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Abstract
Hybrid organic-inorganic perovskites have emerged, within a wider set of applications,
as a leading candidate for solar power generation. Focusing on methylamonium
lead-based perovskites, halide content is varied, demonstrating the tune-ability of the
band-gap energy. These band-gap energies are shown to range over the visible
spectrum, facilitating their use in photovoltaic applications. Building upon these results,
perovskite layers are inserted into fully functioning devices. Producing promising
results, this project is to lay the foundations for further investigations into perovskites
and compositional engineering.

Resumen
Las perovskitas hibridas organicas-inorganicas han surgido como una alternativa viable
y eficiente para la generacion de energia solar, ademas de para muchas otras
aplicaciones. A partir de las perovskitas de metilamonio y plomo, se ha probado la
capacidad de ajuste de la energia del band-gap a lo largo del espectro visible en funcion
de la cantidad de haluro empleado en la composicion, lo que facilita su empleo en
aplicaciones fotovoltaicas. A partir de los resultados obtenidos se han sintetizado
diferentes capas de perovskitas para su empleo en dispositivos fotovoltaicos. Los
resultados obtenidos han sido muy prometedores y establecen las bases para futuras
investigaciones en materiales de perovskita e ingenieria composicional.
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1 Introduction

1.1 Objectives

Following the immediate threat posed to humanity by climate change, the accel-
erated move to renewable power sources has been identified as key to our survival
(Paris Agreement).

Within the renewable energy sector, solar panels have attracted attention due
to the reliability and predictability of their power generation when compared with
other sources such as wind or tidal. Solar based technologies are also built upon
far richer physics; having no moving parts, their power generation is best under-
stood in the language of Quantum Mechanics and Condensed Matter Physics. For
these reasons, the aim of this Masters dissertation is to aid this shift to a clean and
sustainable future by investigating and developing super cheap and ultra-efficient
solar power based on perovskite materials.

In order to bring solar cells (SCs) to the market, the challenge is to reduce
the price per unit energy produced in order to bring them into competition with
established fossil fuel sources. To achieve this, one can either increase the effi-
ciency of the cells or decrease the price of their production. Perovskite based SCs
are known to be one of the fastest growing solar technologies in terms of effi-
ciency (see Figure 1) and also benefit from low production costs when compared
with their silicon counterparts. Cost analysis suggests that a module efficiency
higher than 12% with stability longer than 12 years and an aperture area of 1 m?
are necessary conditions to achieve electricity generation costs below traditional
sources, which is around 6 US cents kWh * [1].

On one hand, the large gains made in the efficiencies of perovskites SCs is
driven by their impressive optoelectronic properties, which has even led some
to predict that organic cells will break the Shockley-Queisser limit [2]. On the
other hand, the widespread interest in perovskites stimulated by the initial inves-
tigations into their fabrication has led to extensive research into many of their
aspects over a short period of time. For example, unlike their silicon counterparts
which require clean rooms, vacuums and other expensive high-tech equipment,
perovskite SCs can be manufactured with relative ease. Perovskite SCs can be
synthesised via solution deposition methods, leading to lower costs [3] and an
opportunity to automate production [4, 5].

However, a current difficulty with perovskites is that they suffer from stability
problems which greatly influence their predicted lifespan [6]. Organic parts of
perovskite SCs tend to react with humidity, degrading back into their precursor
elements. For all their promise, perovskite cells will not be take the market by
storm until they can be stabilized for long-term use.
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Figure 1: Shows the highest efficiencies achieved within a research environment [7].
Perovskite cells are represented as yellow-filled orange circles. The rate of increase in
efficiency can be seen to be substantially higher than for other SCs.

1.2 Solar Cells
1.2.1 Background

SCs are broadly categorised into three generations. First generation cells comprise
of crystalline silicon and still dominate the market. They benefit from high effi-
ciencies, up to 27.6% (Figure 1), and long term life-spans often spanning decades.
Moreover, many of these silicon-based devices have benefited from rapid falls in
price [8]. On the other hand, these cells require energetically intensive manufac-
turing processes in order to yield high-grade silicon. This not only inflates the
price of the cells on the market but also offsets their benefits in the context of the
necessary shift to renewable and sustainable power sources.

Second generation SCs have inorganic light absorbing layers with high ex-
tinction coefficients. Since these SCs are based on thin films, around 1 um thick,
they are commonly known as thin film SCs. Cadium telluride (CdTe) has the sec-
ond largest market share after silicon based technologies, due to the structural
simplicity [9] and the high efficiencies achieved, of up to 22.7% [10].

The third, and latest, generation of SCs encompass a wide range of technolo-
gies, including quantum dots [11], dye-sensitive SCs (DSSC) [12], multi-junction
SCs and organic SCs. The latter being the focus of this dissertation. Organic
materials benefit from low-cost production methods [13] and can have great con-



ductive and radiative properties. The main limitation of organic materials is their
inherent short term instability, in contrast to certain inorganic materials. Hence,
the search is on, for an organic-inorganic material with all the desired properties.
These synthetic materials are generically called organic-inorganic hybrid (OIH)
materials.

1.2.2 Organic-Inorganic Hybrid Perovskites

OIH materials have opened up new possibilities within the context of photo-
voltaics. They grant the ability to use organic absorbers in combination with the
dielectric screening of inorganic components. This allows for easier dissociation
between free charge carriers and an increased efficiency in the transportation to
their corresponding electrode. Compositional engineering, by varying quantities
of each organic/inorganic ingredient, empowers researchers to yield very differ-
ent: interface structures, excitation lifetimes, charge-carrier transport properties
and optoelectronic properties.

One of the most fascinating types of OIH SCs are known as Perovskites. Their
SC efficiencies have gone from 3.8%[14] in 2009, up to 25.2% in a mere ten years
(Figure 1). They are made from low-cost materials and can be fabricated in low
temperature environments. Moreover they have competitive efficiencies when
compared against multi-crystalline silicon SCs (see Figure 1). This high efficiency
is ultimately driven by the low band-gap of the methylammonium lead iodide and
a low loss-in potential. In the future, further reductions in the loss-in potential
are expected to take place, originating from lowering the density of trap states
which catalyse recombinations.

In powder form it has a white appearance, however when it crystallizes it
turns dark, with a tint of orange and brown. Apart from its dark colour (meaning
it absorbs a large range of radiation energies), another reason it is so popular for
use in SCs is that it has a band-gap energy that falls within the visible spectrum.
Moreover this gap can be finely tuned through substitution of the halide [15],
cations or anions.

A perovskite SC is a PN junction, formed from an n-type and a p-type material.
Through electron-hole creation in the perovskite layer, ions can be collected by
sandwiching it between a cathode and an anode, allowing the powering of an
external load.

The anode, used to conduct electrons, is made up of a conductive glass layer
coated with a conductive layer, such as transparent fluorine doped tin oxide (FTO).
On top of this, a layer of n-type titanium dioxide TiOy semiconductor is usually
deposited. A perovskite layer, commonly methylammonium lead halide, is then
deposited on top to serve as a source of electrons and holes. Upon this, a thin
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Figure 2: Cross-sectional image of an FESEM image for a mesoporous oxide based per-
ovskite SC [16].

layer of spiro-OMeTAD, back contacted with gold, is deposited to transport holes.
Hence this layer can be thought of as the cathode.

The heart of the SC is the perovskite absorber, which is a semiconductor. In
the case of incident photons having energies lower than the band-gap hv < E|,
then it becomes highly probable that the photon will be transmitted through the
material in question. Independent of the band-gap structure, there also exists the
possibility of the photon being reflected off the surface of a material. This phys-
ical property of a material is characterised by the reflectivity of a sample, which
is known to be dependent on the properties of the surface such as roughness and
colour. Therefore information about the suitability of a perovskite for solar appli-
cations can be deduced from both crystal and film morphology at the nano-scale
as well as macroscopic properties and defects.

1.3 Wider Applications of Perovskites

Following the discovery of the perovskite mineral CaTiO3 by Gustav Rose, in 1839,
the family of materials with the chemical formula ABX3, known as perovskites,
was established. Perovskites are now known to have several important properties,
ranging from ones with useful technological applications such as piezoelectricity,



high thermopower, magnetism and super and semi conductivity to more special-
ized applications using perovskite’s colossal magnetoresistivity, charge ordering
and spin dependent transport [17].

Around a century after Rose’s discovery, Physicist Percy Williams Bridgman
demonstrated that the most abundant mineral on the planet was a perovskite
which forms under the high pressures found in the lower mantel, accounting for
93% of the lower mantle and 38% of the minerals on the planet [18]. For his discov-
ery of (Mg, Fe)SiO3, more commonly known as Bridgmanite, Bridgman received
the Nobel Prized in 1946.

Some years later, J. Georg Bednorz and K. Alexander Miiller discovered the
ceramic “High temperature superconductors” based on the perovskite-like struc-
tures of LayCuO4 and YBasCu3Og. They found that these perovskites can be in-
sulating or super-conductive at temperatures up to 138K, depending on oxygen
content. As such, this is the first example of compositionally engineering per-
ovskites. For their work, in 1987 they would be awarded the Nobel Prize.

Since then, major avenues of research have been established following the
discovery of perovskite’s semi-conducting properties and, in turn, their widely
ranging applications. Their stability issues aside, perovskites offer a potential
alternative to many silicon based technologies since they benefit from brilliant
optoelectronic properties and low manufacturing costs. This means that not only
do perovskites find applications in SCs but radiative recombinations taking place
within them also enable their use in LEDs [19, 20] and quantum dots. It has been
shown that when LaAlOg is doped with neodymium it gives a laser emission at
1080nm [21].

In terms of lesser known applications, perovskites have been implemented in
memory devices [22] and spintronics [23]. Perovskites are increasingly exploited
in the microelectronics and telecommunications industries. In 2014 a research
group at EPFL, Lausanne Switzerland, claimed that water electrolysis had been
achieved with an efficiency of 12.3% [24] using perovskites. If correct, this break-
through would facilitate the simple and cheap extraction of hydrogen from water,
driving the use of hydrogen fuel cells and the move towards sustainable energy
sources.

1.4 Outlook

This dissertation aims to achieve a number of goals, starting with a review of the
literature on methylamonium lead perovskites.

