pbl; has a rotational degree of freedom with an activation energy of approximately 80 meV,
which differs significantly from our result. This could be due to the different structure of
CH3;NH;3PbCl; compared to CH;NH;Pbls, as the tilting transitions may significantly affect this result.
Future work on this effect would focus how the process changes when the CH;NH;" cation is
replaced with CD;ND5*, CH(NH,)(NHs)", or Cs" ions so as to confirm that the A site cation is the cause
of this freezing. Finally, the data shown in Figure 14 (b) and (c) also show a small peak in the heating
cycle at ~195 K, and fits to this data estimates these processes to have activation energies of ~ 1.7 —
2.2 eV. We suggest that this corresponds to movement of the Pb** ion, which was calculated by

Eames et al to have an activation energy of 2.3 eV [47].

PL Measurements on lodide and D-lodide

As discussed earlier, it is of great interest to determine if different processes we have observed via
RUS have a noticeable impact on the photophysical properties. To study this, we worked with Dr
Tariq Sajjad from our group at the University of St Andrews to perform a time resolved
photoluminescence measurement on CHs;NH;Pbl; and CD3ND3sPbl; to see if any of the
photoluminescence parameters could be correlated with the features in the RUS spectra. It would
also allow us to see what affects the difference in hydrogen bonding due to the deuteration has on
the PL. The same crystals that were used in the RUS study were used for PL measurements, and the
crystals were ground into a powder to assist in the measurement. The powder was placed in
between two 10 mm quartz disks to hold it in place, and the disks were then transferred to a holder
in an Oxford Instruments nitrogen cryostat. The cryostat had transparent windows to allow optical
measurements on the sample, and it was pumped down to a pressure of ~10™ mbar to prevent
condensation of air in the chamber. The sample temperature was controlled using liquid nitrogen
and an ohmic heater in a cold finger setup, so that set points between 77 and 300 K could be
obtained. To measure photoluminescence, the sample was optically excited with 515 nm light from a
Light Conversion™ regeneratively amplified Pharos Laser with 200 fs pulses. The remaining pump

light was then filtered out and the photoluminescence was measured with a Hamamatsu streak
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camera. Note that we did not have access to liquid helium in this setup so the measurement was

limited to a minimum temperature of 77 K.
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Figure 15 — Normalised photoluminescence spectra for (a) CH;NH;Pbl; and (b) CD;ND;Pbl; at various temperatures. (c) Time

resolved photoluminescence of CH3;NH3Pbl; — note that the PL lifetime suddenly spikes around 140 K

The raw PL spectra for CH;NH;Pbl; and CD;ND;Pbl; at a range of temperatures are shown on figure
15 (a) and (b) respectively, and the peak PL counts vs time for CH;NH;Pbl; at different temperatures
is shown on figure 15 (c). It is important to note that the PL was not measured using an integrating

sphere, so it is valid to compare the PL counts on different measurements of the same sample, but

the data cannot be used to compare absolute PLQY between samples.

To aid analysis, the peak wavelength and total PL counts for both samples at each temperature were
then extracted from the initial data, and the results are shown on figure 16. Looking at the peak PL
wavelength, it can immediately be seen that substituting H for D causes the PL to be consistently
blue shifted by approximately 20 nm compared to the original CH;NH;sPbls. As the temperature is
decreased from 300 K, the peak wavelength for both samples shows a slow increase up to

approximately 180 K, where it plateaus for both samples. The PL peak for both samples appears to
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remain completely constant as the sample crosses the phase transition, and as the samples are
cooled further they reach a point where the PL starts to rapidly blue shift with decreasing
temperature. The onset point for this sudden blue shift is ~150 K for CH3;NH;Pbl; and ~130 K for
CD3ND3Pbls. In both samples, this sudden blue shift is accompanied by a steep increase in the PL
counts with decreasing temperature, which up until this point had remained relatively constant. The
increase in PL with decreasing temperature continues to the limit of our experimental range of 77 K,
but the blue shift of the bandgap appears to plateau for both samples at around 100 K. Note that
this sudden rise in PL counts is coupled with a dramatic spike in PL lifetime at 140 K, which would
suggest that this rise in PL counts is related to the removal of a major loss pathway.

