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Abstract

The work documented in his thesis concerns the control and modification of
semiconducting perovskite thin films for their use in perovksite solar cells (PSCSPSG
are a promising new thinfilm technology, offering both high solar to electricity conversion
efficiencies and cheap fabrication costs. Herein, the boundaries of perovskite solar cell

research are pushed further by tackling several challenges important the field.

Initially, this work focuses on understanding why the bestPSCamade so far have been
mesostructured devices, with the perovskite infiltrated into a scaffold. It is shown that this
can be seen as simply a fabrication aid; without the scaffold, thin films easily dewet from
the substrate. Byunderstanding the crucial parameters important incarefully controlling
this dewetting, it is minimised, and it is shown thatscaffold-free planar heterojunction

devices with high efficiencies can be fabricated.

This work leads on to the next action; the development of semtransparent perovskite
solar cells. In their present state, PSCs cannot compete with silicon as staaidne
modules. Here, the morphological control has been leveraged to realise a different
embodiment z semi-transparent perovskite devices for use in buildingintegrated
photovoltaics. Competitive efficiency and transparency are demonstrated. Moreover, a
hybrid self-tinting power-generating window concept is fabricated, by combining the

photovoltaic and electrochromic technol@ies.

In the third section of the thesis, the limitations of the most studied perovskite material,
methylammonium lead halide, are addressed its overly wide bandgap and thermal
instability. To address these, the chemical constituents of the perovksite asdtered, and
the development of more efficient and more stable materials are reported. These are likely
to be important for perovskite modules to pass international certification requirements

for commercialisation.

Finally, an indepth study on the effeciof ambient moisture, relevant for considering scale
up and the fabrication environment needed, is carried out. It is shown that the presence of
some moisture during film fabrication allows a reduction of defect states in thperovskite

material, enhancingdevice performance and film quality.
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1.INTRODUCTION
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1.1" AAECOT OT A AT A 11 OEOAOQEII
As the population of the world grows and we become ever hungrier for energy, total
energy consumption on the planet has risen dramatically. In the last 40 years global
energy consumption has more than doubled, now standing at oved 05,000 terawatt-
hours (TWh) per year, equivalent to a sustained poweconsumption of more than 12
terawatts (TW).1 To compensate for losses in transformation and conversion processes,
realistically this requires a primary supply of 155,000 TWh, or more than 17 TW. It is
expected that by 2040, demand will grow by a further 37% However, the vast majority of

energy generation today, more than 66%, is produced by burning coal, natural gas and oil.

Carbon dioxide poduced as an unavoidable byproduct of fossil fuel combustion has
already led to rising global temperatures and climate change, and if we continue using
these fuel sources, disastrous consequences will arise from continuing global temperature
increases? Weather patterns will change, sea levels will rise, whole civilisations will

become flooded, and human society as we know it will have an uncertain future. In
addition to the critical issue of climate change, longer term energy generation must be
considered Fossil fuels are in limited supply, and the discovery of new reserves and

extraction methods cannot continue forever.

Clearly fossil fuels cannot continue to be burned indefinitely, both for the sake of
mitigating catastrophic climate change and as a pctical consideration as supplies

dwindle. Therefore, the need for an energy source that is abundant, does not produce

AAOAT1T AETI oEAAnh AT A OEAO AAT 00PDPIU A 1 AOCA

importance if society is to continue its curret energy consumption habits. Candidates as
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1.INTRODUCTION

renewable energy sources include wind power, solar power, geothermal powetidal
power and hydropower. Of these, as shown iRigure 1.1, that with the greatest available

energy source by far is solar power.

Solar (23000TW)
m Tidal (0.3TW)
Wave (0.2-2TW)
Geothermal (0.3-2 TW)
E Hydro (3-4TW)
m Biomass (2-6TW)
wind (25-70TW)
® Natural gas (215TW total)
m Oil (240TW total)
®m Uranium (90-300TW total)
m Coal (900TW total)

Figure 1.1: Pie chart showing a comparison of the potential for finite and renewable
energy sources. Renewable sources show average yearly potential and finite

resources show the estimated total amount remaining (as of 2010). 4

A huge number of photons from the sun, carrying a huge amount of energy, hit the earth

every day. Tapping into only a fraction of this vast availabl solar flux would allow the

whole planet to easily be powered. The most promising way of converting solar energy

into usable power is by using photovoltaic devices, which convert incoming photons

directly into usable electrical power. Enough power to suply the whole world could be

generated by covering just 0.318t1 P | £ OEA %AOOESO OOO0OALAAA xEOE

20% conversion efficiency for sunlight into electrical power.

Such efficiency is not infeasible for these devices. Efficiencies for photoatts are
governed by the secalled ShockleyQueisser limit, stating that a maximum power
conversion efficiency (PCE) of 3B3% is possible for a single semiconductor junction
device5 The highest efficiencies reported in a real single junction device arever 28%,
attained with gallium arsenide semiconductors. Furthermore, by stacking materials in a
multi -junction device, circumventing the singlegunction efficiency limit, efficiencies of

over 38% have been achieved. These high efficiency devices are hoesmextremely
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expensive to process and fabricate, so are used only in niche applications. Most solar cells
fabricated and installed today are made from silicon, with efficiencies of up to 25% in a
single junction. However, even silicon requires high tempetare processing and various
expensive and toxic treatments to fabricate high quality devices, meaning that the
production is still expensive and environmentally unfriendly. This means that there is a
long payback time to make installing modules worthwhile]imiting uptake in comparison

to other established energy technologies.

Therefore, there is a real and urgent need to develop even lower cost solar cells with high
efficiencies that can be masgroduced rapidly. An option to reduce processing costs is to
employ materials which can be formed via solutiorbased processing. This refers to
processes where the required material is deposited from solution, including techniques
such as inkjet printing, blade coating, spitoating, spray coating and sletlye coaing.
Such techniques do not typically require high vacuum or high temperatures arttius are
much faster and cheaper than conventional wafer processing or vacuum deposition. They
also allow compatibility with flexible substrates for roll-to-roll processing, which could
significantly increase throughput of a production facility. Solutiorprocessed materials
have already shown promise as lightmitting diodes (LEDS), lasers, photodetectors,

sensors and transistors.

Therefore, in recent years, solution processe photovoltaics have emerged as a field of
significant interest and intense research. The first of these to be developed was the dye
sensitized solar cell (DSSC), emerging in 1991, based upon the use of a dfgrivesting

dye anchored upon semiconductor naoparticles.” These devices have now increased in
efficiency to over 12% PCE using only low cost materials and solution processing.
Additionally, organic photovoltaics and quantum dot photovoltaics, based upon organic
semiconductors and quantumconfined semiconductor nanocrystals respectively, now

display around 10% power conversion efficiency.

More recently, emerging from these fields, hybrid organiinorganic perovskite
semiconductors have attracted a great deal of interest. These materials are cheap,
solution-processable, and have ideal properties for their incorporation into photovoltaics.
Their high material quality and versatility has enabled a meteoric rise in efficiencies,
making them the fastest developing photovoltaic technology yet and a primeuedidate for

a low-cost, high efficiency photovoltaic technology to address the energy problems of the

world.
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This thesis broadly focuses on the development of high efficiency perovskite solar cells by

control and modification of the perovksite semiconductor.A particular emphasis is placed

on solving the big challenges in the field via chemical, physical and material modification.

. AT AT uh OEAOA AOA OAiTOET ¢ OEA 1TAAAOOEOU A& O

bandgap closer to hat optimal for solar energy conversion, realising a commercial
application for the perovskites in their present form, and understanding the atmospheric

conditions needed to make the best devices.

Initial reports of perovskite solar cells were based on thedye-sensitized solar cell
structure, with a thin layer of the perovskite acting merely as a sensitizer, coating the large
surface area of a mesoporous oxid&® In this architecture, photoexcited electrons are
rapidly injected into the semiconducting oxice and diffuse through this to be extracted at
the electrode. It was realised in latter reports however that the perovskite itself could
function as both an absorber and a charge transporting material; by replacing the
semiconducting oxide with an inert scéfold, forcing electron transport through the
perovskite itself, the solar cell was in fact able to function more effectively.The working

principles of perovskite solar cell operation will be described in more detail in Chapter 2.

Despite the more effieent operation of the solar cells based on an inert scaffold, it
appeared that the scaffold was still necessary to fabricate working devicésin theory this
should not be the case; it is electronically inert and thus represents an unnecessary
processingstep. In Chapter 4 this issue will be tackled, and will be demonstrated that
the role of the scaffold is simply as a processing aid. Without the scaffold, a low quality
perovskite film with many small holes and poor surface coverage is attained. An
experimental study is undertakento understand why this happens, and then testablish
processing conditions necessary for fabrication of high coverage and high quality films.
will then be demonstrated that this allows the removal of the mesoporous scaffold in solar
cells, and successfully result in the first planar perovskite solar cells with efficiencies
above 10%.

This concept of intelligently controlling processing conditions in order to control suiace

coverage and morphology will also form the basis for Chapter 5 and 6. Herewill be

shownOEAO AOOAUO 1T £ PAOI OOEEOA OEOI AT AOGG- AAI

assembling arrays of microstructured islands can form visibly transpareinand neutral-
coloured films. These show promise for an industrially relevant application:perovskite
solar cells for building integration. In their current incarnations, perovskite solar cells will

struggle to compete with silicon modules for significantmarket share, however here the

4
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versatility of solution processing becomes important. Currently available semi
transparent solar cells, designed for incorporation into windows of buildings and
automobiles, suffer from a difficulty to fabricate a neutraicoloured film with respectable
efficiency or at low cost. This renders them architecturally or economically nomiable.
The solution-processed perovskites offer a solution to this.Application of these films in
perovskite solar cells will be shown to produceneutral-coloured and semitransparent
working solar cells with impressive efficiency to transparency ratios, which represent an
important potential application for the perovksite technology. In Chapter 6 the use of
these semitransparent devices in a photvoltachromic devicewill be detailed, namely a
AT T AETAGETT 1T &£ OI1 A0 AAI1T AT A OOIi AOO8 OET GAA
colouration normally require an external power source to activate the tinting, but the
transparent solar cells developedallow the integration of these two devices together on
one substrate, which would significantly reduce processing costs. The solar cell powers
the tinting of the device with no need for external power, and excess electricity can be

used elsewhere.

In Chaper 7, 8 and 9 the development of novel perovskite materialgill be discussed The
previous commonly used perovskite, namely methylammonium lead iodide, has a
semiconducting bandgap that is somewhat too wide for the optimum for solar energy
conversion, limiting its maximum efficiency. By changing the composition of the
perovskite structure itself, replacing the methylammonium organic cation with
formamidinium, a slightly larger cation, it will be demonstrated that the bandgap can be
narrowed. This resuls in a material even better suited to photovoltaic uses, providing
higher efficiency planar devices. This material is incorporated into the semitransparent
solar cell architecture in chapter 8, again increasing device efficiencies due to its narrower
bandgap, and together with the application of a novel transparent electrode the
performance to transparency ratio reaches impressive levels. In ChaptertBe first fully
inorganic perovskite solar cellswill be presented. All effective perovskite solar cells
developed previously have been hybrid orgait-inorganic devices, but here it will be
shown that the organic cation can be exchanged for an inorganic component, caesium, and
working devices still fabricated. These materials show promise for being more thermally

stable.

Finally, a photophysical studywill be presented concerning the effect of atmospheric
moisture on perovskite films. The previous work has demonstrated several ways in which
perovskite solar cells may be commercialised, but a key concern is how dgaghey can

actually be scaled up for mass production; can they be processed in ambient air or is a
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controlled environment needed? This is addressed in Chapter 10. will be shown that
atmospheric moisture does play a significant role in perovskite filmabrication, but that it

is in fact beneficial, allowing even higher quality films to be formed.
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2.BACKGROUND

This chapter presents on overview of the background knowledge required for
understanding of the rest of the thesis. It will include an overview of semiconductor

physics, solar cell device operatiorperovskites and perovskite solar cells, and some more
specific topics.
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213A1T EAT T AOAOQI OO
Semiconductors form the basis of operation for solar cells. In this chapter, a brief
description of semiconductors, and why they are integral in forming solar cells, Wibe

given.

A semiconductor is a material which can conduct electricity well under some conditions

but not others. They are effectively somewhere in between a metal and an insulator. This

can be understood in terms of the quantum energy states present ihese materials, each

of which can be occupied by only two electrons (one of each spin) due to the Pauli
Exclusion Principle These states arise from the atomic orbitals of the individual atoms

solid material with repeating structure. It is then necessary tosolve the equation for a
periodic array of atomic potentials. This gives rise to a periodic electron probability
distribution, with the delocalised electrons forming continua, or bands, of levels.The
probability distribution is thus a combination of a periodic component, related to the
crystal structure, and a plane wave component, representing the wavefunction of an
electron in free space.Without going into too much detail, solving the Schidinger
eguation then givesenergies as a function ok, the wave vector. The resulting distribution

EK) EO ETT xT AO bddE &ructhr® Thd GsAdIsd Gependent on the lattice
directions in the crystal. Band structure is normally plotted for the most important crystal
AEOAAOQET T Oh AT A x E §mith & beihd OEspakingAaCaiomic piane®in A T
that direction, as shown inFigure2.18 4 EA AT AOCU AEOOOmAMEO®ET T OADA/
a wave with period a, the values are the same for multiples /£ / & E(K) is identical to E(-

k) in the same lattice direction, due to the symmetry of the crystal.

E

h

e

1Band gap Forbidden band

I

> k (wave vector)

|
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Brillouin zone boundaries

Figure 2.1: Schematic band structure diagram showing E(k) within a Brillouin zone

for one lattice direction.
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The interaction of electrons behaving as waves in a lattice spaced by lattice constant a
means that electrors effectively diffract from the periodic lattice z the direct implication
being that there are some energy levels which are forbidden, because the electron waves
cancel each other out. This is the physical origin of band gaps, athetse wave vectors
occur at k E  paAThe pointk E & i called the Brillouin zone boundary; here, the
gradient of E(k) becomes zero and a maximum or minimum of energy is reached
Considering this picture, it isclear that the crystal spacing and symmetry will directly
affectOEA | AOAOEAT 60 AAT A OOOOAOOOAR 1100 11 OAAIT U
The energetic distribution of these bands forms the electronic band structure of the
material. Typical band structures of different types of material are illustratedsimply in
Figure 2.2

E

Metal Insulator Intrinsic n-type
semiconductor semiconductor

Figure 2.2: Diagram of filling of density of states for different types of material with
different band structures. The vertical axis displays energy, and the horizontal axis
represents the density of available states in the bands. Black represents filled states,
white unfilled. The Fermi level is shown; it is within a band for a metal, in between
bands for semiconductors and insulators. In a semiconductor the bands are close

enough to allow some populating of the upper bands with electrons.

The Fermi level (E) of a material as illustrated in a band structure diagram represents the
hypothetical energy levelwith a 50% probability of being occupied by an electron at any
given time at thermal equilibrium. For electrical conduction to occur, the Fermi level must
lie within a band with delocalised electron states. This is the case in a metal; there are a
large number of states near to the Fermi level that are available to carry current. In an
insulator, the Fermi level lies within a large band gap between states, meaning that there

are no available states for conduction at this energy. In a semiconductor, the loan
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structure has a band gap, but it is much smaller than that in an insulator. The Fermi level
typically resides within this bandgap andthus significant numbers of electrons can be
excited to cross the bandgapThe distribution of electrons in available leels is given by

the Fermi-Dirac distribution:

" 2.1

[
=
Where n(E) represents theaveragenumber of electrons at a certain energy stat& at given

temperature T, wherek is the Boltzmann constant.

The deeper (lower energy) band is typically termed theralenceband (VB) and the higher

band the conduction band (CB). When electrons are excited into the conduction band they

are able to move easily due to the large number of state@vailable, so these electrons can

carry current. Electron vacancies in thevalenceAAT Ah  OAZEAOOAET DRAOA O OAI .,
OEi P1 U OEIT1AOG8h OEAO OAI AET AAEET A xEAT AT Al A
are able to move in a similar way throughhe valenceband, and are normally treated as a

particle equivalent to an electron but positively charged.

Electrons can be excited into the conduction band in a number of ways, including by heat
or by light z basically any energy input enough to excitan electron across the bandga@s
can be seen from Equation 2.1 tabsolute zero and in the dark, all electrons will be in the
VB and hence there will be no conductivity. As temperature is raised, more and more
electrons will be able to be excited acrosshe gap and so conductivity will rise. In an
insulator, with enough heating, conduction is also possibleg the only real difference
between an insulator and a semiconductor is the magnitude of the energy gap with no
available states in. Practically speakg, the definition of a semiconductor tends to mean

materials with a bandgap of less than 3eV.

In addition to thermal excitation, electrons can be excited optically, by absorbing photons
with energy greater than the bandgap. This can free the electron frothe valence band

and move it to the conduction band, where it is then mobile and free to conduct electricity.
Conductivity achieved in this way is called photoconductivity and is the process at the core

of photovoltaic materials.

Conductivity can also le influenced by shifting the position of the Fermi level within the
bandgap. This can be changed by adding impurities with different numbers eglence
electrons or different bond energies, which can allow electrons or holes to be freed more
easily from these impurities, thereby increasing the number of carriers available for

conduction. This effectively adds electrons or holes to levels near to the conduction or

10
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valence bands, and is called doping ({loping or p-doping for electrons or holes
respectively). The case of an floped semiconductor is shown irFigure 2.3. The additional
electrons easily excited into the CB from the impurities shift the Fermi level closer the

CB.Therefore this material will be more conductive for electrons.

CB
Donor states
O=—@=—70
O O @]
VB

Figure 2.3: Diagram of n-type impurity doping in the crystal bonding (left) and in
the band diagram (right). An extra electron is loosely bound to the donor atom
(delocalised negative charge in blue). The Fermi level is shifted to much closer to
the conduction band, and when the ionisation energy of E , is supplied electrons are
excited from the donor states into the conduction band, becoming completely

delocalised and free to carry current.

Doping is normally achieved by substituting an atom in the crystal lattice ith one with a
different number of outer orbital electrons (valence electrons). One with too many
electrons is known as a donor and with too few, an acceptor. The surplus electrons from a
donor atom are bound weakly as they are not needed for the structurédonds, so have a
low energy to ionise into the conduction band, meaning these impurities add an extra state
in the band diagram close to the conduction band. This means that the fermi level lies
between this level and the conduction band as all these nestates are occupied at zero
temperature. In the case of an acceptor dopant, the new atom takes an electron away from
another bond, which is then bound more tightly than normal. This effectively creates a
weakly bound hole. The hole can be lowered into thgalence band easily (delocalised
completely) so an acceptor level is created close to thalenceband. Therefore, the Fermi

level is shifted to lie between this new level and thealenceband.

11
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CB

— Defect & trap
y states

h+
— VB

Figure 2.4: Diagram showing some defect levels in the bandgap. These can provide

sites for easier recombination for electrons and holes, as shown.

As well as intentional incorporation of dopant defects into the crystal structure,
semiconductors can contain other d&ects which introduce unwanted levels into the band
gap. Even the most crystalline semiconductor is likely to have a few broken bonds and
interface states, and in a polycrystalline semiconductor, grain boundaries are a particular
source of defect sites. Nw-stoichiometric regions, strained regions, and impurities in the
materials used for fabrication can all result in defect states within the bandgap. Especially
in solution-processed materials, due to the less controlled nature of fabrication, there can
be many such defects. The impact of such defects depends on the nature of the state. Some
are benign, but often they can act as recombination centrgsa state in the middle of the
bandgap make a recombination event between an electron and a hole much morikély.
Some act as trap states, capturing a free electron or hole and impeding mobility. This
trapped electron or hole can then either eventually escape or recombine. Large numbers
of defect states can result in a fermi level pinning, where the density defects is so high
that the fermi level is fixed amongst them, as they are not all ionised at room temperature.
Therefore, the role of defects plays a highly significant role in semiconductor quality and

solar cell operation.

12
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Figure 2.5: Diagram of direct and indirect bandgap materials, represented in k-
space. The CB minimum and VB maximum take have the same k values in a direct

gap material, and different ones in an indirect gap material.

The bandgap of asemiconductor can either be described as direct or indirect. Without
going into too much detalil, this refers to whether there must also be a transfer of phonon
(crystal lattice vibration) momentum involved in an absorption or emission process. If no
momentum transfer is necessary, the material is said to be direct bandgap, if there must
also be a momentum transfer event, it is an indirect gap material. Phonon momentum is
described ink-space, related to the Fourier transform of the periodicity of the latti@ in
real space. In a direct bandgap material, the CB minimum and VB maximum have the same
value ofk, in an indirect bandgap material they differ, as shown ifigure 2.5. The type of
bandgap has severe implications for optoelectronic devices; absorption and radiative
recombination (see later for more details about recombination processes) require
momentum transfer in an indirect bandgap material, meaning the processese less likely

Z this means absorption is weaker.Therefore, indirect bandgap material solar cells
normally must be thicker to absorb enough photons, whereas a direct bandgap material

can be much thinner.

22311 A0 AAlPl 1T PAOAOGET I
In its simplest form, a solar cell can be described as a light absorbing material connected

to an external circuit in an asymmetrical manner, allowing physical separation of

photoexcited charge carriers to generate current and voltage.

The light absorbingmaterial is normally a semiconductor; upon illumination, electrons are

excited from the valence band into the conduction band where they are mobile, and due to

13
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an asymmetry that can be achieved in several ways they flow out of the cell in a preferred

direction.

The different methods of achieving an asymmetry will be discussed later. First, the basic

general operating characteristics of photovoltaic devices will be summarised.

At the core of photovoltaic operation is the generation of current and voltagender
illumination. The current produced when the two terminals are connected (i.e. the voltage
between them is zero) is known as the shottircuit current (lsg; the voltage when the
terminals are isolated (i.e. there is no current flow) is known as the pen-circuit voltage
(Mog). For an intermediate load connected with resistanc®, the cell will produce a voltage
V (between 0 andVe) and a current| (between 0 and L) such thatV = IR where the
current-voltage relation I(V) is described by the curren-voltage characteristics of the
solar cell under that specific illumination. Hence, the currentoltage characteristic of a
particular solar cell determines its functionality and is the most important metric when
characterising a photovoltaic device. Tymally, currents () are expressed as current

densities (J as the current is generally proportional to area of the device.

The amount of current that can be generated by a given solar cell depends on the incident
light spectrum and the amount of this lighthat the solar cell can absorb. The absorption of

a particular semiconductor is determined by its bandgap. Photons with energy greater
than the bandgap can be absorbed, exciting an electron from the VB to the CB or a higher
energy state. Photons with enggy less than the bandgap can in general not be absorbed,
as there is no state suitable for an electron to be excited from the VB inficherefore, solar
cells typically can only absorb usefully light below a certain wavelength. It then may
appear as thoughthe smallest bandgap possible would be ideal, but this is not the case:
photons excited to states higher than the CB will rapidly thermalize back down to the CB
due to energetic considerations; the excess energy will simply be lost as heat. The voltage
genrerated by the solar cell is given by the energy an extracted electron will have (with the
definition U = qV; thus this is at best equal to the bandgap of the material. This is shown

schematically inFigure 2.6.

14
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VB

h*

Figure 2.6: Photon absorption in a semiconductor . Photons with energy lower than
Egcannot promote an electron and so are not absorbed (left). Photons with ener gy =
Ey; promote an electron with no energy wastage, leaving a hole in the valence band
(centre). Photons with energy > E gpromote an electron to a higher state, which then

rapidly thermalizes to the band edge, losing the excess energy as heat (right).

Because the number of photons absorbed is hence clearly dependent on the incident
energy spectrum, a fixed reference is defined. The solar spectrum is that which we are
interested in for photovoltaic energy conversion, and this is different depending on wdre
and when it is measured in the world.Therefore a fixed reference spectrumis defined,
representing the solar spectrum at ground level for midatitude regions at a solar zenith
angle of 48°. This is a good representation of the overall yearly averafgr mid-latitudes
and is referred to as the Air Mass 1.5 spectrum (AML1.5). A total irradiance is also required,
and for the same average criteria this is 100mWcrh The AM1.5 spectrum is shown in
Figure 2.7, shaded to represent the photons that could be usefully absorbed and those not
absorbed by a material with a bandgap of around 1.4eV (equivalent to wavelength of
900nm).