The main body of the work investigates engineering the compositional, and
structural, properties of the perovskites absorber, focusing on the tune-ability of
the band structure by changing the relative halide concentration. Perovskite lay-



ers are synthesized, characterised and analysed using photo-luminescence, trans-
mittance and X-ray diffraction tests, where results are presented within the con-
text of perovskite stability.

Finally, perovskite layers are inserted into SC devices. The development and
reproduction of these methods is intended to lay the ground work for the next
stages of investigations into perovskite based SCs.



2 Literature Review

2.1 Methylamonium Lead Halides

Following a great deal of investigation over the past decade, the MAPbI3 (MAPI)
perovskite is arguably the most well understood within the context of photo-
voltaic applications. However many aspects still remain hotly debated, such as
the source of the current-voltage hysteresis [25]. This review will examine sev-
eral of their well understood properties, which make them favourable, or not, for
their use in SCs, focusing on photo-ionisation driven excitations and their prop-
erties, degradation mechanisms and compositional engineering.

2.1.1 The Nature of Excitations

In the literature, the high efficiencies of MAPI perovskites are often attributed
to their low exciton binding energy, relative to the thermal energy at ambient
temperature [26, 27]. These authors suggest that this allows for easier charge
separation and a situation when most carriers are present as free holes or free
electrons [28, 29]. To gain a further insight into these claims, let us first examine
the excitations taking place within these materials.

Excitations caused by photo-ionization in semiconductors are understood in
terms of the creation of electron-hole pairs. Depending on the nature of of the
ionising source, these electron-hole pairs may separate into free charge carriers
or they may become a bound state, known as an exciton. In Quantum Mechanics,
bound states are characterised by the localisation of a particle or quasi-particle
due to the application of a potential. In the case of semiconductors, electron-hole
pairs may become localised due to Coulombic forces or distortions in the lattice.
The latter are known as self-bounded excitons, which take place when an exciton
is shielded by phonons in such a way that the lattice deforms into a local potential,
trapping the exciton.

The nature of these excitons has important implications for the application
of semiconductors, such as perovskites. This is because although excitons have
the ability to transport energy they are electrically neutral, meaning that they do
not contribute to the electricity generated by SCs. On the other hand, excitons
are known to degrade via radiative recombination and therefore have no impact
on the quantum efficiencies of devices such as LEDs. Due to the trapped nature
of excitons, they have lower energies than free charge carriers. This means they
are often stimulated by sub-band-gap energies which can lead to increased device
efficiencies. Moreover, depending on the band from which exciton originates,
different types of exciton can simultaneously exist in the same material.



The probability of exciton creation is understood to be inversely proportional
to both the band-gap energy and the dielectric constant of a material. The pres-
ence of other electrons has an impact on the electrical permittivity of a substance
via screening of the electric field. This screening effect causes the Coulombic
attraction between the electron-hole pair to negated, which in turn lowers the
binding energy of the exciton, allowing for easier disassociation. Perovskites used
in SCs usually have large dielectric constants, leading many to accredit the high
number of free charge carriers to the low binding energy of excitons.

Excitons tend to be categorised into two groups, depending on their bind-
ing energies and, in turn, their sizes. The first excitons were proposed by Yakov
Frenkel, in 1931 [30]. Frenkel excitons occur in materials with small dielectric
constants, and characterised by binding energies of around 0.1 to 1 eV, leading to
exciton sizes around the size of a unit cell. The second kind of excitons were dis-
covered by Gregory Wannier and Nevill Francis Mott, and are known as Wannier-
Mott excitons [31]. These occur in semiconductors, such as perovskites, with large
dielectric constants. Due to their low binding energies of around 0.01 €V, they can
have radii larger than the lattice spacing, leading them to also be known as large
excitons. Their large radii are also favoured by the small effective masses found
in semiconductors.

In 2015, Miyata et al. reported the first direct measurement of exciton binding
energy and effective masses of the charge carriers [26] in MAPDI;. Their experi-
ment implemented high magnetic fields, of up to 65 T, in a temperature controlled
environment. At temperatures as low as 2K, they identified the 1s, 2s and 2p ex-
citons; clearly resolving the 1s exciton at 1.64 eV. They found excitons showed
binding energies of 16 & 2 meV and effective masses of m* = 0.104 + 0.003m,,
where m, is electron rest mass. These results are close to those predicted theoret-
ically by Mendez et al. [32] of m* = 0.099m,. At room temperature, Miyata et al.
reported exciton binding energies of only a few milli electron volts.

Furthermore, Zhang et al. found evidence supporting the low exciton bind-
ing energies in perovskites [27]. When seeking to study magnetic field effects in
hybrid perovskite devices, they reported findings which suggested that the ma-
terials were not excitonic, like those found in SCs based on organic polymers.
Rather that, magnetic field effects suggested that perovskites behave similarly to
silicon SCs, with a high proportion of free carriers.

Thus, it would seem that the evidence found in the literature suggests charge
carriers are mostly present in their free forms.

Free carrier properties have been shown to be exceptional in perovskites. In-
cluding high charge carrier mobility [33] and long diffusion lengths [34]. The
latter being key to the ability to implement perovskites within thin film architec-
tures.
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2.1.2 Degradation

Although MAPI SCs have a well documented fabrication process and are relatively
reproducible, they are known to rapidly degrade due to a variety of reasons. The
degradation mechanisms are not yet fully understood, but are often broken down
into two groups of factors: extrinsic and intrinsic.

Extrinsic factors include moisture, UV, oxygen, and temperature levels, all of
which can cause both degradation independently or accelerate degradation when
combined.

Intrinsic factors which cause, or catalyse, degradation include perovskite sto-
ichiometry, ion migration and the strength of bonds between cations and anions.

The most commonly quoted degradation mechanism is that caused by mois-
ture or humidity. This degradation pathway is known to be accelerated by ele-
vated UV or temperature levels, and in some cases, electric fields [35]. In general,
MAPI perovskites degrade beyond recognition within a matter of days or weeks,
however there has been some progress, with reports of damp test survival for up
to 1000 hours [36].

It has been suggested that water molecules have a tendency to form hydrogen
bonds with cations in the perovskite lattice [37, 38]. Once water molecule den-
sities reach a critical level within a certain region, a hydrated perovskite phase
is said to exist. This reversible phase change, is thought to be the beginning of a
non-reversible degradation described by the following reactions [39]

CH3NH3Pbls 42% CH3NH3PbLygueous + Pbly 1)
CH3NH3Pbl,gueous <+ CH3NH, + HI )
Oy + 4HI < 215 + 2H50 (3)

Since this process itself releases water as a by-product, this means that it can
become a run-away effect.

Other authors have suggested that the formation of ammonia and hydrogen
iodide, catalysed by water, is the primary degradation pathway present in MAPI
perovskites [40]. This reaction is described by [41]

CH3NH3Pbls(s) 425 (—CHy—)(s) + NHs(g) + HI(g) + Pbly(s)  (4)

Among the other extrinsic factors, there is that of degradation via incident
UV radiation. There is evidence to suggest that MAPI degrades with UV radiation
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even when there is no oxygen or moisture present [42]. However degradation
due to UV radiation is most notable when combined with other factors. Aside
from the perovskite layer, TiOg is also known to degrade in the presence of UV
radiation [43].

Temperature not only significantly influences the crystal structure, but has
also been shown to lead to degradation of MAPI photo-active layer without the
presence of oxygen or moisture [44]. In the case of temperature degradation, the
same reaction as in (1) is thought to take place, but at a slower rate. This has also
been shown to take place in MAPbI;_ xClx [45].

Increasing Stability Several ideas have been proposed in order to increase the
lifespans of perovskite-based SCs, either by making devices more robust against
extrinsic factors or by reducing intrinsic factors which contribute to degradation.

In terms of tackling the instabilities caused by humidity, researchers have
identified several methods. These include better encapsulation [46] or the im-
plementation of hydrophobic layers within devices [35]. There also exists the
possibility of increasing the strength of inter-organic-halide bonds, making the
reaction in (1) harder to take place.

Some authors have also noted that the Spiro-OMeTAD may not offer pro-
tection against extrinsic factors [38], suggesting that a move to inorganic hole
transport layers, such as P3HT, would increase device lifetimes.

When it comes to UV-induced degradation, evidence has been found support-
ing the increased photostability of FA when compared to MA [47]. As highlighted
previously, TiOy also decomposes in the presence of UV radiation. Better stabil-
ity results have been obtained by doping it with Al or replacing it completely
with SnOs [43]. However, these alternatives seem to lead to decreases in device
efficiencies.

Another exciting avenue of research is that of two dimensional Ruddlesdden-
Popper perovskites [48, 49]. Where perovskite layers of a few single sheets of
crystals are used. These photo-active layers have lower efficiencies due to their
increased band-gaps, but device efficiencies of up to 11.2% have been maintained
over 10,000 hours [50].

In order to combat intrinsic factors, researchers have been led to substitute
perovskite elements with ones found nearby in the periodic table. An example
of this would be the substitution of iodine with bromine, chlorine or even fluo-
rine. These days, compositional engineering of perovskite layers has emerged as
common practice in order to harness the optoelectronic properties of the MAPI
perovskite while making it more robust through partial or total substituting one
of its cations or anions.
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2.1.3 Compositional Engineering

Table 1 shows some of the most popular combinations of cations and anions used
within perovskite SCs with the structure ABX3 [51]. It should be noted that any
combination of halides can be used for a given choice of cations.

Table 1: Commonly found organic-inorganic perovskite cations and anions

Large Cation [A] Small Cation [B] | Anion [X]
Organic Inorganic Halide
MA (Methylammonium) Pb I
EA (Ethylammonium) Sn Br
DA (Diethylammonium) Ge Cl

Many authors have speculated whether the presence of the large organic cation
can be correlated with the decrease in stability. Motivated by this, investigations
have been made into the substitution of the organic MA cation with an inor-
ganic one, such as cesium [48, 52]. Some of these results seem promising, with
perovskites demonstrating increased levels of robustness against humidity and
temperature.

There also exists the possibility of replacing MA with another large cation
such as formamidinium (FA) [53], guanidinium (GA) [54], imidiazolium (IM) [55]
or any other of those found in Table 1. Total replacement of the MA cation seems
to reduce the stability of the films, however promising results have been found
for partial replacement of small amounts, an example of this being GA, which
seems to improve both morphology and stability [54]. It has also been shown that
in cases where the MAPI perovskite is rendered useless within 20 days, mixed
cation devices with FA( g3Cso.17Pb(Ip gBrg.2)s retain 70% of their PCE over the
same time-scale [53].