CH;NH,Pbl, CD,ND,Pbl,

T T T 18000

T . Orthorhombic ! Tetragonal 12 2 . 1 800

= 2000000 4 e < € 140 4 --—— CD,ND.PbI,

5 " (Pima) w-im- I4/mem s 000 o= D;ND,Fbl,

3 I . € 1200000 4 ! ™0 E

= 1200000 ! = g I g

§ o L S o] $o :

2 i 500 B z | -]

+ L . 800 ¢ = 500000 - ) 5

£ \ 3 @ " o

g 1000000 4 ! s = | | Tetragonal &
4 S i trag Lo

g . ! 790 g: g 00 a | (4imem) £

2 =’ i 2 E

2 200000 i E g 0004 '-"\ ! o 3

E CH,NH,PbI, o s | 0o

3 [ 3 3 20000 - - .

] -y = *"Orthorhombic | TE———woo -

s od  m—a ——u ] . [ 0 4 Pama) - e

o I T - T I T T T

] =0 100 150 200 260 200

T T T
2 25 00
200 250 00 Temperature (K)

Temperature (K)

Figure 16- Photoluminescence wavelength (blue data points) and intensity (black data points) versus temperature for (a)

CH3NHsPbl; and (b) CD;NDsPbl;. Dashed vertical lines represent the phase transition temperatures.

The first point to note about this data is that in both samples the phase tetragonal-orthorhombic
transition has little to no impact on the PL properties. This is significant because it shows that, while
the tilting transitions have a huge impact on the elastic properties, it would seem that the
photophysical properties are relatively unaffected by the tilting. However, the sudden blue shift and
rise in PL counts at ~150 K in the CH3NH;Pbl; sample seems to indicate that a much more significant
process developing below the phase transition. 150 K is the exact temperature at which the peak in
Q™" was observed in the CH;NH;PbCl; sample, which leads us to the hypothesis that the shift in
photoluminescence behaviour is caused by the freezing of the motion of the MA cations which we
discussed in the previous section. The fact that the CD;ND;Pbl; sample exhibits similar behaviour at a
slightly lower temperature lends further credence to this hypothesis because this change can only be
due to the change in mass between D and H, and it would make sense that a change in hydrogen
bonding strength would alter the temperature at which this effect would occur. This hypothesis

would be significant if confirmed, as it would show that designing an A site cation to freeze at
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temperatures closer to room temperature could be a route to significant improvement in PLQY for

optoelectronic devices.

Conclusions

In summary, this chapter shows a study of the elastic and photophysical properties of
methylammonium lead halides. The overall aims were to see how these hybrid perovskites compare
to more standard oxide perovskites, to investigate the effects of hydrogen bonding and tilting on the
properties of the samples, and to see if any of the elastic properties had any impact on the
photophysical characteristics. We found that CH;NH3Pbl; and CH;NH;PbBr; have their phase
transitions controlled by octahedral tilting in a similar way to Ca,Sr,,TiOs, with the exception that
the lattice strains and softening processes are close to an order of magnitude greater than seen in
most oxides. We observed a sudden softening behaviour in CH3;NH;Pbl; below ~110 K, which strongly
indicates that there is another instability in the crystal leading to a phase transition which would

occur below absolute zero.

We were able to exploit the fact that CH;NH;PbCl; does not undergo tilting transitions in order to
observe transitions which were controlled by hydrogen bonding rather than tilting. We found that
these hydrogen bonding-dominated transitions had very little impact on the elastic properties, but
we were also able to observe a separate Debye loss effect at ~150 K which we attribute to the
freezing of the motion of the MA cations. This in turn may be responsible for the abrupt change in
photoluminescence properties of CH;NH;Pbl; at about the same temperature. Finally, we performed
a comparison between deuterated and non-deuterated CH;NHPbI; to see how the concomitant
change in hydrogen bonding strength affects the material properties. We found that this
substitution had a profound impact on the behaviour of the PL with temperature, but during the PL
study we were unable to find any indication that the twin walls or the phase transitions had any
bearing on the PL characteristics. In the RUS measurements, we additionally found that the
deuterium substitution substantially alters the movement of the twin walls in the tetragonal phase,
and causes a major change in the incipient instability that is observed at low temperature. The
conclusion to draw from this is that all of these processes are to some degree governed by hydrogen
bonding in the MA cations. In a different context, it is certainly of interest from the wider
perspective of domain wall engineering that the presence of an organic A cation with choice of H or

D could be used to control the effective viscosity experienced by a moving twin wall.
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Chapter 9 - Conclusions