15
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Figure 2.7: Solar spectral irradiance at AM1.5. For a semiconductor with a bandgap
of 1.4eV, wavelengths where photons have enough energy to excite an electron
across the bandgap, so can be absorbed, are shaded blue, whereas those which do
not have enough energy to excite an electron and so are not absorbed, are shaded

red.?

In addition to having a bandgap that will allow absorption of photons, it is also important
to know the absorption coefficient of the material at particula energiesz how effectively
photons are absorbed per unit length in the material. Semiconductors typically have an
absorption spectrum that increases from the bandgap energy, due to the energetic shape
of the density of states. This is represented by Fedd O ' T 1 AAT 201 Anh
probability of an energetic transition is related to the number of available states and the
strength of the interaction. Generally, the absorption coefficient ‘O will be related to the
integral of the product of the deng#ty of states in the CB and VB, so for a direct gap
semiconductor, where the densities of stateg(E) in each band vary agE..-E)!2 and (E -
Ec0)12 (where Ecovoare the energies of the onset of the CB and VB respectively) the VB
and CBrespectively, it is given by:

J’W=W|T'|7 2.2

Where A is a constant deendent on the material. For an indirect bandgap material, a
phonon of the necessary energy must be present too, and as a result, the absorption

coefficient is given by:
YFO=SF A 2.3

This is shown schematically for a direct gap material irFigure 2.8. A simple way to

increase the absorption of a particular material is to make it thicker, but this is not always

16



2.BACKGROUND

possible, given that photoexcited carriers must be extracted from the material see later

for a discussion of this.

g(E) a(E)

Figure 2.8 Simple density of states diagram for a semiconductor (left) and

corresponding absorption coefficient spectrum (right).

It is now possible to calculate the total photons absorbed in a material, by integrating the
product of the absorbance of a particular material and the AM1.5 spectrum. However, this
is not equivalent yet to the total current that a solar cell can generatd.o determine the
current generated, it is also necessary to know how effectively photoexcited electrons are
separated and collected, which will be discussed in more detail later. The overall efficiency
of the process for a given energy is described by thExternal Quantum Efficiency
(EQE(E)). This is the probability of an incident photon of energy E delivering one electron
to the external circuit. Thus it takes into account absorption, charge separation and charge
collection. The total shortcircuit current density (&) generated by the cell is then given by

integrating the product of this and the solar spectrum:
Yr A rlFme-re r™r 2.4

For example, if it is assumed that the 1.4eV material illustrated iRigure 2.7, for example,
has an EQE of 100% for all photons above its bandgap (the best possibdse; and quite

unlikely!), a short circuit photocurrent of 32.9mAcm? could be generated.

In addition to this photogenerated current, when a solar cell is under load it generates a
voltage. The potential difference between electrodes provided by this velge causes some
current to flow in the opposite way to the photocurrent, i.e. in the wrong way compared to
useful current generation. In the case of the opeaircuit voltage, this reverse current
would equal the forwards photocurrent, providing a net zero current. Since the

photovoltaic device will exhibit this reverse current even in the dark, with no

17



2.BACKGROUND
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like a diode in the dark, as a consequence of the asymmetry mentexh earlier that is
necessary to achieve charge separation and collection. Thus, the dark current normally

follows an ideal diode equation:

AT
lh+,§”--‘ﬂ 25
where pisaconstant, KEO " 11 OUI ATT1 80 AT 1 OOAT Oh AT A 4 EO OE

The overall current under illumination can then be approximated by thesum of the
(reverse) dark current and the (forwards) short circuit photocurrent. This becomes, for an

ideal diode,

AT
L L B
b o L gl 2.6

Realistically however, under bias, parasitic resistances have a significaaeffect on the

current-voltage characteristics. These are generally split into two types of resistance:

series resistance and shunt resistance. Series resistandg)(arises from resistance of the

cell materials to current flow and from contact resistanceThis is particularly a problem at

high charge densities or high illumination levels. Shunt, or recombination, resistancels()

arise due to leakage channels such as pinholes and recombination at badly selective

contacts. Furthermore, the ideal diode behawur is not often seen in real materials; a

iTOA OAAI EOOEA ADPDPOI AAE EOm iDlthe diddél eqbetich, AT OEA
representing a different dependence of current on bias. This arises due to additional
recombination mechanisms in different mateials. We can add all these modifications into

the diode equation, to now get a realistic currentoltage dependence for a solar cell:

L
T T L4

L L ]
e b omoW T 2.7

where A is the area of the device. This current voltage relation can now well describe the
behaviour of most solar cells. This equation can be more intuitively represézd by an
electrical circuit diagram, which is shown inFigure 2.9. There is a current generation
source, related to the semiconductor photoexciting charge, a dioda parallel, related to
the asymmetry within the device that is necessary to extract charge selectively, and

resistors in parallel and series representing the shunt and series resistances respectively.
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Figure 2.9: Solar cell equivalent circuit diagram. J s represents current generated
from absorbed photons, and J qax represents the diode dark current that would flow

in the opposite direction.
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Figure 2.10: Current -voltage curve for photovoltaic device under illumination (red)
and in the dark (black). The shaded area represents the maximum power

attainable.

A typical current-voltage (JVj relation for a real sola cell measured in the light and dark is
shown in Figure 2.10. The previously defined shoricircuit current, defined as positive, is
observed where the light curve inersectsV=0, and the opercircuit voltage where J=0. The
photovoltaic device is producing power in the whole region whereland V are positive, in
the standard convention. Power density is given bf? = Jy¥the point at which this product
is maximum is caled the maximum power point. This power Pmpg) OCcurs at a particular
voltage Mnpp and current density Jpp. The ratio of this product to the theoretically ideal
power Lx Vo EO AAEET AA AGRIGE A EGAE] 1A ABRADEABDIVOE A

curve, representing the severity of resistive and recombination losses:

19
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b
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produced to the incident light power density (R):

b
Frr == 29

xEEAE AAT AA OA& Oi Oi AOGAA ET OAOI O T &£/ OEA ET AE/

[ Eﬂ_&AﬂLﬂ 2.10

The quantities J., Voe, FF and PCE, extracted frotne JV curve, are the key performance
parameters of a solar cell and are for the purposes of comparison are generally measured
under standard test conditions: 25°C and 100mWcr AM1.5 illumination as described

above.

234UDPAOC T &£ O 1 AO AAITI
There are several ommon types, or architectures, of solar cell. They all rely upon in some
way creating an asymmetry forcing directional extraction of carriers. A brief description of

some of the most important architectures will be given here.

2.3.1 p-njunction
EA

p-type Depletion region n-type

Figure 2.11: Schematic representation of a p -n junction solar cell under open circuit

conditions.

The p-n junction is the classical model of an archetypal solar cell, and is the basis for most
silicon solar cells in mass manufacture today. It has been around since the 1950s. It
consists of an interface between flype and ntype semiconductors. As illugated in

Figure 2.11, by bringing the two differently doped materials into contact, the excess holes
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from the p-type and excess electrons from the 4type material will be attracted to the

interface region and recombine. This then leaves an excess of ionized dopant atoms in

each material (positive in the ntype and negative in the ptype, which create a secalled

depletion region, which is depleted of free carriers. Tlsi creates a bending of the bands

resulting in an energetic gradient in between the two materials. Upon photoexcitation,
photogenerated electrons in the depletion region and throughout the bulk are attracted
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2.3.2 p-i-n junction

A p-i-n junction is similar to a p-n junction, but with an intrinsic (undoped) semiconductor

between the p and n regions. Theasne built-in potential is established as a  junction,

but it is extended throughout the bulk by the intrinsic region. This is useful in materials
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constant, thefield may be screened in the intrinsic region; in this case it can be a useful

architecture for materials with a long diffusion length but uncontrollable doping, instead

requiring p and n type materials different from the intrinsic material to provide thebuilt

in field.

2.3.3 Organic solar cells

Organic solar cells are comprised of a junction between two molecular semiconductors,
normally referred to as an electron donor and an electron acceptor. These are organic
molecules that are able to be excited in a wagnalogous to a semiconductor; instead of
being excited between conduction and valence bands, electrons are excited between
molecular orbitals, with an effective bandgap appearing between the highest occupied
molecular orbital (HOMO) and the lowest unoccugid molecular orbital (LUMO). Upon
photoexcitation, electron-hole pairs, referred to as excitons, are strongly bound, only
splitting when coming into contact with a material with different work function. Since they
do not diffuse very far before recombining a distributed junction approach between two
materials with different work function is normally used, by blending materials to reduce
path length to the interface at any point in the cell. Once split, electrons and holes travel
through the acceptor or doror respectively to reach the electrodes. These cells are limited
by the energy required to drive efficient exciton splitting at the interface; there is always a
significant loss in energy between the operircuit voltage and the bandgaps of the

materials used.
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Figure 2.12: Schematic representation of organic solar cell operation. Left: energy
level diagram. Right: schematic of distributed junction approach between an
acceptor material (blue) and a donor mate rial (red). Upon photoexcitation, an
exciton is formed, diffusing until it reaches the interface. It can then split into an

electron and a hole, which travel through the respective materials to the contacts.

2.3.4 Dye-sensitized solar cells

The dyesensitizedsd AO AAI 1 h ZE£EOOO AAOAI T bAdeffdetivelyp wwp AU
separates the processes of charge generation and transport into separate materials. A thin
layer of sensitizing dye is anchored to a mesoporous wide bandgap semiconductor,
providing a large surface area for excitation. This is contacted by a liquid redox electrolyte,
which is capable of transporting charge by transferring electrons between ions in different
oxidation states. Typical operation is illustrated inFigure 2.13. Electronhole pairs, in the
form of an exciton, are excited in the dye, and subsequently the electron is rapidly
transferred into the n-type semiconductor (normally TiQ) and the fole into the
electrolyte. The electron and hole then travel through the mesoporous semiconductor and
electrolyte to the collection electrodes. The builin field in this case arises from the
energetic difference between conduction band in the semiconductoand the reduction
level in the electrolyte; electrons cannot transfer into the electrolyte nor holes to the

semiconductor, due to the choice of materials.
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Figure 2.13: Dye sensitized solar cell operation. Left: energy level diagram. Right:
schematic of operation. Upon excitation of an exciton in the dye, electrons are
rapidly transferred into the TiO > and holes to the hole transporter, either an
electrolyte or a solid state hole transporter. These materials  then transport the

charge to the electrodes.

In recent years, to overcome stability concerns, a soligtate version of the dyesensitized

solar cell has been developeéiThis replaces the liquid electrolyte with a solidstate hole

transporting material, normally a smallmolecule organic semiconductor, where holes can
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Perovskites are a class of materials that are defined as those that have the same crystal
structure as calcium titanate,CaTiQ. This takes the form ABX where A and B are two
cations of different sizes, and X is an anion that bonds to both. The B cation, smaller than
the A cation, is surrounded by corningsharing octahedra of X anions, with the A cation in

between the octhedra. This structure is illustrated inFigure 2.14.
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9.9

Figure 2.14: Perovskite crystal structure. Left: unit cell for a cubic ABX3 perovskite

lattice. Right: view along one crystallographic axis of a greater number of unit cells,

with the unit cell outlined in black.

This three-dimensional perovskite lattice structure can only form for certain combinations

of anions and cations, depending on their ionic radius. To define the allowed compositions,

OEAOA AQEOOO A OO 1 AOAI AA EZAAOT 08h xEEAE
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Where ra, s, andrx are the ionic radii of the A, B, and X components of the perovskite
lattice. t = 1 would correspond to a perfectly packed strature, having a cubic lattice
structure, and it can be varied only in a restricted range. In practice, a cubic 3D structure
will likely form if 0.8StS p8 (1 xAOAORh AEOOTI OOAA 11 xAO
tetragonal, trigonal, rhombahedral or hexagonal structures can form whemnt 8 xt S S8mt 8
When the tolerance factor is greater than 1, the structure will likely form a-2limensional

perovskite analogue, where sheets of & octahedra are separated by large A cations.

The perovskites of inteest for photovoltaic applications are halidebased perovskites.
There are a number of A, B, and X ions that have been investigated in the halide perovskite
family. Typical A site cations that can form 3D perovskites include 4,iNa, Rbr, K-, Csand

the organic cations CHNHz* (MA) and HHNCNH* (FA)56Larger organic molecules have
been used to force the perovksite structure into the 2D layered structuresThe B site can

be occupied by any divalent metal cation, and indeed a large range of transition tals
have been explored, but the most relevant for optoelectronic applications are BrGe+

Pk?+and Ew+5 The practically useful halides suitable for the X site are, Br, Cland F.

The halide perovskites are generally solutiofprocessable semicaductors that require

only low temperature processing to form high quality crystalline material$. Therefore,
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they are of significant interest for cheap and efficient photovoltaics. The most commonly
employed perovskite for optoelectronic purposes is methiammonium lead halide,
CHNHsPbX (X=I, Br, Cl) (MAPbY. Different choices of halide, X, give materials with
different bandgaps, as will be discussed further in Chapter8MAPbk is most interesting
for photovoltaic energy conversion, with a bandgap of 1.57eV. With an EQE of 100%, this
material could generate a shorcircuit current density of up to 26mAcmz2, and more in
depth calculations give an efficiency limit of 31% PCE, clso the ShockleyQuiesser
maximum.J? This perovskite has a tetragonal structure at room temperature, caused by a
distortion of the cubic lattice, with lattice constants a=b=8.85A, ¢=12.64A. This structure
has a tolerance factor of ~0.84. The 8nanalogue has been shown to forms similar
compounds with theoretically more ideal bandgaps, but instability due to the ease of

oxidation limits its practical use10.11

The lead halide perovskites have been demonstrated to have high luminescence
efficiency2 carrier mobility,13 and slow nonradiative recombination ratesi415 These
beneficial properties mean that in addition to its use in photovoltaic devices, they have
now been incorporated as the active material into lighemitting devicesi618 |asers}21%21

and transistors.22.23
250A 01T OOEEOA O1T1 AO AAiIl 1T PAOAOET 1

2.5.1 The evolution of the perovskite solar cell

The perovskite solar cell field has exploded into being over the last 3 years, during the
time in which the work described in this thesis was being carried outand thus the
understanding of perovskite solar cell operation has grown along with developments in
the field. The evolution of the perovskite solar cell will thus be briefly described, along

with the advances in understanding gained along the way.
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Figure 2.15: Diagram of the evolution of the perovskite solar cell, as described in
this section. From top left to bottom right: Sensitized perovskite solar cell with
liquid electrolyte, solid -state sensitize d perovskite solar cell, mesosuperstructured
perovskite solar cell, mesostructured solar cell with thick perovskite capping layer,
planar perovskite solar cell. The examples of compact TiO » and a solid state HTM
(Hole Transporting Material) are used as the hole-blocking and electron blocking
layers respectively; however there are many other materials suitable for these

purposes at the present time.

Interest in halide perovskites dates back more than a centu,but it was the more recent
work of Mitzi and co-workers that exposed these materials to the broader communit§.
Work was carried out mainly on lightemitting devices and transistors, but no photovoltaic

devices were reported?.2527

The first report of a solar cell incorporating halide perovskites wa in 2009, when

Miyasaka et al incorporated a thin layer of MAPbInanoparticles onto the surface of
mesoporous TIQ &£l O OOA A O Aendiiet folar célliconfigurabidn Awith hole
transport provided by a liquid electrolyte .28 It was thought here that the perovskite was
simply acting as a dye, with no longange transport possible; electrons and holes quickly
extracted from the perovskite into the TiQ and electrolyte respectively. APCEof 3.8%

was achieved in this initial report. This work wastaken further by Park et al in 2011,

achieving a noteworthyPCEof 6.5%2° However, the perovskite nanoparticles dissolved in
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the liquid electrolyte in a matter of minutes, rendering the cells difficult to reproduce or

measure.

This instability was addressed in 2012 almost simultaneously by the groups of Snaith and

Gratzel, by replacing the problematic liquid electrolyte with a soliestate hole transporting

material, Spiro-OMeTAD (2,2',7, Ftetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-
Spirobifluorene), previously used in solidstate dye sensitized solar cell&:31 This not only

Ol 1 OAA OEA OOAAEI EOU EOOOA AOO Al Ol -statéd DOT OAA
OAT OEOEUAA OiI1 A0 AAT 16 AT1 EZECOOAOQEI T8 (1T xAOAON
Snath et al: it was found that the mesoporous Ti@could in fact be replaced with an inert

material, AbOs;, which is incapable of transporting charge. Solar cells made with this

material instead of TiQ displayed even higher efficiencies (10.9%), which demonstrated

that long-range electron transport must be occurring within a continuous layer of

perovskite on the surface of the mesoporous structure. This provided the first evidence

that the perovskite maerial itself may have not only favourable absorption properties, but

also be a highquality semiconducting material. This architecture, using the mesoporous

I AUAO 1110 AO A OAAEAOGPAOO®AOA GASKHAOIAI ADI AKA
afterwards, it was shown by Etgar et al that the perovskite could also transport holes; the
Spiro-OMeTAD was replaced by simply a thick capping layer of perovskite, and such hole

transporter -free cells exhibited reasonable efficiencie®.

The realisation that MAPbX could effectively transport both electrons and holes for
hundreds of nanometres led to a flurry of activity on understanding the material better. It
was shown via terahertz spectroscopy and other methods that the mobilities of electrons
and holes in the MAPbXperovskites have exceptionally high values of ~20cav-1s!, one
of the highest observed for a solutiorprocessed materiali3.15.33.34|n combination with this,
they were shown to exhibit very low recombination rates, both radiative and non

radiative.15

The diffusion length is an important parameter in a semiconductor; it describes the
distance that an average charge can diffuse before recombining. This represents the depth
from which charge can easily be extracted in a device made from a pure block ofsthi
material, so if it is longer than the absorption depth (the distance over which most light is
absorbed) for relevant wavelengths, all generation and charge can take place in this
material, and a planar device made from this material should be the mostfiefent. There
would be no need for charge to be extracted into other materials in the way that occurs in
the sensitized devices. It can be extracted from the mobility and lifetime measurements,

but in addition it was directly shown, by using a timeresolved photoluminescence
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quenching technique, that the diffusion length for both photoexcited electrons and holes in
such perovskites could be up to over a micromete¥.36 Compared to an absorption depth
of 100-200nm, this clearly indicates that the materialshould be capable of functioning

effectively in a planar device architecture.

Another relevant parameter is the exciton binding energy. As discussed, in organic
materials electrons and holes are strongly bound in an exciton once excited, and further
energy input is needed to split themz this extra energy is the exciton binding energy. A
high exciton binding energy would detrimentally affect thePCEachievable, as extra energy
would have to be lost in splitting the exciton. In most inorganic semiconductorgxciton
binding energy is typically small, meaning that most photoexcited species are present as
free charge. Since the halide perovskites investigated are orgafimorganic hybrid
materials, it was unclear whether there would be a high or low exciton hding energy.
Initial optical spectroscopic techniguessuggestedthat the excitonic binding energy in
MAPbE was <50meV, but recently more direct magneto-optic measurements have
revealed it to be only a fev meV at room temperature3’z40 With room temperature
thermal energy being 26meV, this would result in the majority of photoexcited carriers
being present as free charge, not excitons, in the perovskifEherefore the exciton binding

energy should not be a limiting factor for thePCE

All these observations led to the conclusion that MAPBXand related perovskites are
effectively very high quality semiconductors, which can be solutioprocessed at low
temperatures and yet retain high crystallinity and excellent optoelectronic properties.
Therefore it was realised that planar perovskite devices, with a bulk layer of perovskite
sandwiched between selective contacts, should be the optimum architecture. These had
not been explored previously due to deposition issues. The work carried out in Chaptdr
will discuss these issues, how to solve them by carefully control of the deposition and
annealing conditions, and describe the development of planar perovskite solar cellgtiv

the scaffold completely eliminated, with efficiencies above 10% for the first timé.42

Further jumps in efficiency were achieved by the incorporation of solid perovskite capping
layers into the mesoporous titania architecture, moving towards the plaar junction
approach843 It was also shown by two groups that vacuum deposition of the perovskite in

a planar architecture was possible445

The highest efficiencies to date have been achieved by incorporating narrowbandgap
perovskites, based on refacing the methylammonium cation with a slightly larger
formamidinium cation. The development of the formamidinium lead halide perovskite

material will be discussed in depth in Chaptes 7 and 84 Devices incorporating this
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material in a hybrid structure (thin TiO2, mesoporous layer plus thick perovskite capping
layer) have now demonstrated efficiencies of above 20%, and the increases in efficiency
show no sign of slowing dowrt7z49 Notably though, devices with a reported 19% efficiency
use the completely panar architecture, demonstrating that the most efficient possible

architecture has not been decided on by the community just yét.

2.5.2 Operating mechanism
An operating mechanism for a perovskite solar cell can now be suggested. Thick layers of
perovskite with selective contacts (including thin mesoporous Ti®in that definition)

appear to be the most efficient architecture, and the one most discussed in this thesis.

Firstly it should be noted that it is thought that doping in the halide perovskites is
generdly small but also uncontrollable, due to the solutiomrocessing deposition
techniques employed.Therefore, doping will effectively be ignored, as it is not thought to
play a major role in device operatior1z53 |t should be mentioned that a common chlode-

assisted deposition of MAPR| often denoted as MAPb{L.« or similar, may incur trace

residues of chloride, but that it is not thought to be incorporated within the crystal lattice
170 OAT DAG ET ObB#s AT 1 OAT OET 1 Al OAT OAs

The operating mechanism issimple, as illustrated inFigure 2.16. It is effectively a pi-n

junction with a material with a long diffusion length and no controlled doping profile, as

discussed h section2.3.2 above Its operation can be split into three stages:

1. Lightis absorbed in the bulk of the perovskite, exciting electrons and holes into the
CB anl VB respectively.

2. These immediately separate, due to the low exciton binding energy, and diffuse
around the material.

3. When a carrier reaches the correct selective contact, it is energetically driven to be
extracted into the contact material, and travelghrough the selective material to
the electrode. Carriers reaching the wrong selective contact are blocked from

being extracted.
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Figure 2.16: Operating mechanism of planar perovskite solar cell, as described

above.

It should be noted that this is described for the open circuit condition, and furthermore no
band bending at the interfaces is considered. This is a simplistic picture and for some
contact materials there will inevitably be some energeticinteraction between the

perovskite and the contact material.

Based on this operating model, some criteria for a higherforming perovskite solar cell

can be established:

1 Perovskite has close to the ideal bandgap for solar energy conversion (see Section
2.2)
1 Long diffusion length in perovskite (ideally more than absorption depth, as
discussed earlier). This encompasses:
0 Long photoexcited carrier lifetime
0 High mobility in perovskite material
0 Slow recombination rates
High quality of perovskite material, i.e. few defects or trap sites
Good carrier selectivity of contacts
Efficient carrier extraction at the selective contacts with little energy loss

Little non-radiative recombination

= =4 4 A -

High radiative recombination (this will be discussed later)
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1 No pinholes in perovskite film allowing recombination (i.e. uniform and

continuous film of perovskite)

2.5.3 Hysteresis in perovskite solar cells

It is worth noting that recently a phenanenon has become apparent in perovskite solar
cells whereby currentvoltage characteristics can exhibit hysteresis, with the solar cell
parameters being different depending on scan direction and rate of voltage sweep (i.e.
from forwards bias to reverse bia or vice versa(5® This can result in artificially inflated
PCEvalues. By holding the solar cell at forward bias before measuring, an enhanced
efficiency can be attained, while a reduced efficiency is attained by holding the cell at
reverse bias or een short circuit before measuring?® Moreover, the magnitude of the
observed hysteresis depends on the scan rate of the curreumbltage sweep. It appears that
a very fast scan, if initially held at forward bias, will demonstrate high efficiencies in both
scan directions and little hysteresis, a mierate scan will demonstrate high efficiency in the
scan from forward bias and low efficiency from short circuit, and a very slow scan will
display little hysteresis. In this slow scan, which approaches the steadyate condition,
often lower efficiencies are measured in both directions. Typical hysteresis behaviour for a
planar perovskite solar cell is shown inFigure 2.17. It can be concluded that the problem
arises when the currentvoltage sweep is carried out at a faster rate than the device can

respond, which seems to be on the timescale of seconds.
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Figure 2.17: Hysteresis in a planar -structured methylammonium lead iodide

perovskite solar cell. FB -SC refers to scanning voltage from forward bias to short
circuit, and SC-FB vice versa. Typically, the highest efficiencies are extracted from
the FB-SC sans, and hysteresis is most extreme at intermediate speed scans
(0.04V/s here). The scan rates depicted here do not go down to low enough speeds

to observe a reduction of hysteresis at very low scan speeds.