Some also postulate that when included, IM seems to act as an effective passi-
vator [55]. This is supported by PL tests with higher peak intensities, suggesting
that non-radiative recombinations had been significantly reduced.

While many studies have focused on the inclusion of hybrid organic-inorganic
lead halide based materials, tin has also been used [56, 57, 58]. These avenues of
research have been stimulated by concerns that have been raised about the inclu-
sion of lead, which is harmful to human-beings. Results for these tin-based per-
ovskites have been under-whelming leading to many authors returning to their
lead based competitors.

One of the unique properties of MA based perovskites which make them use-
ful for a variety of applications is the tune-ability of their direct band-gap. A well
studied manner of tuning the band-gap energy of perovskites is by altering halide
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content to achieve the desired energies [59, 60, 52]. Perovskites based on these
halides are of particular interest in the context of SC applications because they
have gap energies which span the visible spectrum (280 — 740nm).

For these reasons, and due to the plentiful examples available in the literature
and within the author’s research group, this type of compositional engineering
was selected as the topic for this Masters dissertation. It was decided to substitute
the iodine halide in the well studied MAPI perovskite partially and totally with
bromine and chlorine.

2.2 Methodology
2.2.1 Substrate Treatments

In this section the approach to the cleaning of the Fluorine-doped Tin Oxide (FTO)
covered glass substrate will be compared, and contrasted, between three different
sets of authors. We find that a common trait is that in all three cases at least one
step involves cleaning the substrate with Hellmanex cleaning solution (diluted
with water in a 2:98 vol/vol ratio), whether it be in an ultrasonic bath [16, 61]
or scrubbing by hand with a brush [62], following the sample being rinsed with
deionized water. Another common step is that of UV ozone treatment, although
[62, 16] carry out the step for 15 minutes instead of the 30 minutes claimed in
[61].

As for differences in methodology, [61] begins the cleaning process with 30
minutes of ultrasonification in an alkaline solution, whereas [16, 62] use two sep-
arate 15 minute ultrasonification steps involving isopropanol and acetone respec-
tively. [16] even carries out an extra ultrasonification with ethanol. All three
authors describe the importance of immediately drying the substrate after the
ultrasonification process. Moreover [62] stresses that samples should not be let
to dry between steps if undesired streaks are to be avoided and that samples be
processed immediately after the cleaning process is complete.

Based upon the fact that all three methods give similarly high efficiencies, it
would seem logical to assume that steps shared in common are more probable
to have an impact on device performance, although clearly correlation does not
imply causation. Based upon this, the author identifies the UV ozone treatment as
the step with the highest impact on device performance. This is because although
all three methodologies share the use of Hellmanex in common, this is always the
first step, perhaps implying that it is most effective against larger impurities and
“macroscopic dirtiness”.

Based upon these postulations, the author carried out some rudimentary tests
whereby some samples were cleaned with and without UV ozone or Hellmanex.
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It was noted that when perovskite solution was placed on samples without UV
ozone treatment, the solution did not spread out as easily, leading to non-uniform
films during spin coating. Samples without Hellmanex treatment showed negli-
gible differences. The results were based upon inspection by eye and are, by no
means, a comprehensive or robust test.

Following the analysis presented in this section, the author decided to follow
the safest procedure possible, within reason. Therefore all steps were carried out
including the use of ethanol, which was only applied in one of the sources. The
three ultra sound treatments were carried out for 15 minutes each, which is less
than the half an hour reported in [61]. However the combined time of all the
ultrasonification steps is on par with that reported by the source with the most
time spent carrying out ultrasound treatment [16].

2.2.2 Deposition Techniques

Due to MAPT’s large diffusion lengths [34] it can also be used within thin film
architectures, meaning that many deposition techniques are available. Before se-
lecting a methodology for the synthesis of perovskite films for photo-voltaic appli-
cations, it is important to be familiar with current methods, their advantages and
disadvantages, and the results they tend to yield. This section will touch on sev-
eral common techniques including: spin-coating, sequential deposition, vapour
assisted deposition, thermal evaporation, ink jet printing, electro-chemical depo-
sition and vacuum flash-assisted deposition.

Spin-coating seems to be the most popular deposition technique used within
the laboratory, probably due to its ease of use and reliability of results. In simple
terms, a solution is placed on top of a rotating substrate. The centrifugal force
experienced by the solution causes it to spread out while the surface tension acts
against this force. It is difficult to find a high quality perovskite SC in which spin-
coating has not been used in at least one of the steps of its fabrication.

There are two types of spin coating: static and dynamic. Static spin-coating
involves depositing the solution on top of the substrate before the spin programme
is started, dynamic application involves spinning the substrate while the solution
is applied.

Spin-coating is known to give highly uniform films with a controllable thick-
ness. Downsides to spin-coating are the inability to scale up the process to com-
mercial or industrial levels. These scalability problems stem from the inevitable
wastage of solution which cannot be recycled without taking extra steps during
preparation such as use of a tray. Large substrates also suffer from gradients in
centrifugal forces across the substrate, eliminating the possibility of using spin-
coating for samples much larger than a few centimetres squared. For more in-
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formation on the theory behind how the rotation speed and conditions affect the
spin coating result see [63].

Sequential deposition is a technique whereby one dips a solid, often Pb?*
powder, precursor film into a chemical bath solution. Within this bath, the large
A cation and the X halide are found.

When synthesising MAPDI3 this way, Pbls is infiltrated into TiO2 nano-pores
creating a thin coverage layer. This is then dipped into a MAI dissolved in 2-
propanol, causing the lead iodide to convert almost instantaneously into MAPbI3.
Authors report efficiencies as high as 17 % using this technique [64].

Mitzi et al [65] report using thermal evaporation to deposit MAPbI3 for SC
applications. In this set-up, the two precursors MAI and Pbl; are placed in sepa-
rate thermal evaporation boats before being simultaneously heated in a vacuum
[66].

Leyden et al [67] and Chen et al [68] report using vapour assisted deposition
with impressive results. They claim to be able to form both uniform and dense
films. When implementing this technique, partial or total deposition of the per-
ovskite layer is carried out by a carrier gas.

Vacuum flash-assisted deposition is sometimes implemented as a complemen-
tary step to the perovskite spin-coating process. After spin-coating takes place,
the substrate is placed in a vacuum oven at 20 Pa for ten seconds, before being an-
nealed at one hundred degrees centigrade under atmospheric pressure for half an
hour. Following this, the spiro-OMeTAD layer is deposited as usual. The method
has yielded high efficiencies of up to 20.5 % and smooth uniform films with large
perovskite grains.

A relatively new fabrication method is that of ink jet printing (IJP), whereby
the “jettable” solution often called an “ink” is ejected through a tiny nozzle (with a
diameter around 20 — 100pm). IJP was first used to make perovskite SCs in 2015,
and has already achieved efficiencies of up to 13 %.

IJP has the advantage of being easily up-scalable using roll-to-roll techniques
[69] and extremely precise with resolutions of up to 5000 drops-per-inch using
drop-on demand techniques. Moreover, since the nozzle doesn’t directly touch
the surface of the sample, it can be applied to samples with exotic geometries. On
the other hand, IJP like spin-coating, inevitable leads to wastage of the solution
and very little research has been carried out on the “jettability” of commercially
available “inks”, let alone more unusual perovskite solutions that may be needing
to be deposited.

In 2018, Han [70] reported the used of the doctor blade method to produce
large perovskite modules with efficiencies of 14.6 % for an area of 57.2 cm?. When
this approach is adopted, the perovskite solution is applied to the substrate and
then swiped by a glass blade at a fixed speed while held at an elevated temper-
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ature. Doctor blade remains the most popular manner of producing large-scale
perovskite samples, enabling high-speed deposition of uniform and large-area
perovskite film, however large inhomogeneous islands and ring-like patterns are
not uncommon.

Electro-chemical deposition has also been used in the synthesis of perovskite
SCs. In 2018, Samu et al [71] reported successful deposition of the hole transport
layer on top of a photo-active MAPDI; layer yielding devices with up to 5.9 %
efficiencies. Electro-deposition techniques use polar molecules to deposit a given
solution on top of an electrode. In the case of perovskites, this method has been
held back by the instability of MAPDI;3 in polar solvents [72], however recent
research has yielded promising results.

Since the objective of this Masters dissertation is to demonstrate the tune-
ability of the perovskite layer and then to implement it within function devices
at a purely research level, the scalability of the selected process was decided to
be of lesser importance. Instead, the ease and accessibility of the methodology
was deemed to be the priority. Reproducibility and consistence was also highly
valued via studies of quantity and quality of the device efficiencies found in the
literature. For these reasons, it was natural to select spin coating as the primary
deposition technique.

Spin-coating was implemented for the study of the tune-ability of the band-
gap in Section 3. During device fabrication, in Section 4, the majority of the layers
including the perovskite, mesoporous and spiro-OMeTAD were also deposited
via spin coating. The compact layer was deposited via spray-pyrolysis due to
its ease of use and consistent results, which were verified by SEM. Clearly the
gold contacts cannot be deposited via spin coating and were therefore applied via
thermal evaporation.
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3 Band-Gap and Compositional Engineering

This section is concerned with the band-gap tuning of methylamonium lead halide
perovskites. The first section will present methodology, focusing on solution
preparation and deposition. In the second part, samples will be characterised and
results will be analysed.

3.1 Methodology

To demonstrate the tune-ability of the band-gap energy, five samples with MAPbX3
and MAPbX; 5Y1 5 where X,Y= I, Br, Cl were selected. That is to say, one sample
of each kind excluding MAPDI; 5Cl; 5. This is because chlorine has been shown to
be able to act as a dopant, but attempts to increase the amount of chlorine above
low concentration (around 3-4%) have been unsuccessful [73]. It is thought that
this is could be due to the differences in atomic radii.

3.1.1 Solutions

To prepare the single-halide solutions, MAX and PbXs (where X=I, Br, Cl), were
used as precursors. The MAI and PbXs, (X=I, Br, Cl), precursors were purchased
from Sigma Aldrich. The MACI and MABr precursors were synthesized in the
laboratory.