In summary, this thesis has focussed on how the excellent semiconducting properties of hybrid
perovskites can be optimised for optoelectronic applications, with a particular focus on their use in
thin film lasers. We have explored a wide range of variations on the basic hybrid perovskite structure
and probed the physics of the material using a wide range of techniques. Hybrid perovskites have
proven to be a revolutionary material in the field of thin film solar cells, and as the field has matured
there is now increasing interest on their use in light emitting applications such as lasers and light
emitting diodes. Hybrid perovskites gain a range of attractive properties by combining the
advantages of both organic and inorganic semiconductors. They have strong photoluminescence[1],
high charge mobility[2], a large absorption coefficient, and a low exciton binding energy[3, 4] whilst
also being cheap and solution processible. However, in spite of their high performance they have
been held back from immediate commercialisation by their mediocre stability and the toxicity of
their lead component, and the Hoke effect has thus far placed a severe limit on the tuneability of
their bandgap[5]. The goals of this thesis were two-fold. First we aimed to collaborate with structural
chemists and materials scientists to study the properties of hybrid perovskites on a fundamental
level using a variety of advanced spectroscopic techniques such as air photoemission and resonant
ultrasound spectroscopy. These would provide insight into the origin of the high performance of
perovskites and could lead to the design of a new generation of lead-free materials which maintain
the high performance of the current state-of-the-art. Secondly, we aimed to exploit the strong
photoluminescence seen in hybrid perovskites to produce high quality thin film lasers of any colour

with the potential to achieve continuous wave or even electrical pumping.

In chapter 4, we discussed our work on using Kelvin probe and air photoemission to study the
physics of perovskite solar cells. Using the non-inverted structure, we were able to fabricate solar
cells with efficiency of up to 10 %. Using air photoemission and Kelvin probe, we measured the
energy levels of the constituent parts of this design of solar cell, allowing us to construct a detailed
map of how the energy levels evolved throughout the device[6]. This model could then be combined
with surface photovoltage measurements to gauge the effectiveness of each layer in the cell design,
and to identify possible avenues for improvement. Using these techniques, together with studies on
photoluminescence and solar cell performance, allowed us to investigate bismuth doped perovskites
as a possible low-lead content alternative to CHsNH;Pbl;. We found that doping CH3NH3Pbl; with
even a small amount of bismuth was highly detrimental to the photoluminescence and solar cell

performance, and a possible reason for this was the A site vacancies which are introduced by the
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extra charge on the Bi** ion. To test this hypothesis, we used an alternative route to introducing A
site vacancies by doping CH3;NH;Pbl; with H3NC2H4NH32. We found that introducing vacancies by this
method had far less impact on the performance than when using bismuth. Hence we concluded that
it was a property of the Bi*" ion itself, rather than the vacancies it introduced, that was the root of

the problem.

While studying perovskites as a solar cell material, we found that CH;NH;Pbl; was also remarkably
effective as a laser material, and Chapter 5 describes our initial efforts, using the lead acetate
deposition route, to achieve an all solution-processed perovskite distributed feedback laser that
emitted in the near infrared. We found that producing high quality films with low scattering losses
was key to achieving laser operation, as random lasing modes and scattered amplified spontaneous
emission would compete with the lasing mode for gain if the film quality was not sufficient. Our best
lasers achieved a threshold of ~ 110 pJem™ under ns pulses or ~4 plcm™ under fs excitation, and our
initial studies showed that the resulting lasers had better than expected stability[7]. This high
stability of CH;NH;Pbls;, combined with the fact that triplet excitons are not present in the material,
makes it a highly attractive candidate for achieving continuous wave lasing[8]. We tested this
prospect by pumping a CH;NH;Pbl; laser with fs pulses at a repetition rate of 80 MHz in order to
approach the quasi CW regime, but thermal effects appeared to prevent us from observing lasing in

these conditions.