The slowest scan rate would thus be most accurati®r measuring real efficiency, as it

approaches the steady state conditio® However, we often do not know exactly how slow

we need to scary and the rate of the hysteretic process occurs on different timescales in

solar cells prepared in different archiectures and via different fabrication routesg?

Moreover, scanning a cell very slowly is often impractical when screening a humber of
parameters. TEA NOAOOEI T AOEOAO 1T &£ Ei x O POAAOEAAII
device. The most commonly emplogd solution to this has been established as holding the

device at its maximum power point voltage and measuring photocurrent (and hence PCE)

over time, until a steady state value is reached. Since the behaviour is very different from

that expected from rae dependent capacitive current, this is a more accurate method of

attaining a real efficiency than taking the average of the forward and reverse scéfs.
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The cause of this curremvoltage hysteresis is still under debate; this will be elaborated
upon in Chapter 9. Based on the results that will be shown in Chapter 9, however, it can be
concluded that the dominant mechanism responsible for inducing hysteretic behaviour is
likely to be mobile ions and defects in the perovskite material, though trap states #te
interfaces may also be important. By applying a bias to a perovskite film, it can be
polarised temporarily, with photovoltaic function being possible in either directions? It
appears that poling in this way creates a temporary asymmetry in the devicejeaning
that selective contacts are not even necessary on short timescales (tens of secorfgd3he
likely mechanism is that under applied bias, charged mobile ions (vacancies, interstitial
defects, or even some of the ions making up the material itsetfjove to screen the applied
field, building up charge at the interface. Upon release of the field, this charge may be
compensated by photoexcited electrons and holes, meaning that there is an excess of
various defects at each interface, which can then acs aopantsé! The exact mechanism is
still under debate, but in some way this ionic motion is able to set up a buih field in the
device, dissipating upon release of the field over tens of secon@g4 The built-in field
encourages charge separation teither side of the device, effectively increasing the carrier
drift velocities and minimizing recombination. This allows nonselective devices to
£O01T AGETT OAI pT OAOEIT UR AT A Al11Tx0 O11 01 Al &8 AARAOE
they would otherwise be able, since there is an additional field assisting charge extraction
at the correct contacts. This effectively allows carriers to last longer in the material before
recombining, giving them an increased chance of being extracted. The proposed

mechanism br hysteresis is shown inFigure 2.18.
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Figure 2.18: Proposed mechanism for hysteresis. Here it is assumed field extends
uniformly across the whole film, which is the simplest case. a) Under no bias,
charged ions/defects present throughout the film, flat field profile. b) Under bias,
uniform field present throughout the film. c) Mobile charged ions/defects move to
compensate the applied field, resulting in a flattening of the field profile. d) When
bias released, the doping or charge buildup from the mobile ions results in field
across the film, encouraging separation of charge and selective extraction at the
contacts. Eventually the charged ions will dissipate back to a uniform distribution

throughout the bulk, and the field disappear, as in a).
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In addition to measuring JV curves, it is useful to be able to characterise a material for its

use in a solar cell without making a full device.

Since the majority of this thesis focuses on planastructured perovskite devices, material
quality is of paramount importance, since the perovskite will be doing the light absorption
and charge transport. As discussed above, some criteria have been established that are

necessary to make a good perovskite solar cell.

Importantly, these include a long diffusion length, slow recombination rates, and more
radiative than non-radiative recombination. These criteria can be established by

photoluminescence methods.

Recombination is an important part of solar cell materialsRecombination, the loss of

mobile electrons and holes by a number of removal mechanisms, can be divided into
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avoidable and unavoidable recombination processes. The unavoidable processes are a
part of the fundamental nature of a semiconducting material, andnclude radiative
recombination (also known as spontaneous emission), stimulated emission, and auger
recombination. Radiative recombination is the relaxation of an electron across the
bandgap, resulting in the emission of a photoreffectively the reverseof photoexcitation

of an electron. Stimulated emission is generally not relevant at solar fluences. Auger
recombination is an electronelectron or hole-hole interaction resulting in the decay of
one carrier across the bandgap and energy transfer to the lwgr carrier. This is mainly
important in materials with high carrier densities or at high fluences, and it is not very

important for the perovskite cells discussed herein under 1 sun illumination.

Avoidable processes normally involve nofradiative recombination between an electron

in the CB and a hole in the VB via a trap state, due to the presence of defects as discussed
above. The energy lost is converted to heat. This is especially prevalent at surfaces due to
surface trap states. Norradiative recombination is always detrimental to the performance

of a semiconductor in a solar ceH a high nonradiative decay rate neans that the diffusion

length for excited carriers will be reduced.

On the other hand, radiative recombination is not necessarily detrimeal. A high radiative

decay rate for a particular material would also reduce the diffusion length however, so the
ideal solar cell material would have a long radiative lifetime in order that excited carriers
can be collected before being lost as photonshpugh note that some of these photons can

be re-absorbed).

Somewhat counterintuitively, it can also be shown that a high radiative efficiency is
actually crucial to attaining the best solar cell performance. A good solar cell should also
be a good LEDS¢¢ This is due to the fact that at open circuit, when they cannot be
extracted electrically, ideallyall excited electrons would eventually recombine radiatively,
rather than non-radiatively. A highrate of radiative recombination is not necessary, rather
a highefficiency When a bias is applied, and the cell is under load, the amount of radiative
emission will depend on the competition between extraction rate and radiative decay rate;
ideally here the radiative decay rate is long enough that all carriersan be extracted.
However, the opencircuit voltage will indeed depend on the radiative efficiency, in

simplified terms:67

i 3
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where sex IS the external luminescence efficiency. The latter term thus represents a loss in

Vocwhen the luminescence efficiency is less than 1 (i.e. less than perfect). The external
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luminescence efficiency in a device is related directly to the photoluminescence efficiency
of the semiconductor.Thusto attain the highest opencircuit voltages, a méerial should be
used with as high as possible photoluminescence efficiency. This is a metric which can

easily be quantified, by a photoluminescent quantum efficiency measurement.

Regarding the radiative decay rate, as previously mentioned, a high decagte would
mean that even if the photoluminescence was very high, excited carriers would decay
radiatively before being extracted, so a slow radiative decay is ideal for a photovoltaic
material. A material with slow radiative and nonradiative decay rates wll have a long
excited carrier lifetime. This can be probed by measuring the timeessolved
photoluminescence: fitting the photoluminescent decay of excited species over time after a
pulsed excitation gives a measure of the average lifetime of an excitearrger. It is even
possible to estimate diffusion lengths using photoluminescent decay techniques, and this

will be discussed in more detail in Chapters 3 and 7.

To conclude, the ideal photoluminescent properties of a material for use in solar cells

would be:

T High (as close to unity as possible) photoluminescence quantum efficiency

1 Long photoluminescent lifetime.

These criteria will be considered throughout this thesis, in particular in Chapter 10 where

material quality is brought to the forefront.
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The concept of dewetting plays an important part of the work undertaken in this thesis.
Dewetting refers to the retraction of a film from a surface; the opposite of spreading. This
is often an unwanted process as it ruptures the film; however in some sas control of
dewetting has been used to form structures or arrays of particle®. Dewetting can occur
both in the liquid state and in the solid state. Here, an introduction to the mechanisms of
both types of dewetting is given, with a particular view to establish the important

experimental parameters in a dewetting system.

2.7.1.Liquid state dewetting

Dewetting of a liquid from a solid substrate is of particular importance during deposition
processes such as spigoating, or during annealing processes in which the film is still in
the liquid state or at temperatures abovdts melting point. Whilst the film remains liquid,

it is governed by hydrodynamics, as the fluid layer can easily flow. The hydrodynamic
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equations governing dewetting kinetics are complex, but they are now well
understood 6970 Wetting or dewetting is driven by surface energy considerations. If a drop
of liquid on a solid substrate, in thermal and mechanical equilibrium, is considered, as
shown in Figure 2.19, it can be seen that there are three surface tensions that should be

considered solid-liquid, liquid -gas, and solidgas.

Figure 2199 - AAEAT EAAI ANOEI EAOEOI 1T AAAET ¢ O1T 9171 OT
(free energies per unit area) acting on the contact line between a liquid drop (blue)

and a solid substrate (white).

4EA Ai 1 OAAO AT ci A OEAO OEA AOi P Ei ANOEI EAOEODI
eguation:®

A do yp 2.13

N A4 Aare ¥ :

wherel  denotes thesolid-vapour surface tension] the solid-liquid tension and/ the

liquid -vapour surface tension. These tensions are free energies per unit area, or forces,

and the equation follows from balance of forces. If these tensions are known, then it dam

determined whether the fluid will be driven to wet or de-wet; if [ r [, then the

lowest energy state will be that where the contact angle is finite and the fluid will partially

wet in equilibrium, whereas iff I [, the contact angle must be zero and
equilibrium will be such that a uniform layer of fluid covers the surface completer

Al i1 bl AGA xAOOET Cc8 ! OOPOAAAEIT C Al AompakedtE AT O6 3
its value for complete wetting:

{ = Fve AL A4 A 2.14
T i 1

T m

If S 0O, then spreading will be favourable, whereas if S & dewetting will be. However,
upon deposition of the liquid upon a substrate, it will not be immediately in equilibrium.
Spin-coating a film, for example, can produce a continuous film initially, even if S < 0. Such
a film can either be in a metastabletate (not at the free energy minimum, but an energy
barrier is present preventing it from reaching that state without more energy input) or an

unstable state, and this dictates how dewetting generallgccurs.
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To clarify the distinction between stable,metastable and unstable films, the interface
potential 3 j Ea@ be plotted, defined as the free energy taken to bring two interfaces from
infinity to a distance h.7! Here the interfaces are the solidiquid interface and the liquid-air
interface, with h the initial thickness of the film. This is shown inFigure 2.20 for the three
cases. In curve 13 j B @ and the minimum will be at infinite film thicknessz in this case
the film is stable, the force needed to push the interfaces together continsiéo increase as
they approach. In curve 2, there is a minimum o j BtG certain value ofh. The system
can thus gain energy by changing the film thickness to this value, so if the initial thickness
is greater than it, it will dewet - this film is unstable. In curve 3, as the interfaces approach,
force first increases and then decreases before reaching a minimum; a free energy barrier
must be surmounted. The film is unstable for small film thicknesses, but for larger
thicknesses, anther perturbation would be needed to drive the film towards dewetting.

Here, the film is called metastable.

¢ (h)

P

Film thickness (h)

Figure 2.20: Effective interface potential as function of film thickness for stable (1),

unstable (2) and metastable (3) films.

A dewetting liquid film will destabilise to expose dry patches, occurring via the formation
of holes. Practically, the formation of holes can be considered to occur in one of three
routes.’t If the system is perturbed by surface defects (dust or other inhomogeneities),
these can form the nucleation point dr a hole in the film, known as heterogeneous
nucleation. If hole nucleation is driven by thermal noise, it is termed homogeneous

nucleation. These mechanisms are the relevant ones for metastable films.

If the system is unstable, it can destabilise spontaously. This situation leads to what is
known as spinodal dewetting, where a regular array of holes with an effective wavelength
forms in the film.72 It is named this in analogy to the spinodal decompaosition occurring in

an unstable mixture of two phases. It is observed in regimes whergd(® < 0, which
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normally occurs for very thin films of material?* The patterns formed by the different

types of dewetting are shown diagrammatically irFigure 2.21.
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Spinodal dewetting Thermal (homogeneous)  Heterogeneous
nucleation nucleation

Figure 2.21: Simplified diagram of dewetting patterns that would be observed from

spinodal dewetting, homogeneous and heterogeneous nucleation processes. 71

The critical parameters influencing the magnitude and type of dewetting in the liquid state
can thus be summarised. Due to the dependence of stability on film thickness, this is of
critical importance. The surface tensions involved, related in particulara those of the
substrate and the fluid, will alter the spreading coefficient and thus control the whole
process. Due to the influence of thermal noisbased nucleation, and the possibility to
overcome energy barriers by addition of thermal energy, temperatre will be an
important parameter too. By modifying the substrate and film thickness, all 3 dewetting

regimes have been observed in a single fluid systeth.

Once the film has formed initial holes, these holes will then grow in a way governed by
hydrodynamics. Generally they will move towards the equilibrium wetted state from the
initi al state; this may involve at some point the holes become large enough to impinge,

which will result in the formation of islands of material.

Thus far, the kinetics of dewetting processes have not been considered. Knowing the initial
type of hole nucleation and the various surface potentials of a system, mathematical
models can be constructed to understand the dynamics of liquid dewetting. This is not
detailed extensively here, aside from to mention that temperature will generally be the

most important parameter on the rate of dewetting. There are many considerations to

take into effect to accurately model the dynamics of dewetting systems; such a system will
be complicated by incorporating other effects that may be present in realistic systems

such as slipyiscoeleasticity, gravity, phase changes, and narewtonian effects.
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2.7.2.5o0lid state dewetting

Dewetting of material in the solid state is more complex and less well understood than in
the liquid state. Solid state dewetting typically occurs when films are lated at
temperatures below their melting point. The driving force is the same as for liquid state

minimisation of surface energies.

However, importantly, in a solid film the crystallinity of the material plays an important

role. Crystalline films wil ni & &£ O0f A OAAAA8 ET A OEIEI AO xAl
uniform surface tension over the material, rather they have facets, with different surface

tensions for the different crystal facets. It has been shown that flat isotropic solid surfaces

are alsogenerally stable to small perturbations, so another process is needed to explain

hole formation.

If the crystal has nonisotropic surface energy, it is important to know the surface energy
of the different facets; this can be described by a gamma plot sisown in the left of Figure
2.22. Here the surface energy is represented by a vector as a function of angle of the
normal with respect to a specific crystal orientatbn. In the simple 2D example shown
there are 8 points with minimum surface energy; these correspond to the facets on the
preferred crystal shape. This can then be used along with the knowledge of the interface
energy to determine the equilibrium shape of lhe crystal on the substrate, as on the right
of Figure2.22.73

YF 143

Figure 2.22: Left: gamma plot showing magnitude of surface energy of crystal as a
vector plotte d as a function of angle of the normal with respect to a specific

orientation. Right: Equilibrium shape of the crystal (blue) on a substrate (white).

The other key difference to liquid dewetting is that Instead of being subject to
hydrodynamic flow, solid films cannot flow easily. In order to restructure themselves,
films must be subject to some process that allows mobility of the components of the

lattice. This could be via bulk diffusion, evaporatiorcondensation, or surface diffusion; it
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is now generally accepted that in most cases surface diffusion is the dominant transport
mechanism?4 The mobility of the lattice components via surface diffusion is strongly
temperature-dependent, so temperature will be a critical parameter in theate of material

flow and hence dewetting.

Solid films can generally be either polycrystalline, single crystalline, or amorphous.
Amorphous and polycrystalline films will behave similarly whereas single crystals tend to

exhibit somewhat different dewetting characteristics as discussed later.

Figure 2.23: Hole growth at a grain boundary in a film with grain radius R. Height of
the film h represents what the height would be if the film were flat. Here, the groove

depth 7 is less than the height so it does not form a complete hole.

In polycrystalline films, grain boundaries are present between crystallites, and have
energy res For an isotopic re (film surface energy), force balance in a simple 1D case

leads to the shape shown ifrigure 2.23. It can be shown thaf is given by7s

Poove ﬁ;” 2.15

)y £# OEA AADPOE 1T &£ OEA COI i OAm,the grooedil @aEkcitii@A O OE AT
substrate and become a hole that is able to grow to initiate dewetting. In this simple

approximation this depends on the grain radiusk, and it can be shown that the film will

rupture if:

wip
1 ¢ T T8 216

So it can be seen that the number of holes will increase when there are high energy grain
boundaries, when the thicknessh is small, the film surface energyresmall, and grain

boundary radius R large. Extending this analysis to a real 3D case, boundaries between 3
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grains would have the highest energy and holes would be most likely to form there.
Another consideration in a real film is crystal stress; if dole is able to relax a strain in a
crystal it is more likely to form. The rate of hole formation will impact the overall
dewetting rate, if new holes are forming during the process. It will depend on the rate of
hole formation and the rate of hole growth For a kinetic process, it can be shown to scale

with the thickness of the film and the surface selfliffusivity. 76

The next step is to congler the rate of hole growth. Once a hole has formed, capillary

forces will drive retraction of the edge and the hole can grow. If a hole is formed with a

sharp edge initially, material will be transported away from the corner to reduce the

curvature. The arvature will always be greater than the flat surface of the film so material

will continue to flow over the rim towards the main film. This builds into a larger rim, so

the curvature lessens and flow slows. In some cases, a valley forms behind the ring aan

OPEIlI AES OI Al O 74 TheGekraxdon & @nfedgE i shdwn Adbematically in

Figure 2248 )1 AAAE GIEAE/AES hOF A QO®EEN MMAE AAT £l O OEET CAOI
xEAOA EOO AACA OAAAEAO Al O1 OOAARTHs cantbADA AT A

related to grain boundaries.

_)f’\k
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Figure 2.24: Dewetting processes in solid films. Top: Edge retraction of a straight -
sided pore to form a rim. Surface diffusion driven by curvature is shown by the
arrow. Middle: Pinch -off due to deepening of the valley behind the rim. Bottom:
Fingering instability (viewed from top) due to a perturbatio n in the retracting edge
of the film.

In both pinch-off and fingering cases, the strands formed will be subject to the salled

Rayleigh-Plateau instability, and tend to break up into island?
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The overall dewetting rate can now thus be considered. The previous discussions indicate
that a series of kinetic processes govern the overall dewetting rate. Firstly, a peisting
number of holes can grow, or there is a timescale over which new hegldorm, via for
example, grooving. New holes can form throughout the process. The edges of formed holes
retract to form dewet areas. When holes impinge, much of the original film may be

uncovered, but the dewetting processes continue via strands breakingunto islands.

In a simple case, the dependence of exposed area upon dewetting time, can be given by:

=-.. « Z "Hé 'I ”V\: b-.\£<< 4.4 217

where 0 is the rate of formation of new holesj is a constant hole growth rate, and,
is the time that the first holes appear. This results in curves of the shape shownHhigure
225588 It can be established that experimentallyj % 'OFQ, where D is the surface
diffusivity, and the other most critical parameters contributing to the rate of dewetting are

the activation energy for surface diffusion and the temperaturé?

Film coverage of substrate

Time

Figure 2.25: Diagrammatic plot of film coverage as a function of time due to

dewetting, for two temperatures (red is higher temperature than blue).

Single crystal films are also subject to dewetting, especially whehey are very thin. There
are some differences compared to polycrystalline or amorphous films, though the overall
picture is similar. The main difference is that they do not have grain boundaries that can
initiate pinhole formation. Another mechanism is thus required to explain observed initial
dewetting; no clear dominant mechanism is obvious. The main ways in which pinholes
could be initiated are: pinholes in the initial film, topographical irregularities on the
substrate surface (especially important wha the film is thin), impurities or particles on

the substrate or film surface, or crystal defects such as dislocations.
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The crystallography will also affect the shape of opening pores, which will tend to be more
regular in shape, with straight edges alongrystallographic planes. Rims formed around
single crystal holes will be faceted, which will increase in height and width over time in a
similar manner to the polycrystalline example, and these will generally grow more slowly
at the corners, due to mass dfusion away from a corner being able to happen in more
than one direction (whereas it is constrained in one direction at the edges). This results in
a modification of the initial faceted shape of the hole. The uneven growth can result in
fingering instabilities at the edges near the corners and pinebff forming strands,
normally along crystallographic planes at the edges, which will then bead up due to the
Rayleigh-Plateau instability. An example of expected pore growth in a single crystal film is

shownin Figure 2.26.

. | x| =

Figure 2.26: Left to right: diagram of the growth of a hole in a single crystal film.

From the abovediscussion on both liquid and solid state dewetting, it can be concluded
that there are a small number of experimental parameters that will have the highest

importance on how dewet a film is. These are:

9 initial film thickness
T initial pinholes in the film
1 temperature

T time

Finally, some additional complications that can be present in real dewetting films are

mentioned. These will be elaborated upon in Chapter 4.

All the mechanisms discussed above have assumed that material is retained during
dewetting, i.e.there is no material evaporation. This would significantly complicate the
situation z as well as material movement by surface diffusion, in a solid, it could also
evaporate, so the same rim formation may not arise. In a liquid, where flow is facile, itlvi
result in uniform reduction in size of the film thickness and island size as dewetting

occurs, complicating any dynamical models.
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Secondly, a change in phase from liquid to solid or vice versa will complicate the situation.
One would have to treat eaclphase separately and couple them together in the middle, so
any final holes in a solid film at the point when the transition occurs would be the initial

pores in a liquid form, for example.

2.8 %l AAOOI AEOI I EOI

Electrochromism is the phenomenon of some materials to reversibly change colour upon

application of a bias, normally in the presence of an additional species. Electrochromics

AOA 1T £ ET1 OAOAOO &£ O OEAEO ADPDPI EAAGHGhdutoET OOI1 AC
solar radiation into buildings, and thus controlling human comfort as well as allowing

greater heating / cooling energy efficiency. Such technologies are already becoming
commercially deployed and offer the potential for a significant drop in eergy wasted in

OEA PIi POl AGET 160 EIT T AO AT A xI1 OEDPI A®RADal ) O EO
primary energy is spent in buildings, for purposes of heating, cooling, lighting and

ventilation. Intelligent control of irradiance though windows would allow needs to be

met in a much more efficient manner.

There are several types of electrochromic materials, the most common and most studied
being the oxides. Specifically, tungsten oxide, WOhas received most research effort and

is of relevance for this thesis, so will be described here.

It was observed experimentally in the 1950s and 1960s that upon insertion of protons, or
lithium ions, into WQO;s, the colour changed? This could be achieved by placing the oxide
into contact with an electrolyte containing these species, and applying a bias. Theason
for the colour change has been widely debated, but it is now thought that it is related to a
change in electronic band structure upon LH+ intercalation into the lattice. The
insertion of Lithium ions, driven by the applied bias, is accompanied by balancing

insertion of electrons:
R ‘H— + v e
TF 4 miY gt 218

Where practically, for reversibility, x < 0.5. In terms of the band structure, the crystal
structure has a wide bandgap between the highest filled band and the next band,
rendering it transparent. Inserting and extracting charge leads to a change in the Fermi
level, giving partal filling of the next band, allowing absorption at low photon energies, as

depicted in.
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m
5
K

m
5
K

E, (large) E; (large)

E

g(E) g(E)
WO, Li WO,

Figure 2.27: Diagram of density of states for WO 3 with and without lithium

intercalation. Black represents filled states.

The inserted electrons are localised on W sites, changing some froméWo W5+, Photon

absorption can then take place via soalled polaron absorption:

T+ T4 -I“ L & T+ T4 2.19
Where a and b denote different W atoms; an electron is transferred between sites.

Transparent conductors

/ Electrolyte \
| wo,

b

Lit — |

+ Lit —

Figure 2.28: Diagram of WOs/ Li + based electrochromic device.

In terms of device design, a typical electrochromic device architecture is shown kigure
2.28. The electrochromic film, contacted by an ioronducting electrolyte (which should
also be able to store ions), is sandwiched between two transparent conductors; on
application of bias, Li i;ms are inserted from the electrolyte into the electrochromic, and
charge balance is maintained by a countefow of electrons in the external circuit,
injecting also into the electrochromic. Reversing the voltage returns the device to its

original state.
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3.- %4 (/ $3

Here the generally applicable methods and fabrication procedures used in this thesis are
outlined. More specialised procedures are described in the individual chapters of

relevance.

52



3.METHODS

Unless otherwise stated, all chemicals were purchased from Sigrddrich or Alfa Aesar

and used as received. All solvents used were anhydrous.