To synthesize the MAX (X=Cl, Br), equimolar ratios of CH3NHj (33% in ethanol,
Sigma Aldrich) and HX (X=Cl, Br) (37% in water, Sigma Aldrich) were mixed to-
gether. Due to the exothermic nature of the acid-base reaction, HX (X=Br, Cl) was
added drop-wise to a continuously stirred round-bottom flask, held in an ice bath,
containing the MAH. This reaction is described by

HX4gucous + CH3NHy — CH3NH3X 4 Hy0 (5)

Powders were then attained by using the rotary evaporator. Absolute ethanol
was added to aide the crystallization before the powders were left to cool and
filtered.

To synthesize the MAPbI3 and MAPbBr3 samples, equimolar PbXs and MAX
(X=1, Br)(1.35M) were dissolved in a mixture of DMF and DMSO (1000:95 volu-
metric ratio); for PbCly only DMSO was used.

Once the single-halide solutions have been prepared, the MAPbI; 5Br; 5 and
MAPDBr 5Cl; 5 solutions were prepared by mixing the corresponding single-
halide solutions.
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3.1.2 Glass Preparation

To begin, FTO covered glass (Pilkington TEC15) was thoroughly cleaned. Samples
were placed step-wise in ultrasonic baths filled with a soapy solution (Hellmanex),
ethanol (96% in water), acetone (99.6% in water) and 2-propanol (99.9% in water)
for fifteen minutes. The samples were then dried with compressed air and placed
in the UV ozone cleaner for a further fifteen minutes. The samples were then
immediately inserted into an inert atmosphere for spin-coating.

3.1.3 Thin Film Deposition

For spin coating, samples were accelerated at 4000 RPM s~ !, before remaining at
4000 RPM for 50 seconds.

To begin, 50 ul of perovskite is placed upon the substrate and allowed to
spread out. Following this, an antisolvent-assisted single-step spin-coating pro-
cess is employed. Whereby 150 pl of chlorobenzene (CBn) is dynamically placed
upon the substrate.

The purpose of this anti-solvent is to eliminate as much of the DMSO and
DMF as possible, allowing the formation of a higher quality perovskite crystal
structure. It should be noted that the dynamic application of the anti-solvent
is one of the most critical steps in the process of the device preparation since
there are many variables which contribute towards the formation of a high quality
layer. These include the time in which the anti-solvent should be applied, which
is dependent on humidity levels. The anti-solvent is also applied by hand so the
precise time-wise application of the anti-solvent can be difficult. It is also possible
to impart unwanted momentum on the anti-solvent as it is placed, leading to the
non-negligible amounts of solvent pertaining in the samples.

The time between the initialisation of the spin programme and the applica-
tion of the anti-solvent will be referred to as the application time. For MAPbI3,
MAPbDI; 5Br; 5 , MAPbBrs and MAPDbBr; 5Cl; 5 samples, the application times
were 6, 9, 4 and 20 seconds respectively. The MAPbCl3 sample had no anti-solvent
applied.

The application time is not well studied or documented in the literature, there-
fore a crude method had to be devised in order to determine this time. It should
also be made clear that although CBn is known to work well with the MAPI per-
ovskite, this is not the case for the remaining samples. In order to determine the
application time, the first samples of each kind were spin coated without anti-
solvent application in order to determine when a colour change took place. This
colour change is thought to be due to perovskite crystallization and it is therefore
necessary to apply any anti-solvent before then.
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Of all the samples, deposition of the MAPbCls was found to be the most diffi-
cult due to the extremely faint colour change which takes place during the spin-
coating and the lack of information about deposition conditions within the liter-
ature. It is thought that the use of a colour sensitive sensor would allow the more
precise detection of the temporal colour change. For these reasons, a systematic
approach was taken where the anti-solvent was applied in ranges between five
and fifteen seconds, with mixed results. In the end, the sample on which no anti-
solvent was applied, was selected.

After each sample was spin coated, they were annealed at around 95°C.

3.1.4 Results

Following the aforementioned procedure, the best samples were selected. Figure
3 shows the samples chosen to be characterised.

MAPLI MAPHL (Br,  MAPGER MAPoT <Lis

MA Pb}%’%

Figure 3: A photograph of samples with MAPbX3 and MAPbX; 5Y1.5 where X,Y=L,Br,CL

3.2 Characterisation

In order to probe the quality of the crystalline structure and determine the gap
energy, a combination of different techniques were used. These include photo-
luminescence (PL) tests, absorbancy tests and X-ray diffraction (XRD). The results
are presented and discussed in this section.

3.2.1 XRD

The size of the octahedron, which is generically the crystalline structure of a per-
ovskite, is known to be a function of the sizes of the anion, cation and halide
respectively. Therefore substitution of the halides has a direct impact on the XRD
spectrum since, although Cl, Br and I have the same number of valence electrons,
they differ in the number of complete electronic shells. Thus it is expected that
the peaks of the XRD spectrum will be shifted to larger angles as the size of the

20



halide, and therefore the inter-planar distance, is increased. This is exactly what
is observed in Figure 4.

The observed behaviour of the shifting of the peaks can clearly be seen at
the most intense diffraction peaks, located around 260 = 15°. This is the area of
the graph that can be seen enlarged in Figure 5. The shifting of the peaks is also
observed around the angles 20 = 30°. The reason that this shifting behaviour can
be seen so clearly is because substitution of the halides does not change the cubic
structure of the lattice, it only varies the lattice constant.

It can be seen that some peaks remain at constant angles throughout the sam-
ples, these are due to the FTO substrate and have been marked within Figure 4.
These include the peaks at 20 = 26.47°, 37.77° which occur with a standard devi-
ation of 0.06° and 0.03° respectively.

Other peaks that occur in the diffractogram are due to the unique presence
of chlorine, bromine and iodine perovskites in each of the samples. Some peaks
are also due to the presence of the halides by themselves, which are thought to
have appeared due to degradation of the samples. The MAPbI3 and MAPDI; 5Br; 5
samples can be seen to have non-zero diffraction intensities at values at which no
peaks should occur, it is thought that this is due to the amorphous nature of the
samples in question.
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Figure 4: Shows the normalised spectra for samples with MAPbX3 and MAPbX; 5Y; 5
where X,Y=I,Br,Cl. Stars mark the diffraction peaks due to the FTO substrate.
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Figure 5: The spectra from Figure 4 centred on the most intense diffraction peaks.

From the width of the peak at half height (FWHM) it is possible to determine
the sizes of the crystallites which make up the grains using Scherrer’s approxima-
tion. Therefore if there are large variations in the widths of the peaks in a given
XRD spectrum, then there is in turn a large variation in the sizes of the crystallites
within the sample.

Table 2: Crystallite sizes calculated from dominant diffraction peaks

H Sample Crystallite size (Ang.) H
MAPbDI; 440
MAPbIl.g)Brl,g, 405
MAPDBr3 971
MAPbBr1.5C11,5 627
MAPBCl; 645

Samples containing iodine had similar crystallite sizes, with an average size of
just over 422 angstroms. Similarly, samples containing chlorine also had similar
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sizes, with an average crystallite size of 636 angstroms. The major outlier within
the data would be that of the MAPbBr3 sample, with the dominant diffraction
peak yielding a crystallite size of 971 angstroms. However peaks which yield
sizes larger than 100 nm should be treated with caution, since Scherrer’s equation
is known to be unreliable in these regimes [74]. In the case of the pure bromine
sample we have sizes close to this limit.

In the past it was thought that smaller crystallites and grains were better for
the efficiencies of the perovskite absorbers however, nowadays, it is generally
thought that the opposite is true. Large grain sizes reduce the amount of grain
boundaries and pinholes within the layer, therefore having a beneficial effect on
the efficiency of devices [75].

3.2.2 Transmittance and Absorbance

It can be insightful to measure the transmittance or absorbance of a sample of a
given range of frequencies. In reality, it is only necessary to measure one of these
since they are related straightforwardly by

A= Log(1/T) (6)

where A is absorbance and T is transmittance of a sample at a given frequency.
In this section, results for the said properties of the samples will be presented
and analysed, determining the band-gap energy and the quality of the perovskite
crystals. The former being more precisely calculated using a Tauc Plot, shown in
Figure 8.

Transmittance Since photons incident on a given material can interact with
only ions and electrons, photons with energies lower than those needed to pro-
mote these particles to more energetic quantum states are likely to pass through
unimpeded. Moreover, since photons tend to interact mostly with electrons in a
material, the quantity of those absorbed or transmitted gives us information about
the energy separation between electronic quantum states in a material. That is to
say, their band structure.
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Figure 6: Shows absorbance as a function of incoming photon energy.

A brisk rise in transmittance at a given wavelength would therefore signal a
significant decrease in the density of states with this energy difference. In most
cases it is impossible to determine the nature of these transitions with the excep-
tion of semi-conductors, which by definition have “forbidden states” between the
conduction and valence bands. In theory, unless a material is excited with the
band-gap energy then electrons should be trapped in the valence band.

In reality, quantum effects (such as tunnelling), excitons and defects present in
non-perfect crystals create states within the gap, causing sub-band-gap energies
to be absorbed. This would lead to a non-vertical increase in transmittance, as a
function of wavelength. The further the slope deviates from this ideal behaviour,
the further the band-gap structure is also thought to deviate from “perfection”.
This is exactly the kind of behaviour that is observed in Figure 6.

Peak to peak and thickness Due to interference of light within the layer, it is
possible to relate the distance between the highest peaks in the transmittance tests
with the thickness of the sample. Identifying the transmittance maxima coupled
with the assumption of a perfectly planar film allows the application of [76]
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Where dpickness i the thickness of the layer, n; is the refractive index and

A; is the location of the transmittance maxima. Taking the values A\; = 730,

A2 = 592 and n; = ny ~ 1.75[79] gives a film thickness of around 895 nm.
Since the other samples did not have multiple clearly defined maxima, it was
not possible to apply (7).

Absorbance Similar to tranmisttance results, it is possible to estimate the gap of
the perovskites prepared in Figure 7 by noting the energy at which the absorbance
begins to occur.
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Figure 7: Shows absorbance as a function of incoming photon energy.