In chapter 6, we aimed to expand upon the achievements of the previous chapter by producing
green-emitting perovskite lasers with low thresholds. A key part of achieving the lowest threshold
possible was to overcome the intensity dependent PL issues which prevent the material emitting
well at low excitation densities. By optimising the deposition process to produce high quality films
with small crystals, we were able to maximise the PL at low intensities whilst keeping the scattering
losses to a minimum, and by using the optimal technique we were able to produce green lasers with
a threshold of ~6 wecm™ under ns pumping[9]. These CH;NH;PbBr; lasers had single mode outputs
with very high quality, and tuning the grating period allowed us to switch the laser between
transverse electric and transverse magnetic polarisations. We found that simple encapsulation
would allow the lasers to operate for many hours at a time without any sign of degradation, making
it easy to perform prolonged experiments at high powers. Finally, we attempted to lower the
threshold of these lasers further by exploring the effect of swapping the methylammonium cation in
CH3NH3Pbl; with formamidinium or caesium. These substitutions were observed to substantially
alter the properties of the resulting films, but none of them had properties which were suitable for

achieving low threshold lasing.
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Our work on achieving strong PL at low intensities using CH3;NH;PbBr; had allowed us to achieve high
quality lasers with good threshold, but even with these improvements their PLQY was still more than
an order of magnitude less than seen in organic polymers, and the Hoke effect was still preventing
us achieving good colour tuneability. To combat this, chapter 7 focussed on producing lasing from
low dimensional perovskites. Our first step looked at quasi 2D layered perovskites[10], and we
developed films based on (PEA),(MA),..Pb,Brs,,; to achieve blue-green photoluminescence with a
PLQY of up to 72 %. We found that the PLQY of these films would vary strongly with their n value or
the choice of antisolvent in their deposition. Their colour could be tuned into the blue to a small
degree by substituting some Br for Cl, but any attempts to tune into the red by the addition of | was
found to completely kill the PL. Despite the high PLQY and good film quality, they were unable to
achieve low threshold stimulated emission because a small amount of sub bandgap absorption
dramatically increased their waveguiding loss. Future work with this material would focus on their
use in perovskite light emitting diodes, where self-absorption is less of a problem and their excellent

PLQY values could allow them to achieve high efficiency.

In our search for colour tuneable perovskites for low threshold lasing we also worked with Dr
Credgington’s group on CsPbX; perovskite nanocrystals[11]. These were known to have high PLQY
and easily tuneable colour, but our initial attempts at achieving lasing by encasing them in a polymer
matrix yielded very poor results. We were able to achieve much better results by making raw films of
the pure nanocrystals. These achieved high PLQY, and green-emitting samples demonstrated a good
lasing threshold without suffering from the concentration quenching effects one would normally
expect in a raw film of nanocrystals. Films of these nanocrystals had a refractive index much closer
to those of organic polymers, and this allowed us to experiment with lasing from a much wider range
of distributed feedback gratings, with mixed order gratings achieving thresholds as low as 20 pcm™.
These results are very promising, but we were prevented from achieving our initial goal of colour
tuneability because we experienced significant batch-to-batch variation in the performance of our
nanocrystals. Future work would focus on overcoming these issues and using perovskite

nanocrystals to achieve lasing at all colours in the visible spectrum.

The search for lead-free alternatives to CH;NH;Pbl; has been hindered somewhat because the
fundamental reasons behind the high performance of hybrid perovskites remain poorly understood,
and so it is essential to perform in depth studies on the underlying properties of perovskites to see
how they could affect the device performance. One of the key points of interest in this field is how
the hydrogen bonding from the organic cation impacts the properties of the crystal as a whole, and

it is also of interest to see how these halide perovskites compare to their oxide counterparts. We
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aimed to study this by measuring single crystals of CH;NH3;PbX; with resonant ultrasound
spectroscopy, and found that CH;NH;Pbl; and CH;NH;PbBr; both follow tilting transitions which are
roughly analogous to some oxide perovskites, with the exception that the magnitude of the strain-
induced effects was close to an order of magnitude higher. The phase transitions in CH;NH;PbCl; are
controlled by hydrogen bonding rather than tilting, and this allowed us to observe the effects of
hydrogen bonding more directly. We found that the phase transitions induced by hydrogen bonding
have very little effect on the elastic constants, but we were able to observe several Debye
resonances at ~155 K, which we attribute to the freezing of the MA cations and the motion of the
halogens. As a final study into the effects of hydrogen bonding we explored the effect of switching
hydrogen for deuterium in CH;NH3Pbl;, and found that the resulting change in hydrogen bonding
caused significant differences to the photophysical properties of the material, whilst also having a

large effect on the motion of twin walls and its incipient instabilities at low temperature.

Overall, this thesis has studied lead halide perovskites from a wide range of angles, and | hope that
this work will encourage further research into perovskites as a lasing medium whilst furthering the

understanding of the fundamental properties of hybrid perovskites.
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