310A01 OOEEOA POADPAOAOEIT

3.1.1 Chloride-assisted methylammonium lead halide perovskite
(MAPbI3Ck)

Methylamine iodide was prepared by reacting methylamine, 33 wt% in ethanol, with

hydroiodic acid (HI) 57 wt% in water, at room temperature. HIl was added dropwise while

stirring. Upon drying at 100°C, a white powder was formed, which was dried overnight in

a vacuum oven befoe use.

To form the nonstoichiometric MAPDbI;.«Ck precursor solution, methylammonium iodide
and lead (Il) chloride are dissolved in anhydrousN,N-dimethylformamide (DMF) at a 3:1
molar ratio of MAI to PbCl, with final concentrations 0.88M lead chlorideand 2.64M

methylammonium iodide. This solution is stored under a dry nitrogen atmosphere.

To form a film of this perovskite, this precursor was spircoated on an oxygen plasma
cleaned substrate in a nitrogerfilled glovebox at 2000rpm for 45 seconds, themllowed to
dry at room temperature for 20-30 minutes. It was then annealed on a hotplate in the
glovebox at 90C for 150 minutes then at 120°C for 20 minutes.

3.1.2 Methylammonium lead iodide perovksite (1:1MAPbIs)

1:1 MAPDI; precursor was prepared by dissolving equimolar amounts of methylammonium
iodide and Pbbkin DMF at 0.5M, in a nitrogerilled glovebox.

To form a film of this perovskite, this precursor was spircoated in a nitrogerfilled glovebox at

2000rpm and anneala at 100°C for 5 minutes.

3.1.3 Formamidinium lead halide perovskite (FNCHNH:Pbls,Brs:.y))
Formamidinium iodide (FAI) and formamidinium bromide (FABr) were synthesised by
dissolving formamidinium acetate powder in a 1.5x molar excess of 57%w/w hydroiodic agi
(for FAI) or 48%w/w hydrobromic acid (for FABr). After addition of acid, the solution was left
stirring for 10 minutes at 50°C. Upon drying at 10€C, a yellowwhite powder is formed. This
was then washed with diethyl ether and recrystallized twice withethanol, to form white needle

like crystals. Before use, it was dried overnight in a vacuum oven.
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To form FAPbE and FAPDbBg precursor solutions, FAI and Pklor FABr and PbBs were dissolved
in anhydrous N,Ndimethylformamide in a 1:1 molar ratio, at 0.88M of each reagent, to give a

0.88M perovskite precursor solution.

To form a film of this perovskite, the precursors were diluted down to 0.55M in DMF. For
uniform and continuous film formation, just before pin-coating, 38ul of hydroiodic acid
(57%w/w) was added to 1ml of the 0.55M FAPK precursor solution and 32ul of
hydrobromic acid (48%w/w) to the 0.55M FAPbBEg solution. To form FAPbiBra:.y)
perovskite precursors, mixtures were made of the FAPbland FAPbBFr solutions in the
required ratios. The precursor with added acid was spitoated in a nitrogenrfilled
glovebox at 2000rpm for 45 seconds, on a substrate heated to 85°C. The films were then
annealed in air at 170C for 10 minutes. This gave a very ufurm layer ~400nm thick of
FAPbbyBr3.y).

3.1.4 Caesium lead halide perovskite (CsPHI

To form the CsPhi precursor solution, Csl and Pblwere dissolved in anhydrous N,N

dimethylformamide in a 1:1 molar ratio, at 0.48M of each reagent. For the lew
temperature processing route described in Chapte®, immediately prior to spin-coating,

33ul of hydroiodic acid (57%w/w) was added to 1ml of the 0.48M precursor solution to

enable a lowtemperature phase transition.

To form films, the precursor was then spircoated in a nitrogenfilled glovebox at
2000rpm for 45s, and annealed at 10€C for 10 minutes. For the higitemperature route,

no hydroiodic acid was added and films were annealed at 336 for 5 minutes.

3.1.5 Semttransparent perovskite films

Semitransparent MAPbE perovskite layers were deposited by spircoating a non
stoichiometric precursor solution of methylammonium iodide and lead chlorle (3:1
molar ratio, final concentrations 0.88M lead chloride, 2.64M MAI) in anhydrous
dimethylsulfoxide (DMSOQ). Spircoating was carried out at 2000rpm in a nitrogenfilled

glovebox. The films were then annealed at 13C for 20 minutes in the glovebox.

Semitransparent FAPbk perovskite layers were deposited by spircoating a non
stoichiometric precursor solution of formamidinium iodide, methylammonium iodide and
lead chloride (1:2:1 molar ratio, final concentrations 0.88M lead chloride, 1.76M MAI and
0.88M FAI) in anhydrousDMSO Spincoating was carried out at 2000rpm in a nitrogen
filled glovebox. The films were then annealedt&l30°C for 20 minutes in the glovebox, and

then at 170°C for 10 minutes in air.
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3.2.1 Substrate preparation

Devices were fabricated on fluorineAT DPAA OET | @EAA j &4/ qQ KT AGAA cCI
1) substrates. Initially FTO was removedrom regions under the anode contact, to prevent

shunting upon contact with measurement pins, by etching the FTO with 2M HCI and zinc

powder. Substrates were then cleaned sequentially in 2% hallmanex detergent, acetone,

propan-2-ol and oxygen plasma.

3.2.2 Hole-blocking (electron extracting) layer deposition

A ~50nm hole-blocking layer of compact TiQ was deposited by spircoating a mildly
acidic solution of titanium isopropoxide in ethanol (350pl in 5ml ethanol with 0.013M
HCI), and annealed at 500°C for 3@ninutes, ramping from room temperature over 45

minutes. Spircoating was carried out at 2000rpm for 60 seconds.

3.2.3 Alumina scaffold deposition

For mesosuperstructured perovskite devices, an alumina mesoporous scaffold was then
deposited by spircoating (at 2500 rpm for 60s) a colloidal dispersion of 20nm AlI203
nanoparticles in isopropanol, at a dilution of 1:2 stock solution to isopropanol, followed by

drying at 150°C for 10 minutes.

3.2.4 Hole transporter (electron-blocking) layer deposition

A hole-transporting layer was then deposited in air via spircoating a 0.0788M solution of
¢ h ¢ Gtétrpkis XNGN-di-p-i AOET GUDE AT WspirdbiflEoreAeq w (Bpird-OMeTAD)
(purchased from Borun Chemicals Ltd) in chlorobenzene (96.5mg/ml), with additives of
0.0184M lithium bi s(trifluoromethanesulfonyl)imide (Li -TFSI) and 0.0659M 4-tert-
butylpyridine. The lithium salt, pre-dissolved at 170mg/ml in 1-butanol, is added as a
catalyst for p-doping. Upon exposure to oxygen, LIFSI reacts with oxygen andspiro-
OMeTAD to form lithum oxides andSpiro-OMeTAD(TFSI), which is a{dopant for Spiro-
OMeTADt The role of tert-butylpyridine additive is currently unclear; it assists in film

formation but may also play an important role in perovskite film surface passivatioA.

This solution was spincoated at 2000rpm for 45 seconds. Devices were then left

overnight in air for the Spiro-OMeTAD to dope via oxidation.
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3.2.5 Contact deposition
Finally, 50-100nm gold or silver electrodes were thermally evaporated under vacuum of

~10-6 Torr, at a rate d ~0.1nm/s, to complete the devices.

3.2.6 Transparent conductive laminate cathode (TLC)

A transparent nickel grid laminate electrode is employed for some of the sertiansparent
devices described in Chapte8. This is described in full detail elsewheré.To falricate the
TLC, a commercially availablepoly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSShblend (EL-P3145 AGFA) and acrylic microemulsion pressure sensitive
adhesive (F46 Styccobond) were mixed such that the final volume fraction of the
PEDOT:PSS in the dry transparent conductive adhesive film was 0.0175. This
corresponded to a 1:1.34 Styccobond:PEDOT:PSS ratio by weight. This mix was then tape
cast onto sheets of commercially available flexible nickel microgrid sheets (Epimesh 300
from Epigem) at a thickness of ~90 um. The films were dried for 15 minutes at 6@C
followed by 5 minutes at 120°C leaving final dried transparent conductive adhesive films

of ~30 um thick. Cells to which the TCC was to be applied had a solution of PEDOT:PSS
(Hereaus GSD1330S) mixed with ethanol and isopropanol in a 1:1:1 ratio by volume
sprayed onto the HTL surface whilst the cell was held on a 50°C hotplate and left for 10
seconds post spraying. This left a layer of PEDOT:PSS approximately 50nm thick. The TLC
fabricated as described above was then laminated onto the PEDOT:PSS surface of the cells

using finger pressure.

3.2.7 Inverted perovskite solar cell fabrication

&1 0 OET OAOOAAE AARAOEAAOh xEEAE OAEAO O1 OET OA
electrode, devices are fabricated in the reverse order, with the holéransporting
(electron-blocking) layer before the perovskite and a holélocking (electron extracting)
layer afterwards. For these devices, indium tin oxide (ITO) (Colorado Concept Coatings
LLC, ~20LIT 1) substrates were used. An electrofblocking layer of PEDOT:PSS (Heraeus
Al4083) was deposited by spircoating at 4000rpm in air and annealing in nitrogen at
140°C for 15 minutes. Perovskite precursor was deposited as described above. The
electron-extracting layer was deposited by spircoating a 20mg/ml solution of Phenyk
C61-butyric acid methyl ester (PCBMN) in chlorobenzene and annealing at 10 for 30
mins. Electrodes for the inverted devices were calcium (20nm) followed by aluminium
(200nm), thermally evaporated under vacuum of ~1& Torr, at a rate of 0.03 nm/s and

~0.1nm/s respectively, to complete the devices.
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3.3.1 Current-voltage characterisation

The current densityzvoltage (J\) curves were measured under simulated AM 1.5unlight
at 100 mWcmz2 irradiance generated by an Abet Class AAB sun 2000 simulator, with the
intensity calibrated with an NREL calibrated KG5 filtered Si reference cell. The light
intensity was checked at the start of each measurement by a reference diod®/ curves
were recorded with a Keithley 2400 sourcemeter integrated with a computer running a
Labview program developed inhouse. The mismatch factor, determining the accuracy of
the solar spectrum, was calculated to be 0.99%.2% between 400 and 1100nmduring
the course of this thesig. The solar cells were masked with a metal aperture to define the
active area, and measured in a lighight sample holder to minimize any edge effects.
Defining the active are a with a mask is a crucial step to avoid unwizd contributions to

charge collection from a wider area than the device arefa.

For fast JV scans, cells were scanned from forwards bias to shontcuit at a rate of
0.38V/s after holding under illumination at 1.4V for 5 seconds. Maximum power point
voltage was determined from these fast JV scans and current measured holding at this

voltage for the stabilised power output scans.

3.3.2 External Quantum Efficiency Fourier transform photocurrent
spectroscopy

External quantum efficiency was measured via fourietransform photocurrent
spectroscopy, a fast and sensitive spectral characterization methéd his was carried out
using the modulated beam of a Bruker Vertex 80v Fourier Transform Interferometer with
tungsten lamp source and a Stanford Research SR570 currgmeamplifier. Samples were
calibrated to a Newportcalibrated reference silicon solar cell with known external
guantum efficiency.The solar cells were masked with a metal aperture to define the active

area.

P ~

34/ POEAAT AEAOAAOAOEOAOETI

3.4.1 Absorption measuremerts
Absorption, transmittance and reflectance spectra were collected with a Varian Cary 300

UV-Vis spectrophotometer with an internally coupled integrating sphere.
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3.4.2 Tauc plot bandgap estimation
An optical bandgap can be estimated for the perovskite materialsy assuming it folows

the relation described in ®ction 2.1. For a direct bandgap material, this is:

J’W=W|T'|7 3.1

Based on this relation, Ecan be determined from an absorbance coefficierspectrum, by
Dl 1 OOE ® gyainstjeieegy]in eV, known as a Tauc plofThe estimated bandgap is
determined from the extrapolation of the linear region to the energyaxis intercept.

] AT AEEFEAEAT O EO AAOAQiwkEn &A £OT I

I AOT OPOET 1
integrating sphere. An example absorption spectrum and Tauc plot are shown below.
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Figure 3.1: Left, absorbance spectrum of a FAPbIyBrsu.y) perovskite (where y=0.3).
Right, Tauc plot assuming direct bandgap, showing determination of estimated

bandgap from intercept.

3.4.3 Active layer transmittance measurements

In particular for the semi-transparent perovskite devices described in Chapter5 and § it

is necessary to accurately calculate the transmittance of a perovskite film. This becomes
non-trivial when considering a perovskite film that is formed upon an FT&oated glass
substrate, for example, and being interested in calculating the transmittance ohly the

PET O 611 OAEA OACEITTh 10 OEA OAAOEOA 1 AUAOGS
To calculate the active layer transmittance, the exact definition is first described. Because

it is the properties of only the active layer that are of interest, the active layer
transmittance is defined as being the percentage light intensity which is not absorbed in a

single pass through it. Hence, interfacial reflections and absorbance in other layers of the
cell are excluded.
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Aglass AAL Aglass
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Figure 3.2: Diagrams showing transmittances and reflectances involved in
measuring the active layer transmittance. Left: optical processes in a sample on
FTO-coated glass, right: for FTO -coated glass only. FTO would comprise a thin layer
on the right side of the glass. It is noted that the arrows represent total
transmittance/reflectance, including  scattered  transmission, as there

measurements were taken with an integrating sphere.

The transmittance of active layers formed on FT®@oated glass, and the transmittance of
FTOcoated glass only, was measured using an integrating sphere. Any optical effects
between glass and FTO were ignored. As seen Rigure 3.2, the reflections from these
films will be different. The dominant reflection, at the airglass interface, will be the same.
However, the semitransparent perovskite cell has a second reflection at the FFartive
layer interface, and a third reflection at the perovskiteair interface. TheFTO-coated glass
sample has a second reflection at the FF&r interface. One can calculate the effect the

reflections have on the transmittances measured:

Trro= (1-Rair to glass ) (1 -Aglass+F10) (1 -Re10 to0 air) 3.2

Tero+aL= (1-Rair o glass ) (1 -Aglass+F10) (1 -Rer0 t0 D) (1 -AaL) (1 -RaL 1o air) 3.3

Where T, R and A are the fractional transmittance, reflectance and absorption within a

I AUAO 1T O AO AT ET OAOZAAA8 O!,6 EO OEA AAAOAOEAC
The active layer transmittance has been defined g4-Aal), SO rearranging for this term,

several components can be cancelled:

J| J J =| J
1-Anj = 34 = 39 Mt » 34
METTE TR o

So if the reflections from FTO to air, FTO to the active layer, and the active layer to air can
be quantified, the active layer transmittance can be found from the measured

transmittances.
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In order to measure these, the assumption is made that the angle of incidence is small, and
that interference effects and more than two multiple reflections can be ignored. Then,
from the Fresnel equations, the reflectance is the same from both sides of an interface.(i.e

RaL 10 air ~ Rairto aL). The necessary reflectances can then be determined as shown below.
The reflectance from the active layer side of a sample is given by:

RaL+r10= Ruirto aL+(1- Rairto aL)(1-Aa)2Ratorrod 8 f OT AT T AO OAOI 3%

If the assumption is made that the second term is small compared to the first term (it is
attenuated twice by the active layer absorption, andhe reflectance from the active layer

to FTO is likely <20% based on expected indices of refraction), theRir o aL can be

obtained.
The reflectance from the glass side of the same sample is given by:

RFTO+AL: Rairto glass + (1' Rairto glass)(l 'AFTO+gIass)2RFTO to AL:) 8 j O i A ] i A O 3@1& O i O C[

Ruair 1o glass can be measured, and #Ao-gasscan be measured (usindh = 1z Tz R). Thus,Rero w0

aLcan be determined. FinallyReto 10 airis needed, which can be measured VRuir 10 Fro

The requisite reflectances were measured for a range of samples, mounted on am@dge
at the exit port of an integrating sphere.Figure 3.3 shows the magnitudes of the

reflectances measured/calculated for a typical serdiransparent film.

20 — . . T T 100
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Figure 3.3: Left, Reflectance spectra of the relevant reflections for determining
active layer transmittance. Right , Transmittance spectra showing the impact of
factoring in reflective differences between FTO and FTO+sample to the calculated

active layer transmittance.

It is observed hat the FTO to active layer reflectance is negligibly small. This occurs due to
the fact that the reflectanceRero+acand Rair o gass measured are similar, and 1-Arro+gias) IS

almost 1, so a small number is divided by a significantly larger number.
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Because this is the case, only the reflectances from FTO and the active layer to air make a
significant impact on the transmittance calculation. However, these reflectances are also

Yoryss o

- and
Yorys

quite  similar. Figure 33 shows the two  curves,

__ Yovis 0P Yove éoi
Yoy Yoves o P Yo o &0

It can be observed that factoring the differing réections into the calculation has only a
small effect on the calculation of the active layer transmittance. This is due to the fact that
reflectances from the active layer and FTO to air are similar, and the FTO to active layer

reflectance negligible. Calulating the average visible transmittance from these plots gives

38.19% for the full calculation and 39.18% fo%‘?
L

Due to the fact that this difference is small, and within the margins of error introduced by

differences between differet regions of the same sample, the more simple calculation

below can be used with the introduction of only small errors.

oy s
1-AAL~B;H—E 37
59 F

This definition is used for the calculations of active layer transmittance in the following

chapters.

3.4.4 Photoluminescence measurements
Steadystate photoluminescence measurements were carried out using a Horiba Scientific

Fluorolog spectrofluorometer, with a monochromated xenon light source.

3.4.5 Photoluminescence quantum yield measurements

Steadystate photoluminescence quantum efficiency (RQE) values were determined using
a 532 nm CW laser excitation source (Suwtech LEBDO) to illuminate a sample in an
integrating sphere (Oriel Instruments 70682NS) and the laser scatter and PL collected
using a fibercoupled detector (Ocean Optics MayaProJhe spectral response of the fiber
coupled detector setup was calibrated using a spectral irradiance standard (Oriel
Instruments 63358). PLQE calculations were carried out using established technigueés.

Unless otherwise stated, the excitation intensity wa 180mWcm2.

3.4.6 Time-resolved photoluminescence
Time-resolved PL measurements were acquired using a tirrerrelated single photon

counting (TCSPC) setup (FluoTime 300, PicoQuant GmbH). Film samples were
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photoexcited using a 507nm laser head (LDIR-C510, PicdQuant GmbH) pulsed at
frequencies between 0.310MHz, with a pulse duration of 117ps and fluence of ~3uJ/ch
30nJ/cm2. The PL was collected using a high resolution monochromator and hybrid

photomultiplier detector assembly (PMA Hybrid 40, PicoQuant GmbH).

3.4.7 Diffusion length calculation

Diffusion length in a bulk material can be estimated by a reasonably simple quenching
method 829 Three films are measured: a neat film (on glass), a film with a hole quencher
spin-coated on top, and a film with an electron quencher spinoated on top. Upon
photoexcitation, photoexcited carriers will diffuse through the material. In the quenched
films, when an electron/hole diffuses into the quenching layer, it is rapidly transferred to
that material and can no longer contribute to phabluminescence.By comparing the
photoluminescence decay rates, indicative of how many carriers are radiatively decagin
within the material (not the quencher) at a given time after an excitation pulse, and fitting
the rates to a diffusion equation, it is possible to estimate the diffusivity and hence

diffusion length of each carrier separately in the material.

In this thesis, quenching layers oSpiro-OMeTAD (for holes) at 50mg/ml andPCBM(for
electrons) at 30mg/ml in chlorobenzene were spircoated on top of samples at 2000rpm

and 1000rpm respectively.

The diffusion modelling was carried out by Christopher Menelaou of thé&niversity of

Oxford and is summarised below. For more details, see referente

The PL decay dynamics were modeled by calculating the number and distribution of

excitations in the film n(x,t) according to the 1D diffusion equation,

3.8

where D is the diffusion coefficient andk(t) is the PL decay rate in the absence of any
quencher material® The total decay ratek = 1/ki + 1/kn € tr2, (where ki and kn are
fluorescent and nonradiative rates respectively) was determined by fitting a stretched
exponential decay to TCSPC datmeasured from perovskite layers with PMMA and
assumed independent of the capping material. The effect of the quenching layer was
included by assuming that all carriers which reach the interface are quenched with unit
efficiency (n(L,t)=0, where x=0 at the glass/perovskite interface andL is the perovskite
film thickness). As the excitation pulse was from the glass substrate side of the samples,
the initial distribution of excitons was taken to be n(x,0)=rvexp({ & Gvhere | €! T,

(absorbance at 507 nm / perarskite layer thickness). Any deviation from this distribution
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due to reflection of the laser pulse at the perovskite/quencher interface was assumed to
be negligible. In order to calculate the diffusion lengthip, the diffusion coefficient was

varied to minimize the reduced chisquared value,

Fy - B

- 3.9
<

where y(t) and y,(t) are the measured and calculated PL intensities at timg n is the
number of data points andp is the number of fitting parameters!® The equation was
solved numerically using the CrankNicholson algorithm and the number of carriers

integrated across the entire film in order to determine the total PL intensity at timd.

3.4.8 Angle-dependent photocurrent

Angle-dependent photocurrent was measured by carrying oulVsweeps with a Keithley
2636 SourceMeter upon illumination of the device with a 532nm CWaser, spot size
0.1cn®, with the beam appropriately attenuated to produce similar currents as when the
devices were under AM1.5 solar simulated illumination. Extrdarge gold electrodes were
evaporated onto devices fabricated as described previously. Tispot was kept within the
bounds of the device region at all times, and the device was rotated on a calibrated stage,

taking measurements every 8.
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3.4.9 CIE colour perception calculation

Colour perception was quantified using the CIE (International Commissionon
lllumination) 1931 xy colour space, designed to represent human colour perception.The
CIE colour space represents a colour by three parameters: x, y, and Y, where x and y
provide the colour coordinates specifying a hue, or chromaticity, and Y speids the
luminance of that colour. Chromaticity values can be plotted on a colour space diagram as

a visual representation of the hue.
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Figure 3.4: CIE colour matching functions . Yaxis has no units.

The x and y colour coordinates are obtained from the tristimulus values, which represent
the response of the cone cells in a human eye to particular wavelengths. The tristimulus
values are obtained by integrating the product of the spenim of the coloured light in
question (O_) with the CIE colour matching functions ¢fudg shown in Figure 3.4,
between 380 and 780nm, being the approximate wavehgth range of the human eye. The
colour matching functions represent the response of the different types of cone cells in the

eye to different wavelengths. The tristimulus values are given by:

L . Ey o/ lly 3.10
&L by « y My 3.11
L by oy Wy 3.12

The x and y colour coordinates are then given by functions of the tristimulus values:

L

® T IT1 3.13
L

¢ TT11 3.14

64



3.METHODS

and the coordinate (x,y) can then be plotted on the chromaticity diagram shown ifrigure
3.5 below.
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Figure 3.5: CIE 1931 colour space chromaticity plot

To quantify the perceived colour of a semiransparent solar cell in daylight, the relevant

spectrum is the product of the AM1.5 solar spectrum and the transmissi@pectrum of the

active layer in question. This is théO_ used in the chromaticity calculations above to

obtain the colour ccordinates for a semitransparent solar cell layer.

4EA #)% EAO AAZET AA OOOAT AAOA AAUnitai &ndEIl 1 O1 ET |
the commonly used illuminant D65, representing mieday sun in Europe, has colour co

ordinates of (0.313, 0.329). The AM1.5 spectrum itself has colour -cwdinates of (0.332,

0.343) so is very close to the D65 illuminant.

3.4.10 In-situ absorbance

In-situ absorbance measurements were carried out by Bardo Bruijnaers and Jacobus J. van
Franeker of the Technical University of Eindhoven. After spin coating a perovskite film, the
sample was left to dry in an enclosed container for 45 minutes. During thisme the
relative humidity of the glovebox was adjusted by releasing water into the atmosphere.
When the correct humidity was reached, the sample was transferred to a hot plate at 90°C

and the absorbance measurement was started immediately. The light sourder the
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absorbance measurement was a halogen light (Philips Brilliantline 14619) incident on the
sample at a 60° angle. The light transmitted through the sample is scattered by the white
hot plate below the sample. This scattered light is transmitted agaithrough the sample
and then collected by a fibre optic cable, connected to a fibre optic spectrometer (Avantes
Avaspec2048_14).