The curves shown in Figure 7 generically have a sudden increase in absorbance
followed by a range of values in which the curve shows similar behaviour. We
will refer to this range of values as the initial absorbance range (IAR). Following
the IAR, behaviour of the curves changes dramatically; in the case of MAPbCls,
MAPDBr 5Clj 5 and MAPDbBr3 the absorption peaks, before levelling off. For
MAPbDI3 and MAPDI; 5Br; 5 the rate of increase in absorption becomes signifi-
cantly lower after the IAR.
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It is difficult to gain insights into the physical processes taking place within
the samples after the IAR. This is because the dielectric function €(w), which is a
function of the angular frequency of the incident light, can be expressed in terms
of reflectance and absorbance.

The slope of an IAR gives the Urbach energy, which gives information about
the levels of disorder and crystalline structure in a given sample. In non-perfect
crystals an exponential tail appears along the absorption curve near the optical
band edge, due to localized states which lie inside the bandgap. This kind of be-
haviour is especially clear in the MAPDI; 5Br; 5 and MAPbCl; samples, but can
also be seen in the MAPbBr; 5Cl; 5 sample to a lesser extent.

The slope of the IAR also gives us hints about whether the gap is indirect
or direct. This is because excitations with a direct band-gap are more probable,
therefore leading to a steeper slope. From simple observation of the curves in
Figure 7 it is thought that all samples have a direct band-gap, however this can be
confirmed using a Tauc plot.

Tauc Plot A Tauc Plot consist of plotting ()", x = 1/2,2, as a function of
energy. In the case of a direct band-gap, choosing x = 2 will yield a linear curve.
The latter will hold true in the case of an indirect band-gap for = 1/2. Fitting
a linear regression curve on a Tauc Plot and solving for the x intercept yields a
value for the gap energy.

Table 3: Band-gap energy values calculated from the Tauc Plot.

H Sample Gap Energy (eV) ‘ Wavelength (nm) H
MAPbDI;3 1.61 770
MAPbIl,5Br1,5 1.89 656
MAPDBr3 2.31 537
MAPbBI‘1.5C11‘5 2.61 475
MAPbCl;3 3.03 409

These energies can be seen to span the visible spectrum with mixed per-
ovskites lying between their respective pure perovskite elements. The MAPI,
MAPbDI; 5Br; 5 and MAPbBr; samples show exceptional agreement with values
found in [77], [78] and [79, 80], respectively. The remaining two samples are
within 0.15 eV of values found in [81, 82].

3.2.3 Photoluminescence

During the PL test, a 405 nm purple laser was shone upon the samples. From
straightforward observation by eye, samples containing bromine and chlorine
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Figure 8: The Tauc Plot allows the better estimation of the gap energy by carrying out a
linear fitting of the curve. This linear fitting is represented by an arrow.

were expectationally photo-luminescent, these are shown in Figures 9, 10 and
11.

Figure 9: Photograph taken of the inner chamber of the PL equipment with the bromine

sample being illuminated.
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Figure 10: Photograph taken of the inner chamber of the PL equipment with the
MAPDBr; 5Cl; 5 sample being illuminated.

Figure 11: Photograph taken of the inner chamber of the PL equipment with the chlorine
sample being illuminated.

Clearly this is a simple visual confirmation of the successful tune-ability of the
band-gaps of these perovskite layers. Photo-luminescence of the samples changes
from a strong green in the bromine sample to a softer purple in the chlorine sam-
ple, the mixture of the two having a colour that also lies somewhere between the
two.

The photo-luminescence of the iodine samples was much weaker to the hu-
man eye, with the bromine-iodine mixture showing red spots as expected and the
iodine sample having little-to-no photo-luminescence in the visible spectrum. It is
thought that this is because the band-gap energy of the iodine sample falls within
the infra-red part of the spectrum.
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PL is a powerful tool for studying the band structure of semiconductors since
any detected photons correspond to real electronic inter-band transitions. Only
for perfect semiconductors, without defects or doping, will there be a narrow PL
spectrum centred on the real gap energy F,. This is because only band-band (B-B)
transitions release photons with energy hv ~ E,.

In reality, PL results will tend to give a maximum energy value which is lower
than the real bandgap. This is because band-trap (B-T) and bound-band transitions
always involve at least one electronic state within the bandgap. Moreover, donor-
acceptor transitions can release photons of even lower energies since they involve
two states within the band-gap. Since the measured PL spectra for a given crystal
will be the sum of all the different types of transition, the width of PL peaks gives
information about the probabilities and quantities of different electronic transi-
tions between the conduction and the valence band.

Results Unfortunately due to technical issues, during the first set of PL mea-
surements, the equipment used to measure the PL spectra was not calibrated prop-
erly and therefore results cannot be used to correctly translate between intensity
location in terms of pixels into intensity in terms of wavelengths. This is why sev-
eral weeks later a second set of measurements had to be made. The results were
mixed, the pure samples were in excellent accordance with absorbance tests and
the mixed samples showing poor behaviour associated with degradation. Since
the filter used in front of the detector in both experimental sessions, needed to
filter out the laser light, had a wavelength cut off point of 450 nm, it was not pos-
sible to detect the spectrum of the MAPbCl3 sample. According to absorbance
results (Table 2), it has a band-gap wavelength of 409 nm.

Although during the first set of experiments, precise determination of the
band-gap energy was not possible for a given sample, the shape and behaviour
of a given spectrum can still be studied even though it cannot be truly related
to a wavelength. This includes the time-wise evolution of peak intensity, shown
in Figures 12, 13, 14 and 15. Along the x-axis pixel number is shown, since cali-
bration is needed to transform between pixel location and wavelength. In broad
terms, a higher pixel number equates to lower wavelength.
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Figure 12: Time evolution in seconds for the PL spectrum of the MAPbI3 sample. We
see the intensity of the PL peak decrease with a lowering acceleration until an apparent
equilibrium value is reached. During the evolution, the peak remains centred on the same
value.
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Figure 13: Time evolution in seconds for the PL spectrum of the MAPbI; 5Br; 5 sample.

The intensity of the photo-luminescence can be seen to increase with the peak shifting to
longer wavelengths.
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Figure 14: Time evolution in seconds for the PL spectrum of the MAPbBr3 sample. We
see the intensity of the PL peak decrease with a lowering acceleration until an apparent
equilibrium value is reached. During the evolution, the peak remains centred on the same
value.
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Figure 15: Time evolution in seconds for the PL spectrum of the MAPbBr; 5Cl; 5 sample.

Although the original peak quickly reaches an equilibrium value, a new peak can be seen
to arise at longer wavelengths.
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For the pure samples, MAPbI3 and MAPbBr3, PL emission decreased over
time. The remaining two mixtures showed surprising and unique behaviours with
an increase in intensity and a shifting of the long-term peaks to longer wave-
lengths.

Observing the MAPbBr; 5Cl; 5 sample, the original peak can be seen to in-
crease slightly, but for the most part, stays constant. However, after around one
second, a new transition becomes the dominant peak in the PL spectrum. More-
over, the peak grows in intensity until reaching a value far larger than the original
peak. This kind of behaviour suggests a more complex band structure or the ex-
istence of two different band-gaps due to impurities existing within the sample.
It is possible that either not all the precursor elements were used up during the
perovskite synthesis or that some precursor elements have arisen in the sample
due to degradation. However without the precise determination of this peak’s
energy, it is impossible to verify the presence of other molecules.

It should be noted that all samples showed a dip in intensity around pixel
number 380. It is believed that this is due to the incorrect set-up of the apparatus
leading to interferences coming from the diffraction grating. Due to the quality of
the PL data collected, all results should be interpreted with caution. The second
set of results are more reliable but, since they were obtained several weeks later,
the preliminary ones are presented as a degradation study.

The shifting of the PL peaks at this earlier stage already provides evidence of
sample degradation. The existence of several components of the spectra poten-
tially signals the presence of degradation products.

Below, in Figure 16, PL spectra for the second set of results are shown.
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Figure 16: Spectra in terms of wavelength.

Surprisingly, PL spectra for samples containing iodine or bromine, are seen to
group together and the more or less equidistant spacing between the band-gaps,
shown in Figure 7, has been lost. It would appear that the MAPI and the MAPBr
samples are located in the predicted energy ranges, however, the mixed samples
have seen the PL spectra fall significantly in energy.

3.3 Results Analysis

MAPI results are in surprisingly good agreement with absorbance results given
the time between the two measurements (see Figure 17). These results would seem
to suggest the sample’s robustness against degradation. Recall that in Section 2.1.2
we noted that some authors in the literature observed catastrophic degradation
within a matter of weeks. The PL spectrum is made up of a Gaussian waveform,
centered on 1.61 eV, which is the exact same result the Tauc Plot gave (Figure 8).

Placed within the context of the other spectra in Figure 16, we see that the
MAPI perovskite does have a relatively wide spectrum, suggesting the existence
of defects, excitons or other inter-band structures broadening the PL emission.

On the other hand, examination of Figure 16 reveals that the MAPDbI; 5Br 5
showed all the signs of degradation, namely the broad and asymmetric PL emis-
sion which overlaps with that of the MAPI perovskite.
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Figure 17: The PL spectrum for MAPDbI; is super imposed upon the absorbency spectrum.
The black curve denotes the data collected during PL tests and the red curve denotes the
Gaussian which is predicted theoretically.
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Figure 18: The PL spectrum for MAPbI; 5Br; 5 is super imposed upon the absorbency
spectrum. The black curve denotes the data collected during PL tests and the brown curve

denotes the Gaussian which is predicted theoretically.

Figure 18 shows the components of the PL spectra, where the dominant com-
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ponent sits on the energy value centred over the MAPI band-gap energy. This is
evidence for a significant amount of MAPI perovskite within the sample. Whether
this quantity is residual or due to decomposition would require further investiga-
tion. Clearly even the higher energy component, of 1.73 €V, is still substantially
below the absorbance results of 1.89 eV.

Focusing on Figure 16, results for the MAPbBr3 are excellent, with a narrow
peak centred on around 537nm which is in excellent agreement with absorption
results (Table 2). In fact, we can see in Figure 19 that the spectrum is composed of
two components. The dominant component has a maxima at a slightly higher en-
ergy of 2.32 eV, which is still in good agreement with absorbance. The secondary
component of the spectra may comprise of defects or the presence of impurities.
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Figure 19: The PL spectrum for MAPbBr3 is super imposed upon the absorbency spec-
trum. The black curve denotes the data collected during PL tests and the red curve denotes
the Gaussian which is predicted theoretically.

To higher wavelengths in Figure 16 we have the MAPbBr; 5Cl; 5 sample. It
is possible to see large overlaps of the MAPbBr 5Cl; 5 spectra with that of the
MAPDBr3, potentially signalling decomposition. Although the spectrum is nar-
row, it is in poor agreement with absorbance results (see Figure 20).
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Figure 20: The PL spectrum for MAPbBr,.5Cl; .5 is super imposed upon the absorbency
spectrum. The black curve denotes the data collected during PL tests and the orange curve
denotes the Gaussian which is predicted theoretically.

Figure 20 suggests that the PL spectra is made up of two components, centred
on 2.37 and 2.39 eV respectively. These are in poor agreement with absorbance
results which yield a band-gap energy of 2.61 €V. These results seem to echo the
first set of PL results, whereby we see in Figure 15 the appearance of a new peak
at much lower energies.

Table 3: Band-gap energies values from absorbance and PL experiments. In the
table, dominant component energy is given first.

H Sample ‘ Absorption (eV) ‘ PL (eV) H
MAPbI; 1.61 1.61
MAPbIlA5BI‘1.5 1.89 1.65 & 1.73

MAPbBr3 231 2.32 & 2.27
MAPDbBr; 5Cly 5 2.61 2.37 & 2.39
MAPDBClI; 3.03 —

3.4 Degradation study

Motivated by the poor PL results of the MAPbI; 5Br; 5 and MAPbBr; 5Cl; 5 sam-
ples, a study into XRD was made for completeness.
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Figure 21: XRD results for the MAPbI3 sample taken several weeks apart. Results are
largely the same with the exception of a new peak which arises at 12.62°, which is due to
the presence of Pbl,. Diffraction peaks for FTO substrate are marked with asterisks.
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Figure 22: XRD results from Figure 21 centred on new diffraction peak at 12.62°.
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Honing in on the ranges from 12° to 13.6° in Figure 21, we can clearly see the
apparition of a new peak due to the presence of Pbly. This is strong evidence for
partial degradation of the sample, since it is a product of the degradation reaction
described in (1).
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Figure 23: XRD results for the MAPbI; 5Br; 5 sample taken several weeks apart. Apart
FTO substrate peaks (marked with asterisks), peaks can be seen to systematically shift to
higher angles. A new peak, corresponding to the increased presence of Pbly, is found at
12.64°.

As for the MAPDI; 5Br; 5 sample, we see the apparition of the Pbly peak at
12.6°. Peaks can also be seen to shift to higher angles, implying an increase in
inter-planar distance. This global change in the crystalline structure suggests a
poor robustness of the sample. Moreover this crystalline change could facilitate
the creation of new defects in the lattice which could be the cause of the secondary
component of the PL spectrum, found at 1.73 eV.
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Figure 24: XRD results for the MAPbBr3 sample taken several weeks apart. Results show
the robustness of the sample, where little-to-no change has taken place in the crystalline
structure. Diffraction peaks for FTO substrate are marked with asterisks.

The MAPbBr3 sample showed impressive results, with no large scale changes

in XRD behaviour. These results further highlight the sample as one of the candi-
dates with the most desirable characteristics.
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Figure 25: XRD results for the MAPbBr; 5Cl; 5 sample taken several weeks apart. Apart
FTO substrate peaks (marked with asterisks), peaks can be seen to systematically shift to
slightly higher angles. Moreover peak intensity is seen to decrease with respect to the
dominant peak located at 15.28°.

As with the MAPDI; 5Bry 5 sample, the lattice constant seems to have in-
creased as a function of time. These XRD results suggest the possible correlation
between this crystalline behaviour and the large scale shifts seen in PL spectra
(Figure 16). Relative peak intensities are also seen to decrease in the sample, sug-
gesting an increase in disorder and the width of the distribution of inter-planar
distances.
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Figure 26: XRD results for the MAPbCl3 sample taken several weeks apart. Results show
the robustness of the sample, where little to now change has taken place in the crystalline

structure. Diffraction peaks for FTO substrate are marked with asterisks.

Overall, the quality of the XRD results seem to coincide with the quality of the
PL results. Shifts in inter-planar crystal distances are observed in both mixed sam-
ples, which also showed large shifts in their PL spectra. Moreover, the bromine
sample showed near identical XRD spectra, correlating with the fact that the dom-
inant PL peak coincided almost exactly with that of the absorbance test. Extrapo-
lating the observed trends in the data, the MAPbCl; sample showed no noticeable
changes in the XRD spectrum, suggesting that little-to-no degradation had taken
place. Therefore it is expected that had its PL spectrum been measured, it would
have been in excellent accordance with absorbance measurements.
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4 Perovskite Solar Cells

Building upon the results yielded in the previous section, the perovskite layers
are implemented in SC devices. Due to time constraints, a thorough analysis of
device properties was not possible within this dissertation. Instead this section
provides preliminary results to initiate further investigations, both experimen-
tally and theoretically.

4.1 Methodology

Following the architecture described in Section 1.2.2, it was decided to opt for an
conventional (n-i-p) set up with a mesoporous layer.

Substrate Preparation First of all, samples are partially etched. Tape is applied
to the samples partially covering the conductive side, the rest is covered with zinc,
shown in Figure 27. Application of hydrochloric acid (2M) then reacts with the
zinc removing any conductive FTO. After all samples have been etched, samples
are rinsed in water and a soapy solution (Hellmanex).

Figure 27: Applying Zinc for etching.

Glass substrates are then cleaned following the same process as in section
3.1.2. It is essential that the cleaning and preparation of the substrates is car-
ried out in a clean and controlled environment since any problems will propagate
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through the process impacting device efficiencies.

Compact layer To prepare the compact TiO2 layer, 500 pl of titanium diiso-
propoxidebis (acetylacetonate) solution (75% in 2-propanol, Sigma Aldrich) is di-
luted in pure ethanol (1:9 volumetric ratio). This solution is applied via spray
pyrolisis while the samples are held at 420°C in two rows of eight as shown in
Figure 28.

Figure 28: Set up for compact layer spray pyrolysis

Mesoporous Layer TiO; paste (Greatcell Solar 30-NR-D, 30nm average particle
size) is diluted in pure ethanol (100:526 weight ratio). The vial is then placed on
the roller and tilt mixer (Movil-rod) and agitated for twenty four hours.

The solution it is applied to the substrate via static spin-coating in an inert
atmosphere. Before initiating the programme, 10 pl of the solution is placed onto,
and allowed to cover, the substrate. Substrates are accelerated at 2000 RPMs ™!,
after which they are held at this velocity for thirty seconds. Following the spin-
coating programme, samples are placed directly onto a hotplate kept at 100 de-
grees. The set up is shown in Figure 29.

When all substrates have been coated they are placed on a heating ramp which
reaches a maximum value of 500 °C. The samples are then left to cool to room
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Figure 29: Set up for mesoporous layer spin-coating

temperature, before which they are removed. The preparation, deposition and
annealing takes around six hours.

Perovkite Layer Following the same procedure as that in section 3.1.1, equimo-
lar Pbly and MAI (1.35M) were dissolved in a mixture of DMF and DMSO (1000:95
volumetric ratio). 50 pl of perovskite solution was then applied via antisolvent-
assisted single-step spin-coating, whereby samples were accelerated at 4000 RPM
s~!, before remaining at 4000 RPM for 50 seconds. 150 ul of chlorobenzene (CBn)
was dynamically placed upon the substrate after 6 seconds of the programme be-
ing initiated.

Spiro-OMeTAD To prepare the hole-transport-layer, 72.3 mg of spiro (2,2°,7,7°-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene) was dissolved in 1
ml of Cbn, 28.8ul of 4-tert-butylpyridine (TBP) and 17.5 pl of Lithium bis(trifluor-
omethylsufonyl)imide in acentorintle (520g/L).

50 pl of the aforementioned solution is then dynamically placed upon the
substrate, after around 3 seconds, which is accelerated at 2000 RPMs—! before
being held at 4000 RPM for half a minute. This should yield a shiny and brown
coating.
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Contacts After the spiro-OMeTAD has been left to oxidise, gold contacts are
applied via evaporation (Leica EM MEDO020, shown in Figure 30).

Figure 30: Set up for evaporation of gold contacts.

4.2 Characterisation

During the first batch of devices it was noted that both the deposition of the meso-
porous layer and the spiro-OMeTAD had radial lines and defects that could be
seen with the naked eye. Based upon film quality, the decision was taken to not
press ahead with the deposition of the gold contacts. Efficiency tests would have
yielded poor results at the economic expense of the extra material used.

In order to achieve consistent layers, and high quality devices, a systematic
approach was adopted studying each layer in turn.

4.2.1 Compact

In order to ascertain that film morphologies had the desired properties, an exami-
nation of three samples was made using SEM and transmittance tests. These three
samples correspond to 2 edge samples and one middle sample in the set up shown
in Figure 28. This was to ensure uniformity of the spray coverage over a range of
samples, since the deposition is carried out by hand.

Scanning Electron Microscope As can be seen in Figure 31, films showed
remarkable uniformity over large length scales. Moreover, few defects were found
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and SEM results between samples showed striking similarity.
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Figure 31: SEM image for samples corresponding to: (a) the far left, (b) the middle, (c)
the far right hand side of the experimental set up shown in Figure 28.
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Transmittance For transmittance tests, the middle sample was selected, al-
though based on SEM results, all samples showed good morphologies.
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Figure 32: Normalised transmittance as a function of incident photon wavelength.

It can be seen that at lower wavelengths, transmittance decreases as the com-
pact layer is added. However, at longer wavelengths, the transmittance actually
increases! It is thought that this un-intuitive result can be understood in terms of
the surface roughness of the sample.

If one considers light which is incident on the surface in a perpendicular man-
ner, it is helpful to define light that has passed through the sample approximately
parallel to the incident light as specular light. Often, however, light is reflected off
the surface of the sample or diffracted through the sample leading to the outgoing
photon having a large angle of deviation. These outgoing photons are denoted as
diffuse light.

In the case in which the detector does not have the ability to detect the diffuse
light, such as when a fibre optic cable is used, the detector will measure signifi-
cantly lower transmittance than when a detector capable of detecting the diffuse
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light, such as an interferometry sphere, is used. Thus the increased transmittance
registered by the fibre optic cable when an extra layer is added, is in fact simply
an increase in the quantity of specular light.