3.4.11 Photoluminescence mapping

Photoluminescence mapping was carried out by Tomas Leijtens of the Italian Institute of
Technologyin Milan. The photoluminescence maps were recorded using a home built set
up. The modulated pump laser beam (650 nm) was focused onto the sample with sub
micron resolution using aconfocalmicroscope objective. The transmitted light was re
columnated by a similar objective, collected in an optical fibre, and detected using an
InGaAs photodiode. The signal was measured with a leak amplifier set to the same
frequency and phase as the excitation pump. To collect a map, the sample position was
varied with a piezo electric stage. The excitation intensity was varied from approximately

1020cm2to 2 X 1 cm2.

35- AOAOEAT AEAOAAOAOEOAOQEITI
3.5.1 Scanning Electron Microscopy

A Hitachi S4300 field emission scanning electron microscope was used to acquire SEM
images. For crosssections, devices were scribed with a diamontipped pen and snapped

cleanly in half, before sputtercoating 5nm of platinum to prevent sample charging during

imaging.

3.5.2 Surface coverage analysis

The program ImageJ was used to calculate film dace coverages. Perovskite films
typically show as brighter than the substrate, so a threshold brightness was set visually
and the regions below and above the threshold quantified by the program, to calculate the

percentage of substrate area coveret.

3.5.3 X-ray diffraction
X-OAU AEZAEAOAAQGEI T ODPAAOOA xAOA IrédyQifiracioeter, OOET ¢ A
using the copper Kalpha wavelength of 0.154nm. Spectra were obtained from thin films

on glass or full devices with the electrodes removed.
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3.5.4 Thickness measurement

Sample thicknesses were measured using a Veeco Dektak 150 surface profileometer.

362 AEAO0AT AAO

1. A. Abate, T. Leijtens, S. Pathak, J. Teuscher, R. Avolio, M. E. Errico, J. Kirkpatrik, J. M.
Ball, P. Docampo, I. McPherson and H. J. Sn&thys Chem. Chem. Phy2013,15,
2572z79.

2. N. K. Noel, A. Abate, S. D. Stranks, E. S. Parrott, V. M. Burlakov, A. Goriely and H. J.
Snaith,ACS Nanp2014,8, 981579821.

3. D. Bryant, P. Greenwood, J. Troughton, M. Wijdekop, M. Carnie, M. Davies, K.
Wojciechowski, H. J. Snaith, T. Watson and D. Worslagy. Mater, 2014,26, 749%
7504.

4. H. J. Snaitiznergy Environ. Sgi2012,5, 6513.

5. K. Vandewal, L. Goris, |. Haeldermans, M. Nesladek and K. Haenen, Z1@8,71357
7138.

6. J. Tauc, R. Grigorovic and a. Van8lnys. Status Solidil966,15, 6277637.
7. J. C. de Mello, H. F. Wittmannn and R. H. Frie~dy. Mater, 1997,9, 230.

8. S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou, M. J. P. Alcocer, T. Leijtens, L. M.
Herz, A. Petrozza and H. J. Snaiitience2013,342, 341z7344.

9. P. E. Shaw, A. Ruseckas and I. D. W. Samki, Mater, 2008,20, 351673520.
10. J. R. Lakowiz, Principles of Flurescence Spectrosco@pinger London Ltd, 2007.
11. T. Smith and J. Guil@;rans. Opt. S0c1931,33, 73134.

12. M. D. Abramoff, P. J. Magalhdes and S. Rgiophotonics Int, 2004.

67



4. MORPHOLOGICAL CONTRBNABLING HIGH PERFIRMANCE PLANAR PERSKITE SOLAR CELLS

A -1 20( 1 , 1" ) #!, #I

%. ") ()" (
0%2&/ 2-D, # %! 2
0%2/ 63+)4% ,33 , ! 2

The work presented in this chapter has been published in:

T '8 %8 %bAOIiTh 68 -8 "OOI AEIi 6Oh 08 $1 AAI DI h !
control for high performance, solutionprocessed planar heterojunction perovskie
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41#11 OAgGO AT A OOI T AouU

Organicinorganic lead halide perovskite based solar cells have exhibited the highest
efficiencies todate when incorporated into mesostructured compositesHowever, thin
solid films of a perovskite absorber should be capable of operating at the highest efficiency
in a simple planar heterojunction configuration. In this chapter, it is shown that film
morphology is a critical issue in planar heterojunction CH3N3PbkCk solar cells.
Dewetting occurring during the annealing process is responsible for forming
discontinuous films. The parameters critical for controlling dewetting are establishedBy
varying these the morphology of perovskite films is varied, andt is demonstrated that the
highest photocurrents are attainable only with the highest perovskite surface coverages.
With optimized solution based film formation, power conversion efficiencies of up to
11.4% are achieved, the first instance of efficiencseabove 10% in fully thinfilm solution

processed perovskite solar cells with no mesoporous layer.
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e ®
Perovskite
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Opl . © 1
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42)1 OOI AGAOEIT 1

As described in Chapter 2, the halide perovskites have been shown to exhibit ambipolar
transport, allowing them to replace the hole or electron transporter in hybrid cell$z3
making this family of materials suitable for solutiorprocessable thinfilm solar cells.
Particularly, the perovskite MAPbI;«Ck has been demonstrated to function in a quasi
thin-film architecture, with a layer of bulk crystalline perovskite formed over a
mesoporous alumina scaffold. In this previous work, planar perovskite p-i-n
heterojunctions with no mesoporous layer gave power conversion efficiencies of only up
to 4.9%, while the highest power conversion efficiencies were shown in mesostructured
solar cell configurations with the perovksite fully infiltrating a porous scaffold However,
internal quantum efficiencies of almost 100% for the planar configuration pointed
towards its promise as an ultimately more efficient architecturet. It is also beneficial from
a production point of view to simplify the cell architecture. Hencehigh efficiency cells

with simply a single solution processed solid absorber layer would be advantageous.

It has been proposed that the planar thitEE1 | AOAEEOAAOOOASO 11 xAO DA
from pin-hole formation, incomplete coverage of the perovske resulting in low-resistance

shunting paths and lost light absorption in the solar cell; as in other technologies the issue

of film formation is likely to be extremely important in the planar junction5 It is well-

known that asfabricated thin films are often thermodynamically unstable, and likely to

dewet or agglomerate upon annealing, as predicted from energetic consideratiofin this

chapter it is shown that by following the previously reported fabrication protocol for

perovskite solution coating onflat substrates, significant dewetting is observed, leading to

incomplete coverage and noruniform film thickness. With optimised film formation,

primarily controlling the atmosphere, annealing temperature and film thicknessit is

bl OOEAT A O &I Oi OEA O11060EIT AAOOEI ¢ OT E4& Oi
with no mesoporous layer. Doing so, the previously reported maximum power conversion

efficiency in this configuration is more than doubled. This matcheshé best performing

hydrazine processed CZTSSe thin film solar célgnd represents the first report of over

10% efficiency in this new fully thin-film solution processed perovskite technology.

43211 A T £ OEA 1T AO1I BT OI OO 1 AUAO

The perovskite MSSCs studied amdfectively a distributed heterojunction. TheMAPDbI;..Ck

perovskite, infiltrated within an alumina scaffold, acts as the intrinsic absorber and

electron transporter, and Spiro-OMeTAD as the ftype hole transporter. Previously, the

highest efficiencies A OA AAAT T AGAET AA ET OBEpicdREISEET OOAOA
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cell would have shortcircuit current of 17-20mAcm2, opencircuit voltage of 1.61.1V, and
fill factor of 0.6-0.7, which combine to result in power conver®n efficiencies of above
10%.
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Figure 4.1: (a) Cross-sectional SEM micrograph showing device architecture of the
planar heterojunction solar cells. (b) Average current -voltage characteristics from a
batch of 10 non-optimised planar heterojunction solar cells, prepared according to

the published procedure, 4 measured under simulated AM1.5 sunlight. It is noted
that the presented JV curve is a numerical average of ten different JV curves, not

simply a representa tive JV curve.

In the planar heterojunction configuration, illustrated in Figure 4.1a), Jc, Voc, and fill factor
are lower, as shown in the current voltage curve presented iRigure 4.1b). The significant
drop in these parameters may be a result of poor coverage of perovskite films. The effects
of poor coverage would be twofold: Firstly, if there are regions of no perovskite coverage,
light will pass straight through without absorption, decreasing the available photocurrent;
OAATT AT Uh ET OOZZEAEAT O AiT OAOACA OAOOI 0O
contact betweenSpiro-OMeTAD and the Tiecompact layer. Any such contact will act as a
parallel diode in the solar cell equivaleh circuit, causing a drop in V. and fill factor, and

accordingly power conversion efficiencys.®
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Figure 4.2: Top row: SEM micrographs of the top surfaces of MAPDbI;«Cl films
formed on alumina scaffolds of thickness shown. Bottom row: SEM micrographs of
perovskite films on compact TiO ,-coated FTO glass with 100°C anneal times shown

on SEM images, prepared in a nitrogen atmosphere.

To investigate whether surface coverage is indeed an issue in this type sdlar cell,
scanning electron microscope (SEM) images of the surface morphology of perovskite films
were taken, with increasingly reduced thickness of mesoporous ADs, transitioning from
the MSSC infiltrated configuration to the thirfilm planar heterojunction. These SEM
images are shown inFigure 4.2; the samples were prepared in air according to the
published procedure. As previously showr,it is observed that in addition to perovskite
crystallization within the mesoporous layer, a per®@ OEE OA OAADPDEIT C 1 AUAOO
The surface coverage of the capping layer is not complete however, and increases with
decreasing alumina thickness Eigure 4.2). However, when the alumina is fully removed,
the perovskite film forms differently, as seen inFigure 4.2. It appears to have dewet from
the substrate to some extent.The fractional surface coverage of perovskite can be
estimated, by simply setting a brightness threshold on the image and calculating the area
above and below threshold. For the films with no mesoporous layer, the surface coverage
unexpectedly drops to valies of ~75%, indicating that one of the main roles of the alumina
layer is to control film formation in such a way as to produce a high coverage capping

layer. When no alumina is present, the reduced perovskite coverage likely leads to the

72



4. MORPHOLOGICAL CONTRBNABLING HIGH PERIRMANCE PLANAR PERCKISE SOLAR CELLS

reduced J., Voc and fill factor as suggested above. If this coverage could be increased,

higher performances would be expected, possibly exceeding those of the MSSC structure.

To understand why these voids are present in the perovskite layers coated on flat films, a
time-series of the perovskite anneal process was studied, with SEM images shown in
Figure 4.2. Since films are extremely moisturesensitive until fully crystallized, here the
films were processed in a dry nitrogerfilled glovebox to enable characterisation of the
pre-crystallized films. Rapid degradation of norannealed films in moist atmospheres was
observed, likely due to the hygroscopicity of the methylammonium catiof.Straight after
spin-coating, film coverage is high, with a number of small pores. Upon annealing, many
additional small pores form rapidly (Figure 4.2, 10mins), andthen either increase in size
or close up until the final crystalline phase is reachedFigure 4.2, 60 mins). Upon
formation of stable crystals, pore evolution was oferved to cease, likely due to
evaporation and mass transport no longer being energetically favourable. The morphology
of samples prepared in an inert atmosphere is notably different from the aiprocessed
samples, likely due to the lack of moisture, whicbtherwise attacks the surface as the film
forms. It is suggested that the change in the film morphology upon annealing is driven by
surface energy minimisation and is facilitated by mass lo$sA precursor solution with an
excess of methylammonium and haéde compared to the lead content is used, and upon
spin-coating, an organic and halideich film is formed (3:1:5 organic:metal:halide by
moles). As the thermal annealing process takes place, it is likely to be energetically
favourable for the excess orgaiec and halide to evaporate, once a temperature threshold is
reached. This would continue until a crystal with equimolar amounts of organic, metal and
halide (1:1:3 organic:metal:halide by moles) is left. The loss of the excess material has
been discussedn more detail by Unger et al and Williams et al, and it is generally though

that the reaction proceeds thuslytt.12
Ak e mda = mda 7 F= 4.1

with the reaction proceeding at temperatures of above 80°C. Once the perovskite is

crystallized asMAPbIs;, mass loss ceases since a lemergy state has been reached.

44$AxAO0OET C Al T OEAAOAOET T O
Dependingon the conditions, pores present in a film were observed to either in general
increase or decrease in sizeresulting in a smaller number of large pores under the

standard annealing conditions. Overall, the film appears to have dewet the substrate
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In order to stop this happening it would be instructional to understand the dewetting
process of a perovskite film during annealing, with the aim of minimising dewetting. A
detailed introduction to dewetting has been given in Chapter 2; here the application diit

theory to the experimental observations is considered.

As shown inFigure 4.2, several processes appear to be happening concurrently. Based on
the observationsmade it is possible to summarise some postulations about the dewetting
of the perovskite system, in order to begin to understand how it may behave upon

annealing:

There is an initial distribution of holes already present after spircoating
During annealing more holes form

Some holes open and some appear to close

During annealing, crystallisation occurs (then becoming a solid state system)

Some holes impinge

= =4 4 -4 A -

There is significant mass loss in the system (see Equation 4.1)
And the considerations relevant to @wetting that there is no known information on are:

1 Is the film liquid or solid before crystallisation?

1 What are the surface energies of the material and how does this depend upon
annealing time and phase?
What is the relation between material loss and crstallisation?
What is the diffusivity in the various states of the material and how does it change

over time?

The initial hole distribution in the perovksite film was studied to determine if it had a
characteristic pattern for spinodal dewetting during spn-coating, which would show a
characteristic pore size and spacing. However, as shown Kigure 4.3, the pore radius
distribution shows a wide range of pore sizes in the initial film, before annealing. It is thus
impossible to determine how these pores originatedz whether through thermal
nucleation in liquid state, orheterogeneousnucleation from a rough substrate or surface
inhomogeneities in either liquid or solid state, or both. The FTO substrate is very rough, so

this will likely serve as many nucleation points for holes to form at.
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Figure 4.3: Left, typical SEM image of an unannealed perovskite film. Right, typical
initial pore radius distribution averaged over 10 unannealed perovskite film

samples.

More importantly, so little is known about this system that we cannotonclusively say that
the initial film will behave as a solid or a liquid material at typical annealing temperatures.
It is known that material loss of some components occurs via evaporation, but it is
unknown whether this is sublimation on decomposition @ due to changing phase from
liquid to gas. The observations could support either statg it could be a viscous liquid or
an amorphous solid. It is also unknown whether there is significant solvent remaining in
the film after spin-coating. The mass loss Wicomplicate any analysis as it would alter the
expected dynamics significantly. Instead of being forced to create rims (if the material is
solid state), material could just evaporate from the pore edges. It can be safely assumed
that when crystallisation has occurred, the material is in the solid state. It is likely that
crystallisation is facilitated by the mass losg the material will only crystallise once it
reaches bulk stoichiometry. According to observations, dewetting does not play a large

role after crystallisation. Single crystal dewetting can thus be ruled out.

The problem can be summarised thusly: a material with unknown phase and an initial
distribution of holes dewets upon heating, whilst at the same time undergoing mass loss
and crystallisaton, with unknown activation energies. In order to attain a film with high

coverage, it will be necessary to minimise dewetting whilst still driving mass loss and

crystallisation.

While the ideal situation would be to develop a model accounting for all tise factors,
there are many complexities of this system compared to dewetting modelling studies in
the literature.613 The unknown phase, mass loss, and diffusivity complicate the

formulation of an accurate model so here this route is not pursued.
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Therefore, to establish if it is possible to control dewetting, an experimental study is more
appropriate. As concluded in Chapter 2, Section 2.6, there are a number of parameters that
will have most impact on a dewetting process, whether it is in the solid or liquid state.

These were:

9 initial film thickness

1 initial pinholes in the film
I temperature
1

time

The initial pinhole distribution was held fixed, as although it could possibly by varied by
changing substrate and spin coating parameters, this opens a very large parameter space
and it is unlikely that they could be completely eliminated; the dewettingprocess is
dominated by the later effects. Experimentally it was determined, in studies not detailed
herein, that for a given annealing temperature, the annealing time should be optimised to
attain a fully crystalline perovskite if a functioning solar cellis to be fabricated. Annealing
for too long resulted in degradation annealing for insufficiently long time resulting in a
large degree of amorphous materiaprone to rapid degradation Time was therefore fixed

to the optimum time for eachanneal temperaure, based on experimental optimisation, to

attain a crystalline material.

This then leaves two parameters of importance that can be wetiontrolled in experiment:
initial film thickness and annealing temperature. CHsNHs:Pbl:xCk perovskite films are
typically annealed at 100°C, with an initial thickness of ~600nm. This only provides a final
surface coverage of about 70%, as experimentally observed. Thus, a study was undertaken

to minimise dewetting by varying these two parameters.

It should also be mentimed that the amount of solvent present in the film initially could be
varied by changing the solvent used and hence vapour pressure, changing the initial
diffusivity of the components and possibly changing the onset of the liquidolid
transition. This will certainly change dewetting dynamics and its temporal evolution so
will likely have an impact on dewetting although it is not mentioned specifically in the

dewetting introduction, which focuses on constant liquid or solid phases.

A5#1 1 OOTTTET C OOOAAAA AT OAOACA
In order to determine if these predictions were attainable, perovskite films were

fabricated and analysed Annealing temperature and initial thickness were varied, and the
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resulting crystallized perovskite coverage measured using the image analysis software
Imaged4.
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Figure 4.4: a) Top row: SEM micrographs showing dependence of perovskite
coverage on annealing temperature, temperature shown on images, holding initial
film thickness fixed at 650+50nm. Bottom row: effect of initial perovskite film
thickness, shown on images, with annealing temperature fixed at 95°C. (b and c)
Perovskite surface coverage as a function of (b) anneal temperature and (c) initial
film thickness, calculated from SEM images.

SEM images of representative perovskite films are shown ifrigure 4.4a), and the
calculated coverages plotted inFigure 4.4b) and Figure 4.4c). The effect of varying
temperature on the wetting of the thin film is shown in (a). As anneal temperature
increases, the number of pores in the final film decreases, but their size increases and the
morphology transitions from continuous layers into dscrete islands of perovskite. This
has the effect of reducing surface coverage, as seen in (b). Previously, annealing has been

carried out at 100°C; however this data suggests as low a temperature as possible should
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be used to attain maximum coverage wihst still enabling full crystallisation of the

perovskite absorber.

The influence of thickness variation whilst holding the temperature fixed at 9% is also
shown in Figure 4.4. It can be seen that with increasing initial film thickness, the average
pore size increases, though there are fewer pores per unit area. The effect on coverage is
thus not obvious; image analysis reveals that thickemitial films result in marginally
greater coverages, as seen ifrigure 4.4c). The previous standard protocol used a
thickness of around 500700nm. This is within the expected region of high coverage; the
primary factors of importance when understanding the photovolaic behaviour for these
perovskite films of >200nm thickness becomes a balance between full photon absorption
and electron and hole diffusion length throughout the bulk perovskiteAn experimental
optimisation (not detailed herein) of devices suggested tltknesses between 400 and

800nm were suitable for attaining high efficiency devices.

To establish if increasing the perovskite coverage solves the decreases inrfpemance
seen previously, planar heterojunction devices with a range of perovskite coverages were

fabricated.

Figure 4.5: SEM images of perovskite films fabricated from precursors dissolved in
different solvents. Left; DMF; centre, DMSO; right, NMP. All films are annealed at
150°C for 10 minutes. The boiling points respectively are 153°C, 189°C, and 202°C.

The scale is the same in all images.

Anneal temperature was varied, and additionally the solvent used was varied to obtain the
lowest coverages. Employing more slowhevaporating solvents, DMSGnd n-methyl-2-
pyrrolidone (NMP), instead of DMF, reduces the surface coverage, shown inFigure 4.5.
Solvent evaporation rate affects the onset of the transition from high diffusivity to low

diffusivity ; a lower solvent evaporation ate allows the system more time for pores to
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grow/shrink, so in the regions where pores will generally open it will result in even lower

surface coverages.
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Figure 4.6: Dependence of the (a) short -circuit current density, (b) power

conversion efficiency, (c) open -circuit voltage and (d) fill factor on perovskite

coverage, extracted from solar cells illuminated under simulated AM1.5 sunlig  ht of

100 mWcm-2 irradiance. Each data point represents the mean from a set of 9 or

more individual devices.

Mean device parameters for a single batch of devices, extracted from currendltage
curves under simulated AM1.5, 100nWcnmr2 sunlight are shown in Figure 4.6. Short
circuit photocurrent shows a clear trend with coverage. At coverages of ~56%, average J
is around 11mAcm2. As the coverage increases up to ~94%.ihcreases linearly, up to
average values of around 18nAcm2. The best performing individual cells showsdabove
21mAcm2, matching the highest currents reported in the perovskite solar cells to date.
The effect of coverage on power conversion efficiency, shown in Figtb), is not soclear.
Despite the trend in photocurrent, fill factor and V. do not follow easily understandable
trends with coverage. It is likely that the changing morphology of the film additionally
results in varying electronic and physical contact between hole traporter--perovskite,
hole transporter-TiO, layer and perovskite TiO layer, which complicates the situation.
However, the lowest average efficiencies are observed for the lowest coverages, and the

highest average efficiencies are observed for the highestoverages. Though the
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intermediate behaviour is not clear, this study supports the logical conclusion that high

coverage is the optimum configuration for high power generation.
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Figure 4.7: Hysteresis in high coverage planar heterojunction solar cells. a) Current -
voltage scans for a typical device, measured at 0.38V/s scan speed. FB-SC refers to
scanning voltage from forward bias to short circuit; SC -FBvice versa. The calculated
efficiencies from the JV curve are ~11% and ~8.8% for FB -SC and S&B respectively.
b) Stabilised power output measured holding the cell under AM1.5 illumination at
0.6V (MPP for the FB-SC scan). The cell stabilises at ~9.7% PCE.

As discussed in ChapteR, planar methylammonium lead halide devices display current
voltage hysteresis Accordingly, it is necessary to also measure the stabilised power output
to determine the real PCE of such a device. Such measurements were takentanhigh-
coverage planar perovskite devices; data from a representative device is shownHigure
4.7. It can be seen that hysteresis in JV curves is presemtith different PCEs extracted
depending on the scan direction. The stabilised power output reaches a steady value less
than the PCE extracted from the best JV curve, indicating that the issue of hysteresis is
important for these devices and solving it wi be necessary for stabilising devices at the
highest PCEs. This will be discussed further in Chapter 9.

46 # EAT CEl GOOKEBAO@ELEDA ET OAOAAOQOEIT I
Motivated by this simple principle, and given that it proved impossible to attain 100%
coverage by optimization of temperature and thickness alonean attempt was madeto

achieve full coverage by varying the filrsubstrate interaction energy. This was achieved

by altering the thickness of the Ti@compact layer. Indeed, it was observed that by using

thicker TiO, compact layers, increased coverage was attained.
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Figure 4.8: (a)-(c) SEM micrographs of perovskite films formed on (a) ~75nm (b)
~150nm and (c) ~225nm thick TiO , compact layers coating FTO substrates. (d)
Dependence of perovskite coverage and device parameters on the thickness of the
TiO, compact layers, in a single batch of devices. Each data point represents the
mean from 32 or more individual devices, with the  exception of coverage, which is

based on 3 measurements per data point.

Representative films are shown inFigure 4.8. This discovery enabled the productiorof
full-coverage perovskite films. it is proposed that the 1type compact layer interacts
electronically with the perovskite film during formation; possibly a thicker layer is able to
transfer more electronic charge to the perovskite assisting its formatio near the surface

due to differing electrostatics.