The increase in specular light can be understood by considering a ray incident
on the new layer, which has a lower surface roughness. Due to the decreased
roughness of the sample, there is of course a smaller quantity of diffuse light. Once
inside the sample, when the ray reaches the boundary between the layers it finds
itself being deviated small amounts since the difference in the refractive indices
of the materials is smaller. Another way to say this is that given the same surface
roughness, the amount of diffuse light is dependent on the refractive indexes of
the materials at the boundary.

Implementing equation 7 and taking peak values A1, Ao = 593,477 and ny, ne =
2.14,2.21 [83] yields a film thickness of 658 nm. This result is outside the widely
accepted ideal value of around 50 nm [84]. This inconsistent result suggests the
necessity to investigate the film thickness further using an another independent
method, such as a cross-sectional SEM image, to determine the film thickness.
Should it give similar values of film thickness, a change will have to be made in
the spin-coating process, such as increasing spin-time or spin-velocity.

4.2.2 Mesoporous Layer

Due to the low film quality yielded in the first generation of devices, an investiga-
tion into spin-coating deposition conditions was deemed necessary. Although it
is also possible that synthesized solutions could have contributed to the undesir-
able results found in the first generation devices, namely the quality or viscosity
of the TiOs paste, there are far more controllable variables within the deposition
of the film.

In the literature, various different speeds and timings are employed during
the second stage of the spin coating process. Saliba et al [62] report using 4000
RPM for ten seconds however it is not uncommon to find examples of velocities
as high as 5000 RPM [85]. Therefore in order to investigate the velocity with the
best results, samples were spin coated from 2000 RPM up to 4000 RPM with steps
of 500 RPM.

From simple observations made by eye, it seems that the ideal velocity lies
somewhere between 3000 and 4000 RPM. Samples with lower RPMs continued to
show a large number of radial lines. In order to further ascertain film quality, an
investigation was made into the different mesoporous layers yielded using XRD,
SEM and transmittance tests.
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XRD First of all, an XRD examination is made in order to ascertain that the film
has the correct composition.
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Figure 33: Normalised XRD intensity comparison between the compact layer and the
mesoporous layer.

Since both layers comprise of TiOy, XRD peaks are seen to arise at the same
angles. Non-zero inter-peak values imply the existence of amorphous material.
An increase in the amorphousness of the sample can be seen upon addition of the
compact layer, however in general XRD data remains the same.

Scanning Electron Microscope Since the SEM can only accommodate for four
samples, those coated at 2000, 2500, 3500 and 4000 RPM were selected. SEM results
were very similar, with all films showing a uniform topology.
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(b)

()

(d)]

Figure 34: SEM images taken of the samples subject to the following velocities (RPM)
during the second stage of spin-coating: (a) 2000, (b) 2500, (c) 3500 and (d) 4000.
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Absorbance Figure 35 shows that the FTO substrate had the lowest absorption
rate above 3.3 eV, with a tail that extended to lower energies. The addition of the
compact layer simply added to the absorption of the substrate (see wavelength
ranges between 300-480 nm is Figure 32).

FTO Refrence

Compact Layer
2000 RPM
2500 RPM
3000 RPM
3500 RPM
4000 RPM

Absorbance (a.u.)

3.5 | 40
Energy (eV)

Figure 35: Absorbance, as a function of incident photon energy, for TiO; mesoporous
layers deposited at angular velocities between 2000-4000 RPM. Absorbance results for the
TiO2 compact layer and the FTO covered glass substrate are also shown.

Interestingly, echoing results in the previous section, samples are seen to be-
come more or less absorbent depending on the regime in question. Just below 3.5
eV we see a generic decrease in absorbance upon the addition of the mesoporous
layer. On the other hand, by 3.75 eV, all samples with a mesoporpous layer showed
increased absorbance.

Results for samples between 2000 and 3500 RPM are tightly localised. With a
general shift to lower absorbance as RPM is increased. Potentially this could be
due to the decreased thickness of the layers held at higher RPM. The sample held
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at 4000 RPM shows a significant decrease in absorbance but retains the a similar
behaviour in terms of curve shape.

Transmittance Assuming planar structures are yielded, transmittance tests al-
low for the estimation of the film thickness using equation 7. These are to be
compared with the optimal thickness of the mesoporous film found in the litera-
ture.
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Figure 36: Normalised transmittance, of TiO3 mesoporous layers, as a function of inci-
dent photon wavelength. Plateaux can be seen just above 650 and 750 nm, these are due

to halogen lights used in the laboratory, not to an increased transmittance of the sample.

Table 4: Film thickness based upon transmittance maxima
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Sample (RPM) ‘ Maxima (A1, A2) ‘ Refractive Index (ny, no) ‘ Thickness (nm) ‘

2000 —, 492 —,2.33 -
2500 757, 468 2.35, 2.52 295
3000 754, 460 2.35, 2.53 285
3500 737, 445 2.36, 2.56 276
4000 651, — 2.38, — -

Refractive index values n; are based upon those found in [83]. Roughly speak-
ing, for the samples from 2500 to 3500 RPM, thickness is seen to reduce by 10 nm
as RPM is increased by 500.

Deposition which took place at 2000 and 4000 only showed one clearly iden-
tifiable peak, with the 2000 RPM sample showing no others. The sample spun at
4000 RPM had a minor peak at 492 nm, but it is very poorly defined. Calculating
film thickness using this minor peak yields a film thickness of 494 nm, which is
clearly incorrect, since it suggests that film thickness increases with increasing
angular velocity. It is thought that the lack of transmittance oscillation found in
these samples is due to their non-uniform thicknesses, therefore impeding the
application of equation 7, which holds only for planar films.

It is found that the film which was held at 3500 RPM, with a thickness of 276
nm, had the thickness closest to the 150-200 nm range which is typically claimed
for high efficiency devices [62]. However it is slightly on the thicker-side, perhaps
suggesting an increase in spin-coating time or RPM may benefit devices further .

4.2.3 MAPI Layer

To gain further insight into the relationship between macroscopic character of
the sample and crystal quality, three samples of widely ranging perceived quality
were selected for absorbance tests.

The best perovskite layer showed little-to-no cloudiness and with a brown-
orange appearance. The average layer was relatively cloudy and had a centralised
ring caused by the non-centered application of the anti-solvent. The worst sample
was very cloudy and showed non uniform colours in a radial sense. It is thought
that this range in color is due to the non-uniform thickness of the perovskite layer.
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Figure 37: Normalised transmittance as a function of incident photon wavelength.

Figure 37 shows a startling similarity between the average and the poor sam-
ple. In fact the poor sample actually showed better overall behaviour, with a lower
absorption below the band-gap, located at 770 nm (see Table 2). The poor sample
also showed an increased absorption above the band-gap, highlighting the fact
that macroscopic properties are not reliable indicators of perovskite layer quality.

The best MAPI layer showed the highest level of transmittance once the band-
gap wavelength was reached. However, the sample also showed the highest amount
of sub-band-gap transmittance, a property usually associated with a low defect
density.

Comparing these results with those in Figure 6, all MAPI samples seem to
show partial transmittance at wavelengths shorter than the band-gap. It is not
known what the cause of this behaviour is and it is highlighted as an aspect which
merits further study in the future. Especially since an increased transmittance of
a sample has a knock on effect on device efficiency.
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The good sample, as in Figure 6, also shows the apparition of what is thought
to be excitonic transitions at around 850 nm.

Furthering the examination of the best MAPI layer, an assessment on film
morphology was made using the SEM.

Mag= 2000 K X 200 nm WD = 2.0 mm EHT = 2.00 kv Signal A= InLens Time :14:42:36 Date :21 May 2019
ULTRA 5544.22 Noise Reduction = Pixel Avy.  ESB Grid = 800V

Figure 38: SEM image for the good MAPI sample shown in Figure 37.

SEM results for the MAPI sample demonstrated uniform film morphology
over large regions, shown in Figure 38.
4.3 2nd Generation Devices

Following the second set of devices, all layers showed good characteristics by
simple observation. This includes the mesoporous layer, whereby a new RPM of
3500 RPM was implemented in the second phase of spin coating.
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Figure 39: 2nd Generation of Devices

However, as can be see in Figure 39, the spiro-OMeTAD still showed poor
properties. Colour changes take place in a radial sense, whereby a shiny-brown
changes into a blue. It is thought that this is due to the non-uniformity of the film.
Moreover, corners can be seen to be not covered properly, it could be that this is
due to not allowing the solution enough time to spread out before the spin coating
programme is started. Clearly, the sample still shows the radial lines present in
the 1st generation of devices.

The findings about the overly large thickness of the compact film were also
not taken into account during this second batch. Therefore several films need to
be investigated further before the third generation of devices are made.

These preliminary results are an important step in the right direction. Having
had the chance to practice synthesizing SCs and develop a methodology, the latter
must now be refined in order to produce high quality devices.
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5 Conclusions and Looking Forward

The study of hybrid organic-inorganic perovskites is motivated by the urgent need
to accelerate a move to renewable energy sources. Perovskites have been identi-
fied as one of the fastest growing solar technologies with low barriers to entry.

In the first section, hybrid perovskites are introduced within the context of
third generation solar panels, their working principles explained. Following this,
the range of applications and properties that have been found in perovskites are
presented. Some of these applications, such as LEDs and quantum dots, are high-
lighted since they share many similarities in terms of the physics taking place
when compared to SCs.

The second section explores current research into perovskite SCs. The first
part describing the properties of MAPI perovskites, including excitations and
degradation. From this, the wider field of perovskite SCs is briefly examined in
the context of compositional engineering via cationic or anionic substitution. The
latter part of the literature review focuses on the methodology to be implemented
within this research project, in particular, on substrate treatments and deposition
techniques.

Armed with the aforementioned knowledge, the third and fourth sections
cover the experimental part of this project. The third focusing on the tune-ability
of the perovskite layer through compositional engineering and the fourth section
implementing perovskite layers in SC devices.

5.1 Band-Gap Tune-ability

In the third section, the tune-ability of the perovskite absorber’s band-gap was
demonstrated, methodology is presented, from precursor synthesis to deposition
conditions. The choice of selected samples is also discussed at the end of this
section. Following the successful synthesis of the perovskite layers, they were
characterised using XRD, absorbance and PL tests.