Devices were fabricated from a range of Tik@ompact layer thicknesses, and perovskite
coverage and device parameters were measured to determine if any additional gains in
efficiency were observed compaged to 90%+ coverage. Ti©compact layer thickness was
varied by repeatedly spircoating more layers of the Ti@ precursor solution. A single
spin-coated layer was measured to be approximately 75nm thicleigure 4.8d) shows the
dependence of perovskite coverages,) power conversion efficiency and ¥ on increased
TiO, compact layer thickness. With thicker Ti@layers, an increase in perovskite coverage
is seen; however, disappointingly «J and Vo both drop, resulting in lower device

efficiencies. A TiQcompact layer of increased thickness is likely to have a significant effect
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upon device performance since th relatively resistive TiQ layer is critical to electron
collection. Thick TiQ compact layers have been shown previously to hinder charge
extraction in dye-sensitized solar cells due to increased series resistanéethis is likely

the reason for the obgrved decrease in performance.
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Figure 4.9: Current-voltage characteristics measured under simulated AM1.5
sunlight of (a) the average of a batch of 11 so lar cells produced using the optimized
high coverage planar heterojunction configuration, compared to the previously
shown unoptimized batch and (b) the best performing solar cell based on the planar
heterojunction configuration.

Despite not achieving furber improvements in efficiency with full coverage based on
thicker TiO, compact layers, due to series resistance limitations, impressive efficiencies
were obtained with the highest perovskite coverages on the thinnest TiQayer. This was
achieved by annaling at a lower temperature of 90°C, with an initial perovskite film
thickness of 450550nm. The improvement in average currenvoltage characteristics, and
hence overall performance resulting from this process is shown ifrigure 4.9a). The
current-voltage curve corresponding to the most efficient device measured is shown in
Figure 4.9b). The efficiency of the most efficient device is 11.4%, which represents greater
than a two-fold improvement over the previous report of solution processed planar
heterojunction perovskite solar cells4 Improvements are due to increasedsd Voc and fill
factor, and are likely to stem from two effects resulting from improved perovskite
coverage. Firstly, it has enabled collection of a higher fraction of incident photons,
increasing useful curent generated. Secondly, the increased coverage has reduced contact
area between the hole transporter and the hoklbdlocking layer, which removes a shunt
path previously leading to leakage current$¢® Reduction of these shunt paths would
therefore be expeted to enhance the fill factor and M as has been observed in this
chapter. Full elimination of shunt paths may be expected to increaseMp to levels seen

in the MSSC configuration (~1.1V). Additionally, further tuning of the interaction energy
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between the TiQ compact layer and the perovskite, whilst still employing thin Ti@films,
could enable 100% perovskite coverage upon electronically optimal layers, resulting in

further enhanced performance.

47/ OOITTE AT A Ai 1Al OOCEIT 1

By understanding and controlling morphology of perovskite films originating from a non
stoichiometric composition of precursor salts, the critical role of uniform perovskite film
formation in planar heterojunction perovskite solar cellshas beendemonstrated. The
highest efficiencies ae achievable only with the highest surface coveragedlanar
heterojunction cells were fabricated at low temperatures with efficiencies of up to 11.4%,
the first instance of a fully thin-film solution processed perovskite solar cell with no
mesoporous laye with efficiency above 10%. This indicates that a mesoporous layer is no
longer necessary to achieve high efficiency perovskite cells. Simplification of the cell
architecture in this way increases the versatility of such cells, and can enable easier and
cheaper manufacturing on a large scal@he work described in this chapter paves the way
for future developments and those described in upcoming chapters, demonstrating for the
first time that the planar heterojunction architecture is capable of generatingoower
conversion efficiencies as high, if not eventually higher than, the mesoporous

architectures.
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510#1 1 OAgO AT A OOI T AouU

Neutral-coloured semitransparent solar cells are commercially desired to integrate solar
cells into the windows and cladding of buildings and automotive applications. In the
previous chapter it was shown that in a planar perovskite solar cell, high suréa coverage

of the perovskite on the substrate is desired to fabricate the highest efficiency devicdhe
important parameters to allow predictable control were determined, experimentally,
allowing surface coverageo be intelligently controlled by carefully controlling deposition
parameters. In this chapter, an important use for the lowcoverage perovskite films is
realised. The spontaneous dewetting that occurs to form the lowest coverage filmgéken
advantage of to create micrelD OO DA ODOAA AOOAUO 1T £ PAGROOEEOA C
small enough to appear continuous to the eye yet large enough to enable unattenuated
transmission of light between the islands. The islands are thick enough @bsorb most
visible light and the combination of completely absorbing and completely transparent
regions results in neutral transmission of light. Using these films, thifilm solar cells are
fabricated with respectable power conversion efficiencies. Remkably, it is found that
such discontinuous films still have good rectification behaviour and relatively high open
circuit voltages due to inherent rectification between the nand p-type charge collection

I AUAOO8 &OOOEAOI T OAKIT aEeh@iclAdduretl gerovigiéd dolarO O
cells with no reduction in performance is demonstrated, by incorporation of a dye within

the hole transport medium.

| Perovskite

FTO Spiro-OMeTAD
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52) 1 001 AOGAOET 1

Building-integrated photovoltaics (BIPV) are an attractive concept for economic

genreration of solar power?! Integration of semitransparent solar cells into windows is of

particular interest since it opens the prospect of employing the entire fagade of a building

for solar power generation, rather than simply employing the limited roof pace. In order

for such solar glazing to be practical, costs must be low, and ideally they can be
manufactured through existing coating methods employed in the glazing industry. They

need to generate significant power, whilst still having good transparencyrFurthermore,

xEEI 0O Al 11T OOAA xET AT xO AOA ET OAOAOGOEI C &I O 11
desirable, the largest demand is for neutratolour tinted windows with controllable levels

of transparency.

Some of the most successful approaches achieve semitransparency in solar cells have
used organic or dyesensitized solar cells (OPV and DSSC respectively). These
technologies are solutionprocessable, representing a lowcost production method and
easy scalability8 Impressive recent progress has been made with neutral coloured OPV.
79,10 However, their efficiencies are unlikely to reach those of crystalline technologies in
the near future, due to large energy losses occurring at charge transfer interfacég2 To
attain colour-neutrality with organics, the active materials must be chosen carefully, often
at a loss to overall efficiency:413 An option with thin-film solar technologies, where the
solar cell comprises a solid absorber layer, is to simply reduce the thickness of the
absorber layer to allow transparency. Indeed, this is precisely what is done with
amorphous silicon, currently being installed in BIPV applications. However, due to the
nature of the density of states in the conduction andralence band in a crystalline
semiconductor, as discussed in detail irsection 2.1, to the absorption coefficient increases
continuously from the band gap, and thin films will assume a red or brown tintEven
OET OCE OAOITUAd EO A AETEAA A O O 1 A0 cilAUETC
option.

High-efficiency MAPDbI;..Ck perovskite solar cells can be produced at low temperatures
and in a fully planar thinfilm architecture, reducing fabrication steps and simplifying the
design, as has been discussed in Chaptets4These characteristics make such perovskites
ideal materials for fabrication of semitransparent windows. However, they fall firmly
within the thin -film category and a thin continuousperovskite film suffers from the same

reddish-brown tint as conventional semiconductors.

A methodology to control the fractional surface coverage dflIAPbl:«Ck perovskite films

was described in the previous chapter of this thesis, with the target of oltang uniform
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and complete coating. Perovskite films are deposited from spicoating a precursor with a
molar excess of organic and halide components and typically contain several small pores
as-cast. Upon annealing, mass loss of the solvent and excessaoig (MA) and halide (I or
CIl) components allows morphological change due to minimisation of surface energy. The
evolution of morphology depends upon several parametergin experimental investigation

of the evolution of pores upon annealingwas carried out pores could either be
energetically driven to close, allowing high surface coverage, or open, effectively
dewetting the material from the substrate. It was found that by controlling parameters
such asthe initial film thickness, annealing temperature, atmosphere, and solvent vapour
pressure, control could be exerted over whether pores in general opened or closedus
close to 100% surface coverage was achieved, and correspondingly highly efficientrsa

heterojunction solar cells fabricated.

In addition to maximising surface coverage, incomplete surface coverage can be exploited.

In this chapter, dewetting of such films is leveraged to form micrstructured arrays of

DAOT OOEEOA OE OkitA isldnGsdage thitlE dhoudh AcOdbgdrd all visible light,

xEAOAAO OEA OAAxAO6 OACEIT O j} AAOAThErefde/m PAOT OOE
semi-transparent layer is formed whilst avoiding the brown tint observed in thin

semiconductor films; the owerall optical appearance of such a film is neutratoloured. By

varying the extent of dewetting, the transparency of the film is controlled, resulting in

tuneable and efficient semitransparent solar cells. This work endows the perovskite

technology with the neutral uniform colouration previously exclusive to organics, but at

lower cost and high efficiency.
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Figure 5.1: Controlled dewetting to vary transmittance of  a perovskite film. a)

Schematic of the film dewetting process showing morphology change over time,

from as-AAOO £EI 1T O AEOAOAOA OEOI AT AG68 O0AOI OOEE
black, pores by white. b) Scanning electron micrograph of the top surface o f a
OADOAOAT OAGEOA &£EI I 1T £ PAOI OOEE OAcoaERDAT AO6 |

substrate. ¢) Photograph through a typical semi -transparent perovskite film formed
on glass, demonstrating neutral colour and semi -transparency. d) Dependence of
average visible transmittance of the active layer on perovskite surface coverage e)
Transmittance spectra of active layers of a selection of dewet perovskite devices.

Diagrammatical representations of the most and least transparent films are shown
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as insets. f) colour coordinates of the films with transmittance spectra shown in (d)
under AML1.5 illumination, on the CIE xy 1931 chromacity diagram, and the enlarged
central region. Colour coordinates of a thin continuous perovskite film, a D102 dye -
tinted cell (describe d later), the D65 standard daylight illuminant and AM1.5

illumination are also shown.

In Figure 5.1a, a schematic of the dewetting process to produce discontinuous iiegs of
the perovskite absorber MAPbI;«Ckis shown. This has been described in more detail in
Chapter 4. Over time, pore growth, controllable through processing conditions such as
temperature and film thickness, dictates the final morphology of the polygstalline film.

In Figure 5.1b, an SEM image of a representative seittansparent perovksite film formed

Ol 1 AgGEI EOA 1 PAT AOAA EO OEI ts bed>1nErAheighE O1 AT AOO6
Visibly, such films appeared neutratoloured (Figure 5.1c)- a 1um film of perovksite
absorbs effectively all light at energies above its bandgagvhich is 1.55e\6 A continuous
1pm film would hence appear black, but because the perovskite film is formed of
discontinuous islands, it appears semiransparent and of neutral colour. For neutral
colour to be achieved, it is a prerequisite that the almgption onset of the absorber is in the
near infra-red. In order to characterise such films for their use in working solar cells, it is
the optical behaviour of not just the perovskite, but the whole active layer necessary to
produce a working solar cellthat is of interest. Here, the device architecture is a planar
heterojunction of perovskite between an ntype compact TiQ layer and Spiro-OMeTAD.
Thereforen  EOT | EAOA OEA OAAOEOA 1 AUAO6 EO AAEE
TiO./perovskite/ Spiro-OMeTAD. Hrthermore, as the application for semitransparent
solar cells is for visible aesthetics, it is the visible wavelengths, between 370 and 740nm,
that are of interest. The average visible transmittance (AVT) is defined as the mean
transmittance of a film bdween these wavelengths. Based die insight gainedin Chapter

4, perovskite films were fabricated on compact Ti@coated FTO glass under a range of
processing conditions in order to achieve a wideange of transparencies (sedable 5.1).
Annealing temperature, solvent, and atmosphere were varied to achieve an AVT range
from ~7-57%. The perovskite surface coveragwas measured via analysis of SEM images,
then the Spiro-OMeTAD layer applied and the AVT measured with an integrating sphere,
as described in detail inSection 3.4.3 InFigure 5.1d, the dependence of AVT on perovskite
surface coverage is shown. A linear trend demonstrates the ease of controlling the
transparency of such films by careful choice of solvent and processingmperature. A
selection of representative active layer transmittance spectra are shown iRigure 5.1e.

Encouragingly flat spectra across the majority of the visiblespectrum are observed,
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especially for the more transmissive samples. This implies that these films should have
very neutral colouration. For the less transmissive samples (especially D and EFRigure
5.1e), there is a higher perovskite surface coverage, or less dewetting. For the same
amount of starting material, the final film volume should be the same regardless of the
extent of dewetting, hence the regions of perkite in the films with more coverage are
thinner, and evidentially not thick enough to fully absorb the light at the red end of the
spectrum. This is seen irFigure 5.1d, where even with 100% perovskite coverage, AVT is
not 0%. The more dewet films comprise thicker perovskite islands and hence have flatter
spectra. Diagrams of the crossection of high and low transmission films are shown as an

inset to Figure 5.1e.

Is it noted that the measured absorbancewere taken using an integrating sphere, thus
including scattered light as well as specular transmission. If there was signifisasurface
roughness at an interface between two materials with significantly different refractive
index, significant haze would be presentThis would obviously be nonideal for building
integration (aside from in situations where a hazy window is desireylas it would affect
the clarity of the view through the window. Whenrough perovskite is coated on glass with
no HTM, this is the case and a film wilindeed appear hazy, distorting passing light.
However, when coated with Spiro-OMeTAD,the haze is much reduced and distortion
minimal. This is presumably due to the fact that the perovskiteand Soiro-OMeTAD have
similar refractive indices, and the top surface of th&piro interface with air is smoother
than a perovskite air interface. From literature, the refractive indices at optical
wavelengths of perovskite and Spiro-OMeTAD are ~24,17, and ~1.98 compared to the
refractive index of air at 1.0. The smallethe difference, the less refraction at an interface,
hence the less scatter if thanterface is rough. The valugor Spiro-OMeTADis between
those of perovskite and air,hence, SpireOMeTAD will act to effectively reduce hazéy
OCOAABOAOET C& O RtAhis Orkrace AckpiakidyAwhyEthe Aihsdwith HTM are

not very hazy.
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Active  AVT Solvent Anneal Anneal Atmosphere
layer error temperature  time

AVT (%) (eC) (mins)

(%)

6.92 0.07 DMF 90 120 Dry N2
12.31 0.84 DMF 110 45 Dry N2
21.54 0.60 DMSO 90 120 Dry N2
23.69 0.20 DMF 130 20 Dry Nz
32.38 0.02 DMF 90 120 Air
33.35 0.28 NMP 90 120 Dry N2
33.69 0.30 DMSO 110 45 Dry N2
36.70 0.53 DMF 110 45 Air
40.16 1.19 NMP 110 45 Dry N2
40.56 0.13 DMF 130 20 Air
41.51 0.46 NMP 130 20 Dry N2
42.53 0.31 DMSO 130 20 Dry Nz
48.32 0.01 DMSO 110 45 Air
50.91 0.54 NMP 110 45 Air
52.88 0.29 NMP 130 20 Air
53.02 1.00 NMP 90 120 Air
56.62 0.03 DMSO 90 120 Air
56.87 0.27 DMSO 130 20 Air

Table 5.1: Parameters used to achieve a certain active layer AVT for one batch of
samples. Errors in AVT are determined from the standard deviation in taking

multiple measurements across the same film.

To quantify the colourneutrality of the active layers, colour perception indices were
calculated using the CIE 1931 xy colour space, designed to represéninan visual colour
perception. Details of this calculation are given inSection 3.4.9. The appearance of
transmitted light is represented by the product of the M1.5 solar spectrum and the
transmission spectrum of the active layer in question. x and y colour parameters were
calculated for the samples labelled A& in Figure 5.1e, and the results displayed on the CIE
1931 xy chromaticity diagram inFigure 5.1f. A ~200nm thick continuous perovskite film,
the reference daylight illuminant D65, and the AM1.5 spectrum are also plotted. The

colour co-ordinates of the most transmissive active layers (A, B, C) are located very close
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to the AM1.5 spectrum and the D65eference in the low colour region of the chromaticity
diagram, representing excellent coloumeutrality. At lower transmittances, films move
towards the red-brown side of the chromacity diagram, where the thin continuous

perovskite film is positioned.

~ Ve
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Figure 5.2: Semi-transparent neutral -coloured perovskite solar cells. a) Diagram
showing the architecture of the dewet planar perovskite heterojunction so lar cell.
This diagram was designed by Maximilian Hoerantner of Oxford University. b)
Tilted cross -sectional SEM image of a full semi-transparent solar cell showing the
PAOT OOEEOA OEOI AfirdsOMeTAD] AOAA x EOE

Having demonstrated that it is possibleto fabricate perovskite films with a wide range of
transparencies, with neutral colour attainable at the higher transparencies, planar
heterojunction solar cells with a range of transmittances were fabricated, with the
architecture shown in Figure 5.2a. An SEM image of a cross section of a full device is
shown in Figure 5.2b. The perovskite islands can be clearly seen, with th8piro-OMeTAD

infiltrating the spaces between and also coating the islands with a thin layer.
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Figure 5.3: Transmittance spectra of the components of a representative semi -
transparent cell, showing the transmission of the FTO -glass, the FTOglass plus

active layer, and the whole cell including a semi -transparent gold electrode.

Ideally, extremely transparent and conductive electrodes wuld be employed on both
sides in order to maintain high transparencies. However, full optimisation of the
electrodes is beyond the scope of this study, and here fluorine doped tin oxide (FTO) was
used as the anode and a thin (~10nm) layer of gold as theathode. Such devices are
reasonably transparent, though the gold electrode is a major source of transmittance loss,
as we show inFigure 5.3. This will clearly be a major limitation to the transparency of a

final working device; this problem is addressed later in this thesis, in Chapté

94



5.NEUTRALCOLOURE[SEMITRANSPARENT PEROVSEISOLAR CELLS

b T T T
a ;\.? 8 [ T T T T T ] 16 i ]
~ LI ] —~
5 . <
o6 "N | 812 ]
(&) g my
= . " S
o ap® " ~
" g L] >
g 4+ - P - i ‘i’) 8 _
‘5 LI ] . " c
o . 2 —— 7.5-12.5% AVT
3 ol . | g 4l |—125175%AVT |
o
o o —— 17.5-22.5% AVT
g 5 —— 22.5%+ AVT
O
8 0 . . . . . 0 ! !
5 10 15 20 25 30 0.0 0.2 0.4 0.6 0.8
Average visible transmittance Voltage (V)
through full device (%)
C ; ; ; ; ;
12y . «  PCE Mean| |
101 = Maximum | |

for 1 light pass (%)

*H;:

Power conversion efficiency

0 10 20 30 40 50 60
AVT of active layer (%)

Figure 5.4: Semi-transparent solar cell device performance. a) Power conversion
efficiencies for a batch of individual solar cells with ~10nm Au electrodes, plotted as

a function of full device AVT. b) Average current density -voltage (JV) characteristics
for the cells plotted in (a). The curves are numerical averages of the current  -voltage
characteristics for individual cells split into the AVT intervals shown, with 5 -15 cells
per interval. ¢) Power conversion efficiency plotted as a function of active layer AVT,
for a different batch of cells with thicker gold electrodes. The PCE plotted represents
that which is attainable with an entirely transparent cathode (not a thick gold
cathode). It has been corrected to remove current generated in the second pass (see
Section 5.7 for details on calculation). Each point represe nts the mean of at least 14
individual devices, and the maximum PCE for the champion device in each interval

is plotted. In all cases PCE was extracted from current -voltage measurements
performed under 100mWcm -2 AM1.5 illumination. Full performance data fo r all

devices in this Figure are shown in Table 5.2 and Table 5.3.
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AVT Number Mean Mean Mean Mean Mean Min Max
interval of AVT Je Voc (V) FF PCE PCE PCE
(%) devices (%) (mAcm- (%) (%) (%)
2)

75-125 9 9.66 15.2 0.76 0.61 6.9 6.1 7.6
12.5- 15 15.4 11.4 0.70 0.62 5.0 3.6 6.4
17.5

17.5- 14 19.6 9.6 0.71 0.61 4.1 2.4 5.3
225

22.5+ 5 26.8 8.1 0.71 0.61 3.5 3.0 3.8

Table 5.2: Performance parameters extracted from current -voltage characteristics
measured under 100mWcm -2 AM1.5 simulated sunlight for the full semi -transparent

solar cells plotted in Figure 5.4a and b.

Mean No. of Mean J X (nho Mean Mean Corrected Corrected Corrected

active devices measured second Vo FF mean PCE min PCE max PCE
layer (mAcm-2)  pass) V) (%) (%) (%)

AVT (mAcm-

(%) )

7.2 16 10.1 9.6 0.88 0.68 7.0 1.0 11.4
18.3 26 14.8 13.8 0.80 0.56 6.2 4.0 7.8

32.1 17 13.3 12.1 0.75 0.53 4.6 1.8 8.1

39.2 20 9.7 8.7 0.72 047 2.9 0.8 55

50.3 14 9.7 8.5 0.76 0.60 3.9 3.1 4.3

Table 5.3: Performance parameters extracted from current -voltage characteristics
measured under 100mWcm -2 AM1.5 simulated sunlight for the batch of semi -
transparent cells shown in Figure 5.4c, with the correction described later applied

to remove current generated in the second pass.

The power conversion efficiencies as a function of AVT of the whole device (including
10nm gold dectrode) from a single batch of devices, extracted from current densky

voltage curves measured under simulated AM1.5, 100mWecinsunlight, are shown in

Figure 5.4a. Aclear trend is observed; at the lowest transmittances in this batch (AVT
~7%) power conversion efficiencies approach 8%, and as transmittance increases, the
efficiency decreases. The most transparent cells, with AVTs of ~30%, show power
conversion efficiencies of around 3.5%. InFigure 5.4b average current densityvoltage

curves from the same devices are shown, split into intervals of AVT. A reduction in
photocurrent is observed for the higher transmittance devices, as expected as more light
passes straight through the device. Remarkably, it is found that that device yield in these

highly discontinuous films does not suffer from critical shunting, as might be expected
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based on other thin film solar cells. Although there is a significant spread in device
efficiency at similar transmittances, few devices were entirely noifunctioning, and the
lower coverage films did not show a greater spread. An interesting observation that
open-circuit voltage is similar at ~0.7V for all but the least transmissive set of cells, where
it is raised to ~0.75V. It is proposed that greater perovskite coverage reduceSpiro-
OMeTADcompact TiQ contact area and that these regions represent parallel diode to
the photoactive regions, with a lower shunt resistance and diode turon voltage. Hence,
increasing the perovskite coverage increases the overall shunt resistance and increases
the Voe. From theseJV curves it appears that for the highertransmittances (i.e. lower

perovskite coverage), the M reaches a minimum of ~0.7V.

10 . . . . . . 20 * * * * * — ]

~—~ 0 S
E 0l £ No perovskite
2 %‘ 20¢ 20% perovskite |
g -30F S 40% perovskite
S o} S -40r —— 60% perovskite 1
S 3 —— 80% perovskite
5 -50r S .60f —— 100% perovskite
O . . . . . . O 1 1 1 1 1 1
%0 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
Voltage (V) Voltage (V)

Figure 5.5: Left, Qurrent -voltage characteristics for a Spiro-OMeTAD-compact TiO»
diode, fabricated in the same way as the perovskite solar cells but with no
perovskite layer. Right, Mathematically determined fractional averages between the
light current -voltage characteristics of a measured high -performance perovs kite

planar heterojunction solar cell, and the Spiro-OMeTAD-compact TiO» diode.

To further understand this, and understand how even the discontinuous perovskite films
can show good rectification behaviour,Spiro-OMeTADcompact TiQ diodes (with no
perovskite layer at all) were fabricated and tested. A typical JV curve is shown Figure
5.5a.Their diode characteristics show a dark current turron at also about ~0.7V. A
discontinuous layer of perovskite sandwiched between compact Tgand Spiro-OMeTAD
is effectively then a combination of suchSpiro-OMeTADcompact TiQ diodes and the
Spiro-OMeTADperovskite-compact TiQ solar cell diodes. To simply model current
voltage daracteristics that would be expected under illumination with different
perovskite coverages, currentvoltage characteristics were fractionally averaged between
a measured highly efficient planar heterojunction perovskite solar cell (with full
perovskite coverage, so ndSpiro-OMeTADcompact TiQ parallel diode behaviour) and the

Spiro-OMeTADcompact TiQ diode. Modelled currentvoltage characteristics are shown in
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Figure 5.5. Good rectification behaviour at all fractions of perovskite is observed, and that

the V,yc would decrease from ~1V to 0.7V, as is observed in measured devices.

It is noted that the percentages of perovskite modelled do not represent the perovskite
coverage, simply the mathematical fraction of the full coverage perovskite solar cell
current-voltage characteristics versus the Spiro-OMeTAD diode. Varying material
thicknesses and resistances make it difficult to more precisely model the exact behaviour
of a device with a given perovskite coveragé mathematical or computational model with
two discrete diodes in parallel would need to be used)but it is the trend of \: dropping
from ~1V to ~0.7V, consistent with experiment, which is enlightening herelt can be
concluded that even in the case of there being minimum perovskite coverage, we would
not expect the diode turrron voltage to be any lower than 0.7V, and hence this sets a lower
limit on the open-circuit voltage. With higher perovskite coverage,he fraction of Spiro-
OMeTADperovskite-compact TiQ diode area compared toSpiro-OMeTADcompact TiQ
will increase, and the effective turron voltage of these parallel diodes should increase

from 0.7V to >1V, as seen.

The electrodes used (FTO and 10nm ttk gold) are norroptimum transparent electrodes.
Much work is being undertaken to develop highly transmissive and conductive electrodes
for semi-transparent solar cells and other applicationg? In light of this, the best
performance that could be achieved from these solar cells, if an entirely transparent
cathode was used, was determined. Devices were fabricated with a number of different
active layer AVTs, between 5% and 50%, and thicker goldleetrodes deposited to
minimise electrode resistance. The power conversion efficiency was determined from
measuring current-voltage characteristics, and then the photocurrent corrected to remove
the fraction of current generated by the second pass of refieed light from the gold
electrode (See Sectiok.7 for details of calculation). The PCE that could be attained from
devices with entirely transparent cathodes waghus determined (Figure 5.4c). It is noted
that the measured photocurrent has not been increased to account for light absorbed in
OEA &4/ AT A Al 1 toduiehts abeldwe hAnkHe Adadure® thbtocurrents
(Table 5.3). Even so, it can be seen that significantly improved performance could be
achieved in comparison to tle devices employing the thin gold electrodes, at a given active
layer AVT. Notably, ~30% AVT active layers could still generate power conversion
efficiencies of over 8%, which is a transparency and a performance that is compatible with
commercial applications, being better than currently offered by &Si, and would represent
the best semitransparent neutral-coloured solar cell efficiency to date. Once the lower

operntcircuit voltages in these micrastructured perovskite solar cells have been resolved,
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the Vicshould be able to be pushed up towards the 1.1V which is achievable in uniform
planar heterojunction solar cells20 which would result in another 20 to 30% increase in
relative efficiency. In addition, FTO coated glass was employed here, which is tioé most
transmissive conducting layer further improvements are still possible by simply
employing a more transparent anode and an antireflective coating. An estimation of the

further increases in efficiency possible are discussed in Secti@mB of this chapter.
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Figure 5.6: a) Photographs of semi -transparent perovskite solar cells without (left)
and with (right) D102 dye included in the  Spiro-OMeTAD layer, with 10nm gold
electrodes. b)Transmittance spectra of the active layer of such cells. ¢ ) Average
current density -voltage characteristics of such solar cells, demonstrating effectively
no change in performance with inclusion of the dye. Device performance
parameters are shown in the inset. Averages are numerical averages from 9 D102

doped and 12 control cells.

Having demonstrated a new and versatilie means to form neutraoloured semt
transparent solar cells, an aspect of further interest would be the prospect for lightly

colour-tinting such cells, to allow further architectural flexibility and add appeal for

99

A A

~

~



5.NEUTRALCOLOURE[SEMITRANSARENT PEROVSKITE IS&R CELLS

specialised applications. With the micrestructured architecture, it can be envisaged that it
should be easy to optically modify the semiransparent cells by incorporation of a dye or
pigment into the regions where light passes through. &te, an indolene dye termed D102
was simply dissolved into the Spiro-OMeTAD solution, and upon application to typical
semrOOAT ODAOAT O AAl | -OFE EDA ABO EiguleEBAA Ebilig ks

tinted active layer on the chromacity diagram inFigure 5.1f shows these films lie in the
pale pink region. As shown irFigure 5.6b, the absorption peak of the dye in addition to the
perovskite attenuation is apparent in the transmittance spectrum. While light absorbed by
the dye will not contribute to photocurrent, device performance should remain unaltered,
provided the dye has not introduced any detrimental electronic artefacts. The current
voltage curves of such devices are shown iRigure 5.6¢ which confirms this; on average

the rose-tinted cells perform similarly to the control cells.

Another way of providing semitransparency would be to use a wider bandgap perovskite,

of which there are many knownexamples?222 This would allow through light of lower

energy than the bandgap, as described in Chapt&. However, this system would be

restricted to the range of colours attainable with such a semiconductor (yellow, though

red, to brown); the advantage of dydinting a neutral-AT 1 T OOAA OAAOA8 EO OEAO
dye or pigment could be incorporated, thosevith proven resilience to long term exposure

to light, and even colours typically challenging to achieve with semiconductors, such as

green or blue.

4EAOA EO 1 -transparehtbedldr cell sihdelit Bepends upon the colour desired. For

an applicaion requiring colours achievable with a semiconductor, a continuous layer of

wider bandgap perovksite might be preferable. However, the novelty of the approach

presented in this chapter is that neutraicoloured semitransparent solar cells have been

fabricated. For colourneutrality, a bandgap of ~1.6eV or lower is necessary, so that a thick

layer absorbs all visible light and hence looks black. This configuration also allows the

addition of anyAT 1 1T 60 O1T OEA COAU OAAOAGhines GEAET C 1
independence of colour and seriransparency.

As discussed briefly earlier, more transparent electrodes are necessary, specifically the

cathode, for fully optimised semitransparent perovskite solar cells. For this purpose, low

temperature processable, and ideally solution processable electrodes need to be

AAOGAT T PAAh xEEAE EAOA Oi x AOAQ sheatkesidtiitydandx EOE OE A
exhibit good ohmic contact to the holdransporter. Solutions may come from transparent

conducting oxides, carbon nanotubes, graphene or methc nanowires, such as
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silver.6:242526,.27 One particular solution to this problem will be discussed further in Chapter
8.

A key concern for an application such as architectural glass is that of lotgrm stability.
Power-generating glass must have a long functional lifetime to avoid the expense of
replacing it regularly. The methylammonium lead halide perovskite is hygroscopic,
indicating that substantive sealing form the atmosphere is required, facilitated by sealj
between two glass sheets. Recent preliminary work on stability has in fact shown that
even with rudimentary sealing from the atmosphere, such solar cells are already relatively
robust to prolonged exposure and operation under full spectrum sun ligh82° Ensuring
the materials and solar cell composites are capable of attaining operational lifetimes of
over 25 years will prove to be an important consideration, and is likely to be a

surmountable challenge.

56/ OOI T T E AT A Al TAI OOET I

In summary, in this clapter a new concept for the fabrication of neutracoloured semi
transparent solar cells has been developed, by creating micsiructured layers of
organometal halide perovskite by partial dewetting of solution cast films. Complete
devices show good effi@ncies at reasonable levels of transparencies, with significant
scope for further improvement by implementing electrodes with higher transparencies,
and enhancing the opertircuit voltage. Furthermore, is has been demonstrated that the
micro-structured perovskite film concept can be easily adapted to integrate colour into
semi-transparent devices, with no loss in efficiency. This work now enables perovskite
solar cells to not only compete for high efficiency opaque applications, but to also offer an
ideal solution to building integrated photovoltaics- neutral colour semitransparency at

comparatively high efficiency.

57! AAEOEIT T A1l [ AOET AOd Al OOAAOQEIT I
Il ECEO OA&EI AAOCAA &£OIT T Al AAOOT AA

In order to account for and remove the extra current geerated in the back reflection from

the semitransparent gold contact, the reflectance at a sentiansparent gold-Spiro-

OMeTAD contact and the active layer absorption were used to determine what percentage

of the current was due to the second pass of light

The possible current generated in the first pass is from light which is neither reflected nor
absorbed in the FTGcoated glass, and is then absorbed in the perovskite. The current

generated in the second pass is generated from any light that is not allsed in the first
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pass through the active layer, is reflected at the gold electrode, and is absorbed in the

perovskite.

The fraction of current that comes from just the first pass is that which is of interest for a
device with transparent electrodes. Te total generated current can be multiplied by this
factor to get current in the first pass onlyThis can be expressed as:

L d |
T . < - ,,V‘Ilﬁ | Fm >° 4 < 51
B T B R T -y P F Ty y

In which 3 represents AM1.5 photon flux, andR, Aand T are fractional reflectance,
absorptions and transmittances. The internal quantum efficiency and the area of the
device determine the exact values for generated current, but these factors simply cancel

out.

It is noted that light passes through the perovsike beforethe Spiro-OMeTAD in the active
layer (for other calculations the distinctionhas been ignored but here it is relevant), so for
the first pass the absorbance oEpiro-OMeTAD is excluded. This is done by extrapolating
the active layer absorptionat 500nm to wavelengths below that (typically a flat spectrum

is observed for perovskite absorption at these wavelengths, so this assumption is valig)
Spiro-OMeTAD absorbs strongly below 420nm. For the second pass, some light at these
wavelengths has nowbeen absorbed in theSpiro-OMeTAD so the whole active layer

absorption is used for the total light absorption in the first pass.

The reflectance from aSpiro-OMeTADgold semitransparent contact was measured

separately with a goldSpiro contact on glassusing an integrating sphere.

An example of the calculation is demonstrated inFigure 5.7. The first pass useful
absorption (Figure 5.7a, black curve) is simply determined using an integrating sphere,
and extrapolated to remove the influence ofSpiro-OMeTAD. The second pass useful
absorption (Figure 5.7a, blue curve) is determined from the product of the first pass
transmittance, including Spiro-OMeTAD absorption Figure 5.7a, green curve), the
reflectance at theSpiro-OMeTADgold contact (Figure 5.7a, red curve), and the absorption
of the perovskite. InFigure 5.7b, the available AM1.5 photon flux is shown before and after
passing through FTO glass. The product of this with the first and second pass absorption
(as shown in Figure 5.7a) respectively gives the photon flux absorbed in each pass, which
is shown inFigure 5.7c. Integrating these graphs gives the maximum current that could be
generated (per n?, with 100% internal quantum efficiency) in each pass, so as described
in Equation 5.1we can determine the current that could be generated ithe first pass

only. For the example shown, the integrated values are 8.33 photonsns2 and 1.25
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photons stm-2 for the first and second passes respectively, so 87.0% of the measured

photocurrent comes from the first pass.

ad  100— ; ; ; . b — ; ; . . .
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Figure 5.7: a) Example data for a representative semi -transparent perovskite solar
cell showing first pass perovskite absorption, and second pass perovskite
absorption calculated from the first pass transmittance and gold contact

reflectance, also shown. b) The available photon flux before and after passing
through FTO. c) Absorbed photon flux in the first and second passes. The ratio of the
integrals of these curves gives the ratio of current generated in the first and second

passes.

58! AAEOEI T AT 1T AOET AOd %OOEI AOCET 1
AOAEI AAT A xEOE A -OBOEITAA QOO O A«

In addition to removing the influence of the second pass, to remoube effect of a non

transparent anode (i.e. FTO coated glass), the extra current available to a séransparent

solar cell if the anode is also perfectly transparent and nereflective can be estimated.

Using the same method as previously, the total phon flux available for conversion to

current (in a single pass) with the product of the AM1.5 solar spectrum can be determined,
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either including or excluding the losses (reflective and absorptive) imparted in
transmission through the FTQOglass (see Figure 5.7b), with the absorption of the
perovskite layer in question. Determining the ratio between the integrals of the resultant
graphs (an example is show in Figure 5.8a) gives a conversion factor for the photocurrent
and PCE, to increase it to what it would be if there was no absorption or reflectioroim
the anode. This factor was determined for the devices shown Iigure 5.4c, and the new
maximum efficiencies are shown irFigure 5.8b. The conversion factor was approximately
1.25 in all cases, meaning PCE could increase by another 25%. This calculation does
neglect any possible discrepancies thanay arise due to measured FTQlass absorption
including losses as scatter at nea®0° angles, so large that the integrating sphere cannot
detect it, which may in fact contribute to photocurrent in a device. Thus this represents a

maximum efficiency gainrather than a realistic one.

b
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Figure 5.8: a) The available photon flux for a representative semi -transparent

perovskite film, determined by multiplying the AM1.5 solar spectrum with the

DAOI OOEEOGAEO AAOI OPOEI T h AT A Al 01 OEA -O0AT Oi EC
inclusive plot. b) The data from Figure 5.4c, with the additional current that could

be attained with no absorption or reflection at the FTO -glass taken into account.

592 AEA0OAT AAO

1. A. HenemannRenew. Energy Focu2008,9, 14,16719.

2. M. G. Kang, N. G. Park, Y. J. Park, K. S. Ryu and S. H.SthaBgergy Mater. Sol.
Cells 2003,75, 475z479.

3. K.-S. Chen,<F. Salinas, HL. Yip, L. Huo, J. Hou and A-X.JenEnergy Environ. Sgi.
2012,5, 9551.

4, Y -F. Chiang, RT. ChenA. Burke, U. Bach, P. Chen andF.GuoRenew. Energy
2013,59, 1367140.

104



5.NEUTRALCOLOURE[SEMITRANSPARENT PEROVSEISOLAR CELLS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

C:C. Chueh, &. Chien, HL. Yip, J. F. Salinas;Z.Li, K-S. Chen, FC. Chen, WC.
Chen and A. KY. JenAdv. Energy Matey.2013,3, 417z423.

C. Chen, L. Dou, RaZ C. Chung, T. Song, Y. B. Zheng, S. Hawks, G. Li, P. S. Weiss and
Y. YangACS Nanp2012,6, 7185 7190.

R. F. BaileySalzman, B. P. Rand and S. R. Forrégipl. Phys. Lett2006,88, X5.
F. C. Krebs, T. Tromholt and M. JgrgensBianoscale 2010, 2, 873 886.

A. Colsmann, A. Puetz, A. Bauer, J. Hanisch, E. Ahlswede and U. Le#dveEnergy
Mater., 2011,1, 599603.

C-C. Chen, L. Dou, J. Gao;AVChang, G. Li and Y. Ya&mergy Environ. Sgi2013,
6, 271422720.

H. J. SnaithAdv. Funct. Mater.2010,20, 13719.
T. Kirchartz, K. Taretto, U. Rau, V. iphoto and F. Ju, 2009, 17958;717966.

T. Ameri, G. Dennler, C. Waldauf, H. Azimi, A. Seemann, K. Forberich, J. Hauch, M.
Scharber, K. Hingerl and C. J. Brabéclv. Funt Mater, 2010,20, 159271598.

G. E. Eperon, V. M. Burlakov, P. Docampo, A. Goriely and H. J. Shawthi-unct.
Mater., 2014,24, 1517157.

J. M. Ball, M. M. Lee, A. Hey and H. J. Sraitbrgy Environ. S¢i2013,6, 1739%1743.

M. M. Lee,.JTeuscher, T. Miyasaka, T. N. Murakami and H. J. Sn&itfence2012,
338, 643647.

J. M. Ball, S. D. Stranks, M. T. Hérantner, S. Huttner, W. Zhang, E. J. W. Crossland, I.
Ramirez, M. Riede, M. B. Johnston, R. H. Friend and H. J. SEaihgy Eniron. Sci,
2015, 8, 602609.

P. Docampo, A. Hey, S. Guldin, R. Gunning, U. Steiner and H. J. Switfunct.
Mater., 2012,22, 5010z5019.

K. Ellmer,Nat. Photonics2012,6, 80&816.
M. Liu, M. B. Johnston and H. J. SnaNhfure, 2013,501, 3957398.

L. SchmidtMende, U. Bach, R. Humphifgaker, T. Horiuchi, H. Miura, S. Ito, S.
Uchida and M. GratzelAdv. Mater, 2005,17, 8137815.

C. H. Nh,<H. J. Im, J. Chung, S. S1.&im and N. N. M. ParkNanoscale Res. Lett.
2012,7, 353.

J. H. Noh, S. H. Im, J. H. Heo, T. N. Mandal and S. IIN&euk|ett, 2013,13, 1764
1769.

105



5.NEUTRALCOLOURE[SEMITRANSPARENT PEROVSEISOLAR CELLS

24.

25.

26.

27.

28.

29.

W. Gaynor, G. F. Burkhard, M. D. McGehee and P. Peumahs Mater, 2011,23,
2905z2910.

J. Krantz, T. Stubhan, M. Richter, S. Spallek,tkdu, G. J. Matt, E. Spiecker and C. J.
Brabec,Adv. Funct. Mater.2013,23, 1711z1717.

D. Yang, G. Meng, S. Zhang, Y. Hao, X. An, Q. Wei, M. Ye and LCBeamgzommun.
(Camb), 2007,1, 17331735.

L. Hu, H. S. Kim, J. Y. Lee, P. Peumans and YACSiNanp2010,4, 295572963.

T. Leijtens, G. E. Eperon, S. Pathak, A. Abate, M. M. Lee and H. J. Satith,
Commun,. 2013,4, 2885.

J. Burschka, N. Pellet,-$. J. Moon, R. Humphiaker, P. Gao, M. K. Nazeeruddin, M.
Gratzel and M. GratzeNature, 2013,499, 3167319.

106



6. SEMI-TRANSPARENT PHOTOVDACHROMIC CELLS FGELFTINTING, POWER GENERATINGOLAR
WINDOWS

6. 3%--42!.30! 2%. 4
0(/ 416/ ,4!" #(,2,/3 ) #
&1 2 349,.8400.1'7 %2

%. %2 ! )/ ., "1 2

7). %1 73

The work presented in this chapter has been published in:

1 A. Cannavale*, G. E. Eperon*, P. Coss#&i Abate, H. J. Snaith and G. Gigli,
O0AOT OOEEOA PDPET O1 O1 1 OAAEOQIT | Enhdrgy Enitoh. Sci. £ O ADE
2015, 8, 157871584.

*These authors contributed equally to this work.

107



6. SEMI-TRANSPARENT RBITOVOLTACHROMIC CE2 EOR SELFINTING, POWER GENERATINGOLAR
WINDOWS

6.1#1 1 OAdd AT A OOIi I AOU

In this chapter a new application of the semiransparent perovskite solar cells is

presented. By incorporating an electrochromic component, a dual function

OPET O1T O1T1 OAAEOI I EA8 AAOGEAA EO &bk and AidozAA8 3 OATF
transparency but can be switched to a tinted state, allowing a dynamically controllable

transparent or opaque device where the power required for the tinting is supplied by the

photovoltaic component.5 BT 1T EOOAAEAQEI T xEOE OEA 00180 1 ECIH
neutral colour semitransparent to dark blue-tinted in a matter of seconds; once switched,

the photovoltaic component can then provide power to an external circuit as per normal.

The combination of a semtransparent perovskite photovoltaic and solidstate

electrochromic cells enables fully soligstate photovoltachromic devices with 26% (or

16%) average visible transmittance and 3.7% (or 5.5%) maximum power conversion

efficiency. Upon activating the selfinting, the average visible transmittance drops to 8%

(or 5.5%). Such standalone, selfpowered devices are of commercial interest for

integration into windows and surfaces of buildings and vehiclesThe results presented in

this chapter represent a significant step towards the commercialization of

photovoltachromic building envelopes.
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In addition to simply being able to generate power from a neutralinted window, as

described in the previous chapter, the transparency and the colouring of building glazing
envelopes are critical to contrd the indoor thermal and visual comfortl2 Electrochromic
devices have been described in Chapter 2. Such devices, currently available on the market,
can modulate their throughput of light and thereby heat by applying an external voltage
bias, resulting ina change in transparency which does not require continuous voltage
input.34 Bechinger and ceworkers first proposed self-powered electrochromic windows,
namely photoelectrochromic cells (PECs), where the colouration process is generated by
the cell itself, adaptively changing with the external light conditiore. This is similar process

to that in photochromics, as found in seHinting glasses z while light can switch the
transparency, it is not controllable. In this original architecture, PECs formed of
photoactive and the chromogenic electrods on two separate glass substrates were
separated by a liquid electrolytet” The photoactive electrode was made from a dye
sensitized titanium dioxide layer and the chromogenic electrode with tungsten oxide
(WG:s). Upon short-circuiting the device, photoexcited electrons from the sensitized TiQ
and lithium ions from the electrode, are driven into the W@resulting in a change to
LixWG; which as described earlier has a deep bluish tirstin 2009, this field was advaced
further by Wu and coworkers who integrated PV and PEC technologies in a single device,
which is now termed a photovoltachromic cell (PVC®)Their first device was effectively a
back-to-back dye sensitized solar cell / electrochromic device, where ¢hbias for the
electrochromic switching is provided by the solar cell. The key advance here is that
switching is controllable, and the solar cell can be used to generate power for an external
circuit once switching is achieved. They demonstrated sefdaptive transparency up to
50% - only in the electrochromic central area- and maximum PCE below 1%. Although
such PVCCs are one of the most promising device concepts for buildingegrated PV$.10
their current PCE is not enough to offset the additional cosnvolved in adding the second
device layer. Furthermore, they are prepared using liquid or gel electrolytes, which are a
significant drawback for processing and durability!1z13 To overcome this problem, several
attempts have been devoted to the development of solistate polymer electrolytes (SPEs)
which can show good adhesion between the glass electrodes, high optical transparency,
good mechanical properties, simple processalif{ and, most importantly, no issues with
leakage or evaporation over timeé# This is analogous to the development of solidtate
hole transporters for dye-sensitized solar cells. SPEs have been prepared with complexes

of lithium salts (LiX) and high molealar weight polyethylene oxide (PEO}> Nevertheless,
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most PEGLiX SPEs show good ionic conductivity only when heated above 60%C which

makes them unsuitable for room temperature applications such as PVCCs.

GOLD electrodes

Figure 6.1: a) Axonometric view of the photovoltachromic device. Two external
circuits connect the photoanode to the electrochromic electrode (A) and the gold
cathode to the secondary electrode of the electrochromic device (B). Pictures of the
device in bleached (b) and coloured conditions (c) are shown on the right end side.
Schematic designed and photos taken by Alessandro Cannavale of the Unviersity of

Salento, Italy.

In this chapter, a fully solidstate perovskite PVCC with selddaptive transparency and a
maximum PCE over 5% is reported. The device is realized by depositing the photovoltaic
(PV) and the electrochromic (EC) layers on two separate glass slides. Higure 6.1a) a
scheme of this new device architecture is shown. The top glass slide has both sides coated
with transparent conductive oxides (TCO), which work as independent electrodes for the
PV and the EC cells, while the bottom glass slide hasyohe side coated with a TCO. The
PV cell is made by a semitransparentlAPblz«Ck perovskite deposited on the top TCO
glass. The EC layer is made by Wd@eposited on the bottom TCO glass, and an SPE
prepared with PEGLIX and polyethylene glycol (PEG) igsed as a glue to laminate the two
glasses together and complete the EC cell. Figure 6.1, pictures are also shown of the
prototype device with the EC active area c¢upletely bleached (b) and coloured (c). To
activate the colouring, the electrodes were connected as shown Figure 6.1a) and the

device exposed to solar light. Once the colouration has occurred, the PV cell can be used to
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generate useful power for an external circuit. In a photovoltachromic module, it is
imagined that there would be a switch to direct the output of the P¢ell as required to

either the electrochromic or the external circuit.

6.33 AFCEOAT OPAOAT O AT A OEIT OAA AAOEA
Semitransparent perovskite were prepared by controlling the film morphology in order to

Al Of  AT-ODELST AT BAOT OOOO0A OO O Aiouh éhapied BDelvetitddk A ET  OE
the perovskite film from the TCO glass was encouraged, causing it to form discrete micron

sized islands, indistinguishable to the naked eye. The islands are thick enough to be fully

absorbing of incident light with energy above the bandgap of the perovskite

semiconductor (~1.57eV). The combination of fully absorbing islands and fully

transparent regions results overall in a homogeneoutooking, semitransparent and
neutral-coloured perovskite film (seeFigure 6.1b and c). The semitransparent dar cell

architecture is as reported in Chapter 5.
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Figure 6.2: Current -voltage characteristics for the solar cell layers of the PVCC
devices made with two different transparencies. Devices were measured under

simulated 100 mW cm-2 AM1.5 illumination as detailed in the Experimental section.