XRD results suggested the correct implementation of the procedure, whereby
diffraction peaks are seen to shift (Figure 5) as a function of halide size. Crystallite
size is also inferred from the FWHM of the diffraction peaks.

Absorbance tests gave promising results, summarised in Table 2. Band-gap
energy was shown to be tuned depending on halide content and a direct band-
gap was inferred from the Tauc Plot. The values yielded are in agreement with
those found by other authors.

PL results were mixed, due to the time taken to access calibrated equipment.
It is thought that the mixed samples containing iodine and bromine and bromine
and chlorine, respectively, had already suffered from significant degradation by
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the second set of PL results. In the first set of results, no data could be obtained
about the energy values of PL emissions due to the un-calibrated set-up. However
on the other hand, visual confirmation of the tunability of the band-gap can be
seen in Figures 9, 10 and 11. The second set of results showed definite agreement
with absorbance results for the pure samples, however large shifts were observed
in the spectra of the mixed samples (see in Table 3).

Motivated by the need to explain the shift in PL spectra, an XRD analysis was
conducted on the samples. As predicted, the MAPbI; 5Br; 5 sample showed the
appearance of Pbly, a clear signal of sample degradation. The MAPbBr; 5Cl; 5
sample also showed a significant decrease in diffraction peak intensities and a
slight shift to higher angles. It is thought that these behaviours are also caused
by sample degradation.

Clearly, some results produced during this project deviate from the ideal theo-
retical behaviour, such as the disagreement between band-gap energies calculated
from the Tauc Plot and the PL tests. However, the author of this dissertation feels
that further investigations carried out in order to explain these deviations provide
satisfactory evidence for the existence of significant degradation in certain sam-
ples. Moreover, the degradation of photo-active perovskites is well documented
in the literature. In fact, it is believed that these undesirable results can be wholly
attributed to the approach adopted in the characterisation of the samples rather
than the quality of the samples themselves.

Indeed, consider the fact that commonly in the literature researchers observe
significant or sometimes catastrophic degradation within their MAPI samples
within a month. Some of these examples are discussed in Section 2.1.2 on “Degra-
dation”. Consider then the startling results obtained within the second set of PL
results, taken 50 days after sample synthesis, shown in Table 3. Not only does
the PL spectra maximum coincide exactly with band-gap energy inferred from
absorbance tests, taken 5 days after sample synthesis, but it is also in extremely
precise agreement with the widely accepted value found in the literature. Al-
though the second set of XRD data, taken 58 days after sample synthesis, does
indicate degradation precesses taking place (Figure 22), the overall impression
given by the collective results shows an extremely impressive robustness of the
sample over a period of two months.

Furthermore, many of these points can be made of the MAPbBr3 sample to an
even larger extent. With the exception of the existence of a secondary component
of the PL spectrum due to slight degradation (Figure 19), the bromine sample
consistently outperformed the other samples, showing extraordinary luminescent
properties (Figure 9) and wonderful agreement with documented results in the
literature.

It is possible that the MAPbCl3 sample would have also yielded strong results
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based upon absorbance and XRD tests. However the restrictions imposed by the
filter used in the PL set-up meant that without the added agreement from PL
measurements, it was not possible to test this.

Whilst it is true that the mixed samples, containing more than one halide, did
reveal slight shifts in band-gap energies at stages as early as the absorbance tests
(taken 5 days after synthesis); the massively shifted band-gap energies found dur-
ing the second set of PL results (Figure 16) correlate with the significant changes
observed in their XRD spectra (Figures 23 and 25). Therefore, again, it is argued
that the quality of the results presented within this dissertation are in fact closely
related with the time-scales on which they were taken.

Based on the evidence presented it would seem reasonable to conclude that
while sample quality is obviously critical, the structure of the characterisation of
them is no less important. Only when samples have been characterised within a
short period of time (ideally less than 24 hours) after synthesis, can properties and
behaviours be truly analysed independently of degradation mechanisms, which
physically change the character of the samples. That is unless the experiment
or study is specifically concerned with these changes in behaviour as the sample
degrades. In which case it follows that a different approach should be taken in
order to study a different aspect of perovskite SCs.

Therefore, given that the purpose of this Masters dissertation was to develop
a foundation for further investigations into the potential of perovskites as next-
generation SCs, it would appear that the quality of the samples produced was
of high enough to justify progressing to the next stage, implementing them in
working devices.

5.2 Devices

In the fourth section, having gathered experience about the methodologies im-
plemented within the previous section (on band-gap tune-ability), a recipe was
formulated for the synthesis of MAPI SCs, with the help of the author’s research
group. This process, described in Section 4.1, along with the development of the
necessary laboratory skills was lengthy and so the work presented here is simply
a starting point.

Having carried out the process described in Section 4.1, it became apparent
that film quality of several layers was clearly questionable on macroscopic length
scales, prompting the need for a deeper and more systematic investigation into
each layer in turn.

Starting with the compact layer, several samples on the edges and in the
middle of the set up shown in Figure 28 were selected to ascertain whether the
spray-pyrolysis, carried out by hand, was depositing uniform films with good
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morphologies. SEM results were promising (Figure 31), where good morpholo-
gies were seen in all the samples with no distinguishable characteristics between
them. Absorbance tests however, revealed that the samples had undesirable film
thicknesses. In the literature, it is widely accepted that the optimum thickness for
the film lies somewhere between 50-100nm. However, application of equation 7
gave a film thickness of over 650nm, which is off by an order of magnitude. Fol-
lowing this discovery, in the future it will be necessary to confirm this observation
with independent experiments, such as a cross sectional SEM image. If this result
is found to not be anomalous, it will be crucial to reduce this thickness in order
to produce high efficiency devices.

Having identified macroscopic defects, such as radial lines, within the meso-
porous layer after the first generation of devices, it was necessary to alter the
process (Section 4.1). Since the synthesis of the solution to be deposited is fairly
simple, and straight forward, it seems unlikely that this was the root of the prob-
lem. Especially since many authors in the literature, which have attained high
quality devices, report using the same precursors. Moreover, discrepancies can
be seen between the methodology in Section 4.1 and other authors in the litera-
ture (although it should be noted that many different methodologies are reported
in the literature). It was therefore decided to study the spin-coating depositions,
where RPM were varied in the second stage.

XRD and SEM results shed little light on which approach was most suitable,
with no red flags found in either test (Figures 33 and 34). However, again, de-
viances were found between the film thickness as calculated with equation 7 and
the optimum values found in the literature. Whilst not as large a difference as that
found for the compact layer, the lowest thickness film of 276 nm was still above
the ideal range of 150-200 nm. As with the compact layer, this result should be
backed up with other experiments to confirm these findings with the possibility
that RPM, or spin-time, should be increased further.

The final layer that was examined was the MAPI layer itself. As explained in
Section 3.1.3, antisolvent-assisted single-step spin-coating is especially vulnerable
to human induced error. The application of the anti-solvent, by hand, can quite
literally make or break a device. For this reason, it was thought insightful to
examine several MAPI layers in which the nature of the anti-solvent application
varied significantly. Transmittance confirmed that the best-looking MAPI layer
was indeed the one with the best properties. However, interestingly, the one that
was identified from its macroscopic character to be the worst, actually performed
better than the one that seemed average. These results would appear to suggest
that while the highest quality layers do seem to be relatively identifiable from
observation by eye, in practice, MAPI film quality and performance can only be
truly deduced from further investigations. This poses an interesting problem since
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during the manufacture of devices, often one wishes to save time and money by
discarding samples that are deemed undesirable. However, these results highlight
the dangers in doing so.

Having no oscillations in its transmittance spectrum, it was not possible to
estimate the film thickness of the MAPI layer. Obviously, this aspect must be
characterised if high quality devices are to be synthesized. On the other hand,
SEM results suggest that films have good morphologies, meaning that no worry-
ing results have been obtained in reference to this layer.

The second generation devices show that problems are still prevalent in the
spiro-OMeTAD layer (Figure 39). This suggests the need not only to further refine
the process, perhaps through the suggestions previously made, but also through
the characterisation and tuning of the spiro-OMeTAD layer.

5.3 Looking Forward

These results provide a positive outlook for future work on the subject and the
author has developed practical skills in the synthesis and characterisation of the
preliminary devices, establishing a strong base upon which to build.

In terms of photovoltaic applications, the MAPbI3 and MAPbBr3 perovskites
seem to be the most suitable due to their colour and following from the results
presented within this dissertation. They both have a dark appearance (see Figure
3) in comparison to the other samples (especially the chlorine based one, which is
semi-transparent), and would therefore absorb a higher amount of the solar spec-
trum. They are also some of the best studied perovskites, for solar applications.

Moreover, the MAPbI3 and MAPbBr3 samples showed some of the best sta-
bilities when compared with the other samples, excluding MAPbCl;. That said,
many authors have noted the increased stability of MAPI perovskites when doped
with chlorine, which leaves this open as a potential avenue for further investiga-
tion. The precision with which the MAPI and MAPBr samples band-gap values
fell within the context of the literature was also outstanding. The MAPbBr3 also
showed impressive PL, where results clearly support its application in other de-
vices such as LEDs. For these reasons, it seems logical to investigate these samples
further.

In the future, new characterisation techniques could be used to determine the
uniformity, thickness and behaviour of the samples. These might include the use
of AFM, or an optical microscope, to map the surface of the sample. Temperature
controlled experiments, such as PL, could also be implemented, since not only
crystal phase changes, but also degradation pathways are known to be temper-
ature dependent. Moreover, solar panels are subject to large temperature ranges
when used in working environments and therefore understanding their proper-
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ties within these working ranges is vital.

In the short term, it is hoped that research will focus on finalizing the work
begun in section 4. Cross-sectional SEM images, ideally combined with other
experiments, must be implemented to accurately, characterise film thicknesses,
especially since these properties are known to impact device performance and
have already been identified as a problem.

The study and mastering of the spiro-OMeTAD layer must also be completed
to facilitate the synthesis of efficient devices. This would allow the deposition of
the gold contacts and ultimately, tests of photovoltaic performance.

This should pave the way for developing the production process required to
bring the human race one step closer to the ultra-efficient and low-cost renewable
energy, that is desperately needed.
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