Voo (V) Je(macm?) FF  PCE (%) AVT (%)
Sample A 0.77 7.8 059 3.7 26.1
Sample B 0.68 125 0.63 5.5 15.9

Table 6.1: Photovoltaic performance parameters of PVCCs with two different
transparencies, showing performance parameters extracted form JV curves in
addition to AVT.

Microstructured MAPDIzxCk perovskite films were fabricated with two different surface
coverages, meaning that the ratio of transparent and fully absorbing areas was changed,
controlling the overall macroscopic transparency. InFigure 6.2, the currentvoltage
characteristics of the PV component of two PVCCs with different transparency are shown
(Sample A and B). The PV performance parameters and the average visible transmittance
are summarisedin Table 6.1. AVT is, as in the previous chapters, defined as the mean
transmittance between 370nm and 740nm; in the non-coloured state (bleached) it was
measured & 26.1 and 15.9% for the electrochromic areas of Sample A and B respectively.
It is noted that here light is passing through the solar cell active layer plus the
electrochromic cell, but not the gold electrodes. As already observed in the previous
chapter, the less transparent device (Sample B) displays significantly higher shectrcuit
current and an overall power conversion efficiency of 5.5%, compared to the more

transmissive device with PCE of 3.7%.
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Figure 6.3: a) Transmittance spectra of complete PVCCs (Sample A and Sample B) in
bleached and coloured conditions in a range of wavelengths between 400 nm and
1500 nm. b) colour coordinates of the films with transmittance spectra shown in (a)
under AM1.5 illumination, plotted on the CIE xy 1931 chromaticity diagram, and the
enlarged central region. Colour coordinates of the D65 standard daylight illuminant
and AML1.5 illumination are also shown. Transmittance spectra taken by Alessandro
Cannavale of the University of Salento, Italy.

Figure 6.3a) shows thebleached/coloured transmission spectra of the EC active area for
Sample A and B. A maximurbleached/coloured modulation of 26 and 12% is observed at
635 nm for Sample A and B resgctively. The modulation, averaged all over the visible

spectra (370z 740 nm), was also determined, and was found to be ~18 and ~10% for
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Sample A and B respectively.he best literature values for purely electrochromic windows
are now above 60%, with a hgh of 68% recently reported# Selfpowered PVCG have
been reported with up to 24% modulation over solar wavelengths# Though the values
attained hereare not comparable to what is reported for the best electrochromic windows

(power via an externalcircuit) , they are an impressive result for seHpowered devices.

The AVT after colouration was also calculatefbr the electrochromic area of both devices;
sample A changes from AVT of 26.1% (bleached) to 8.4% (coloured), and sample B from
15.9% to 5.5% These are very notable changes in AVT, going from obviously transparent
to much more opaque. Clearly sample A, the more transparent perovskite sample, will
make a more transparent window in the bleached state, but this is at the cost of

photovoltaic performance.

In addition to modular transparency, neutral-colouring is particularly desired in glazing
for building integration. To quantify the colour of the EC active area and the change it
undergoes when transitioning from bleached to coloured, colour perg#ion indices were
calculated according to the CIE 1931 xy colour space standdfd? Figure 6.3b) shows
these colour coordinates of the transmission through the wheal active region of the
devices in both coloured and bleached states, compared to the reference daylight
illuminant D65 and the AM1.5 spectrum. It is observed that the PVCCs in the bleached
state have good colowneutrality, lying well within the central region of the chromaticity
diagram, close to the AM1.5 spectrum. In the coloured state, both devices shift towards the
blue side of the colour plot. Sample A demonstrates a more extreme change than sample B,
as would be expected for the more absorbing sampldespite shifting towards a bluer
colour perception, both devices still exhibit colour perception close to the centre of the
plot, andthus have good colourneutrality, which make them ideal candidates for building

integration.
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Figure 6.4: Chronoamperometric measurements for Sample A (left hand side) and
Sample B (right hand side). Data taken by Pierluigi Cossari of the University of

Salento, Italy.

Figure 6.4 shows the chronoamperometric (currenttime) measurements of the EC cell in
Sample A and Sample B. A voltage-6f6V was applied to the electrodes of the EC part of
the device. An immediatespike of current is observed in both of the devices; this value
decreasestoroughly3q ! ET1 A2@$, ®h@én tpewlevice reaches a stable colouration.
Then, the bias was inverted and the bleaching was observed to take place with similar
kinetics. Threecomplete cycles of colouring/bleaching are shown, demonstrating that the
colouration process is extremely fast and reproducible in both samples. Such good EC
behaviour is due to a careful design of the SPE composition (notably, the incorporation of
PEG) ad as a result the high ionic conductivity achieved at room temperature (1.25 x 10

5Scmr, as determined by impedance spectroscopyescribed in Sectiort.6.5).

To establish if the semitransparent solar cells provide enough power to drive the
colouration, the power absorbed during the colouration process was also calculated, using
the same chronoamperometric curves shown ifrigure 6.4. For Sample A an initial value of
2.7mW cm2 was estimated (3.8mWcm-2 for Sample B), which decays to zero within 15
20 s, when the colouration is completed. Therefore, the power produced by thEBV
component (3.7 and 5.5mWcm2 under AM1.5 illumination for Sample A and B
respectively) is thoroughly sufficient to drive the electrochromic component and the
power produced by the PV device be used in an external circuit after only 20 once the

colouration is completed.
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Figure 6.5: Colouration efficiency spectra of Sample A and Sample B. Data measured

by Alessandro Cannavale of the University of Salento, Italy.

To evaluate the quality of the EC callthe colouration efficiency (CE) was measured, one of
the most commonly used performance parameter® A well-known expression relating
the efficiency to the optical density was used to calculate CE, which in turn depends on the
transmittances of coloured(T.) and bleached states (J), and the inserted charge (Q), as

follows:

FIF T 6.1

The plot for the electrochromic performance is shown inFigure 6.5. At a wavelength of
620 nm, the colouration dficiency was determined to be 28&m?2 C! for Sample A and
114 cn? Ct for Sample B. The higher performance observed in Sample A is expected; it can
be explained by considering the higher transparency of device A in the bleached state and
the lower amount of charge absorbed by Sample A during the colouration (3.3 compared
to 4.4mC for Sample B).This is an impressive coloration efficiency; while in
electrochromic devices the highest reported coloration efficiencies at single chosen
wavelength are ~760 cm2 C1 in integrated PVCC devices theeported valuesare less than

100 cm2 C1.2 This thus representsa substantial improvement for the integrated deviceg$!
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Figure 6.6: Cyclic voltammogram of the EC component of the PVCC showing 300

consecutive cycles. Data taken by Pierluigi Cossari of the University of Salento, Italy.

Figure 6.6 shows the cyclic volammogram of the EC component of the PVCC. The
colouring and bleaching associated with W&©reduction and oxidation were observed by
polarizing between-1 and 1V. A stable current response was achieved after 50 cycles and
no significant changes were observé up to 300 cycles, which indicate good
electrochemical reversibility and stability. It is noted here that the EC cell was assembled
by making use of the SPE (seé®ection6.6.3for detailed formulation) as a glue to laminate
the two glass electrodes; no additional sealing was used to protect the dee from

exposure to humid air.

65/ 001 TTE AT A Al 1TAI OOET 1

In this chapter, perovskite PVCCs with selidaptive transparency have beerdetailed. The
combination of a semitransparent perovskite photovoltaic and SPE electrochromic
enables a fully solidstate PVCC with 26% AVT and 3.7% maximum PCE (or 16% AVT and
5.5% maximum PCE), that switches to an AVT of 8.4% (or 5.5%) upaelfactivated
tinting under illumination. The change occurs in only ~20 seconds of illumination, after
which the power generated from the solar cell can be used in external circuits. This result
represents a significant step towards the commercializatin of building integrated PVCC,
allowing efficient self-powered tinting windows with the additional possibility of
delivering external power. All of the key components of the system are relatively cheap
and the fabrication is compatible with a lamination pocess, which is wellknown in the

glazing industry.
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6.6.1 Electron beam deposition

Tungsten oxide layers (550hm thick WGOs) were deposited by electron beam deposition on
ITO/glass substrates (VisionTechp ¢ 1) FThe vacuum chamber was initially evacuated
to 10" mbar, and then pure dry oxygen was admitted through a needle valve. The
pressure was maintained at 1* mbar throughout the process. The deposition rate was
about 1.5Ast. During the depositi;n process, the chamber reached a temperature of
about 215 °C. High vacuum-beam deposition was also performed to obtain a secondary
ITO conductive layer on the FTO glass used for the photovoltaic purposes. In more detail, a
150 nm thick Indium tin oxide (Sn:ln,Os;) was used as a conductive layer in order to
control the electrochromic functionality of the device. In this case, the vacuum chamber
was initially evacuated to 107" mbar and then a pure dry oxygen flux was admitted
through a needle valve. The presure was maintained at 10* mbar throughout the
deposition. The deposition rate wad0.5A s and the substrate temperature was kept at
ctn)# AOOET ¢ OEA DOl AADWS asSessddboPthedduddbeOv@i 1 AA j ¢

der Pauw technique.

6.6.2 Solid polymer electrolyte

The poly(ethylene oxide: poly(ethylene glycol:lithium iodide (PEO:PEG:LIl) electrolyte
was prepared with etheroxygen to lithium [EO]:[Li+] molar ratio of 4:1, whereas the
PEO:PEG weight ratio was fixed as 40:60. A homogeneous mixtufdP&G and lithium salt
was obtained by stirring the desired concentration of polymer and lithium salt for a period
of at least 6 hours in a dry argorfilled glovebox. PEO was then dispersed in PEG/Lil
system by adding anhydrous acetonitrile and stirred urit it dissolved in the mixture.
Finally, the residual solvent was evaporated at room temperature and the polymer

electrolyte was dried under vacuum for 72 hours.

6.6.3 Photovoltachromic device fabrication

A small amount of SPE was spread on the W¢bated TCO glss and pressed on the second
glass to reproduce the architecture reported irFigure 6.1a. Mechanical pressure and mild
vacuum was applied for 1 hours to laminate théwo glass electrodes and remove any

residual of air in the electrolyte.
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6.6.4 Electro-optical characterization

Optical transmittance spectra of the shorcircuited devices were observed by a VARIAN

5000 spectrophotometer in a wavelength range between 400m and 1500 nm. Full

spectrum measurements were obtained by irradiating the shortircuited device using an

AOOAU T £ OAOAT xEEOA , O0AT 1T , %$ j#1 1 ImATEEOA o¢u
operated by a Keithley source meter. During these measurements, thewuces were

connected as shown in Figure 6.1 using one photovoltaic pixel per time.
Chronoamperometry measurements were collected with Autolab PGSTAT302N (Metrohm

AG . the Netherlands) potentiostat.

6.6.5 Electrochemical characterization
Cyclic voltammetry and CA analysis of the EC device were performed on an Autolab
PGSTAT 302N in the potential range of +1V at a scan rate of 1mY. s

Electrochemical impedance spectroscopy (5) was carried out using an Autolab

PGSTAT302N (Metrohm AG, the Netherlands) combined with a FRA32 frequency

generator module by sweeping over 70 points in the frequency range from #Qz 106 Hz

with a root mean square (RMS) amplitude of 10 mV. The eleotytes with a diameter of 10

mm and a thickness of 5Qum were sandwiched between two stainless steel blocking

electrodes separated by a Teflon ring. Impedance spectra were recorded after applying a

colouration voltage of 1V for 10 min in order to reach a teady state. The ionic

AT 1T AOAOEOEOU | AQq xAO AAIGYD, whérdols th® hiekne§s oDEA  OAT A
OEA DI 1TUI A0 Adidhe contdctUddeh befitledn hthe electrolyte and the

electrode, andY is bulk resistance obtained from tle intercept of the semicircle with the

real axis of the Z' versus Z" Nyquist plot.
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Having established in the previous chapters that planar heterojunction perovskite solar

cells, with a smooth and uniform perovskite film, will function most effectively, the focus
of the thesis now shifts to understanding how to improve device efficiencyybmodifying
and understanding the perovskite material itself. Most previous work on perovskite solar
cells, including that in thisthesis so far, has focused omethylammonium lead trihalide
perovskites, with a bandgaps of ~1.57eV and greater. Here, thefedt of replacing the
methylammonium cation in this perovskite is explored, and it is shown that with the
slightly larger formamidinium cation, formamidinium lead trihalide perovskites with a
bandgap tunable between 1.48 and 2.28V can be synthesised. Th&.48 e\tbandgap
perovskite is most suited for single junction solar cells; longange electron and hole
diffusion lengths are demonstrated in this material, making it suitable for planar
heterojunction solar cells. Such devices are fabricated, and due ttte reduced bandgap
high short-circuit currents of >23mAcm?2 are achieved, resulting in power conversion
efficiencies of up to 14.2%, the highest efficiency reported at this point for solution
processed planar heterojunction perovskite solar cells. Moreove this material exhibits
increased thermal stability compared to the methylammonium based perovskite.
Formamidinium lead halide is hence a promising and likely ultimately superior candidate

for the highest efficiency perovskite solar cells.
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The most studied perovskite material for solar cell applications, and that which the prior

sections of this thesis have focussed on, is methylammonium lead halide. Previous studies
have shown that by varying the halide composition between iodide andromide in this
material, the bandgap can be tuned between 1.57 and 2.3eV, enabling variation in colour
and optimisation for applications in multi-junction solar cells! However, it is known that
the optimal bandgap for a singlgunction solar cell is between 1.2-1.4eV, as discussed in
Chapter 2. This is beyond the range of the methylammonium lead halide systénn
addition, for the bottom cell in a tandem architecture, the optimum band gap is around
leV, giving good motivation to realise lower band gap pewskite absorbers? As illustrated

in Figure 7.1a, and discussed in more detailni Chapter 2 perovskites are defined as any
compound which crystallises in the ABX structure, consisting of cornersharing B
octahedra with the A componentneutralising total charge. In the case of the organometal
halide perovskites, A is an organic cation, B is the metal cation, and X a halide anion.
Methylammonium lead triiodide, the perovskite of mostrecent interest, has a tetragonal
perovskite structure arising from a distortion of the perovskite lattice3 It has been
proposed that in this system, the organic A cation does not play a major role in
determining the band structure, and acts to fulfil charge neutrality within the lattice.
Nevertheless, its &e is important. A larger or smaller A cation can cause the whole lattice
to expand or contract, and it causes bending of the-BcX bond anglet Changing the BX
bond length has been demonstrated to be important in determination of bandgédp.
Motivated by this, an investigation into whether the bandgap could be tuned in a similar
way by variation of the A cation size was carried out. Given a particular metal and halide,
there is a relatively small size range allowed for the A cation, since it must fit beter the
corner-sharing metal halide octahedra. If it is too large, the 3D perovskite structure is
unfavourable; lower-dimensional layered or confined perovskites will be formed. If too
small, the lattice would be too strained to form. A saalled tolerance factor has been
defined previously, to describe the limits on ionic sizes of each component, as detailed in
Chapter 2. The larger ethylammonium cation has been explored previously in solar cells,
and was shown to form a wider bandgap perovskite due to @wer dimensional 2Htype

structural rearrangement- it was too large to maintain the 3dimensional ABX lattice.6

In this chapter, the impact of tuning the size of the A cation is explored, in order to push
the bandgap of the perovskite absorber further twards the infrared. It is found that an
increase in the cation size results in a reduction in the band gap, and solar cells employing

formamidinium lead triiodide are fabricated, that convert to current a greater proportion
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I £ OEA 001 60 Obdihdmmérium araldgle. High Aefficiency solution
processed planar heterojunction solar cells are fabricated, demonstrating power
conversion efficiencies of up to 14.2%. This work represents the first known instance of

formamidinium lead trihalide perovskite solar cells.
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Figure 7.1: Tuning perovskite bandgap by replacing the A cation. a) The ABX 3
perovskite crystal structure. b) the atomic structure of the three A site cations
explored. c) UV-Vis spectra for the APbl ; perovskites formed, where A is either

caesium (Cs), methylammonium (MA) or formamidinium (FA).

To investigate the effect of the A cation size upon the optical and electronic properties of
the perovskite, perovskites were synthesised based on methylammonium lead triiodide,

replacing methylammonium (CHNHs*)(MA) with caesium (Cs) and formamidinium
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(HC(NH)2*) (FA), illustrated in Figure 7.1b. Caesium has a smaller effective ionic radius
compared to methylammonium, whereas formamidinium is slightly larget. A single
precursor solution was spincoated onto substrates; the perovske then formed upon
heating. Full experimental details are provided in Chapter 3. Previous studies have
reported the synthesis of these materials in crystalline form, but this is the first report of
their thin -film synthesis’z10 The absorbance spectra ahese materials is shown inFigure
7.1c.

It is observed that caesium lead triiodide absorbs up to a shorter wavelength, whereas
formamidinium lead triiodide absorbs to a longer wavelength than methylammonium lead
triiodide. It is noted that the CsPh was unstable in air, degrading to a noiperovskite
phase in a matter of minutes, as discussed further in Chapter &stimations of the
bandgap from Tauc plots, as detald in Section 3.4.2, gives values shown as an inset in
Figure 7.1c. It is observed that as the A cation increases in ionic radius, and hence the
lattice would be expected to expand, the bandgap decreases, causing a-shift in the
absorption onset. Just by replacing the methylammonium with the slightly larger
formamidinium, we are able to shift the bandgap closer to the optimum for a single
junction solar cell2 Therefore, this material is a likely candidate to be able to produce even

more efficient solar cells than MAPRL
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Figure 7.2: Tunability of the FAPDbI 3,Brs1.y) perovskite system. a) UV -Vis absorbance
of the FAPbIs,Brsq .y perovskites with varying y, measured in an integrating sphere.

b) Corresponding steady -state photoluminescence spectra for the same films. c)
Photographs of the FAPDI 3yBr31.y) perovskite films with y increasing from 0 to to 1
(left to right). d) XRD spect ra of FAPDIsyBrau.y) films showing the shift of the 100
(cubic) perovskite peak to the (111) trigonal peak as y decreases. €) Variation of

bandgap with pseudocubic lattice parameter as determined from XRD spectra.

To explore the range of bandgap tunabily of the formamidinium lead trihalide system, a
range of formamidinium lead bromideiodide mixed halide perovskites (FAPR),Brs-y)
was fabricated by gradually replacing iodide with bromide in the precursor solutions. It

was possible to form most fractonal mixtures, but it was not possible to form crystalline

126



7.FORMAMIDINIUM LEAD HADE: A BROADLY TUNABLEBROVSKITE FOR EFFENT PLANAR
HETEROJUNCTION SOLEBELLS

phases, as determined by-xay diffraction (XRD) data shown inFigure 7.3 for y=0.5, 0.6
and 0.7, so theseare not considered in more detail here. The absorbance and
photoluminescence from the perovskites in this series are shown iRigure 7.2a andFigure
7.2b respectively. Estimating the bandgap from Tauc plots, it was determined that the
bandgap is tunable between 1.48 and 2.23eV, providing a whole range of coloured
perovskites, as liustrated in Figure 7.2c. An increase in iodide fraction gradually regshifts
the bandgap. Photoluminescence peaks correspond well to the absorption onsets,
suggestng the observed photoluminescence is predominantly from the bandgap rather
than trap or sub-band states!! Similar to the methylammonium lead trihalide system
previously studied! analysis of XRD data (shown in full ifFigure 7.3) shows that the
perovskites transition from a cubic (for y<0.5, B#rich) to a trigonal (y>0.7, Frich) crystal
structure, via a set of mostly amorphous phases&igure 7.2d shows the shift of the [100]
(cubic) to the equivalent [111] (trigonal) peak for these perovskites. A gradual shift in the

lattice spacing upon increasing the iodide fraction is observed.
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Figure 7.3: X-ray diffraction spectra for the whole range of FAPbI 3,Br3.y) materials,
formed on fluorine -doped tin oxide -coated glass substrates. Peaks labelled with a *
are assigned to the fluorine -doped tin oxide substrate. The films which produced

mostly amorphous material are shown in grey.

Because the trigonal phase arises from a slight rotation of the adjacent Rbactahedra,
whilst maintaining corner-sharing, as shown m Figure 7.4, it is possible to define the
trigonal phase by a pseudocubic phase, where the (100) spacing in the pseudocubic

system replaces the (111) trigonal spacig, aspreviously described in the literature.1.12
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The pseudocubic lattice parameters are then determined from lattice parametesand ¢

by:

AL
4: T A 71

For a cubic lattice,a* and c* should be identical, so for the most accate representation,
a* and c* were determined in this way then averaged to get a single pseudocubic lattice

parameter.

Figure 7.4 Cubic (left) and trigonal (right) lattices formed by the FAPbl  3/Brsa.y
perovskites. The unit cell is shown in black. The pseudocubic lattice in the trigonal
configuration is shown in blue. Red = A cation, yellow = halide, grey tetrahedra are

centred on the metal cation.

The determination of the pseudocubic lattice parametera* for the trigonal-phase
perovskites, and cubic lattice parametera (directly comparable to a*) for the cubic
perovskites enabled plotting the relation between bandgap and lattice spacing for this
system. As shown irFigure 7.2e, it is observed that a larger pseudocubic lattice parameter
results in a narrower bandgap. The relationship appears continuous across the phase
change. This tunability demonstrates that thdormamidinium system has wide flexibility;
further investigation of the properties of the whole range of coloured perovskites may
thus prove very interesting, specifically for optimising a wider band gap perovskite for a
top cell in a tandem solar cell argitecture. In this case, the bandgap of the top cell must be
tuned to be the optimised value for a particular bandgap of bottom cdlFor a 1.1eV

silicon bottom cell, a 1.7eV perovskite top cell would be ideal, for example.
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Figure 7.5: Material properties of FAPbI 3 films. Top view scanning electron
micrograph of the sample morphology of a FAPbI s film formed from spin -coating the
precursor solution with a) no addition of hydroiodic acid, and b) with adding a small
amount of hydroiodic acid to the same precursor just before spin  -coating. ¢) X-ray
diffraction spectrum for a smooth and continuous FAPbI 3 film such as those used in
guenchin g films. Peaks labelled with a * are assigned to the fluorine -doped tin oxide
substrate, those with a # to Pbl »impurities, and other peaks are assigned to the
labelled reflections from a trigonal perovskite lattice with unit cell parameters
a=b=8.99A, c=11.0A, in good agreement with the previous report on FAPbl 7. d)
Absorbance spectrum of a smooth and continuous 400nm thick film of FAPbl 3

prepared by adding HI. AU refers to absorbance units, which are dimensionless.

Formamidinium lead iodide shows a narrower bandgap than the commonly used
methylammonium lead iodide, 1.48eV (~840nm absorption onset) compared to ~1.57eV
respectively, and hence lies closer to that favourable for optimum solar conversion
efficiencies. As detailed in Chapter 2, we should thus be able to attain higher

photocurrents by harnessing more of the solar spectrum, provided the photogenerated
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electrons and holes are suitably mobile and suitably long lived to be efficiently extracted

from the solar cdl. Previous reports on perovskite solar cells have explored four main

architectures, as discussed in Chapte28 & EOOOI Uh OEA OOAT OEOEUET C6

perovskite simply acts as an absorber coating mesoporous TiOwith excited carriers
injected into hole and electron transporting media for collection at the electrode®:z16
Secondly, the mesesuperstructured architecture, where an inert scaffold forces electron
transport through the perovskite itself.13.17 Thirdly, the hole-conductor-free architecture,
where in a similar way the removal of a separate hole transporter means that all hole
transport occurs through the perovskite!s19 Finally, bulk thin-film planar heterojunction
architectures have recently shown high efficiencies, as discussed@hapter4; here a bulk
layer of perovskite is both absorber and longange transporter of both charge
speciestt.2021 The thin-film and mesostructured approaches should ultimately provide the
highest efficiencies, since the interfacial area at the hetermjction is minimised, where
non-radiative recombination losses are most likely to occur. However, for a material to
function well in the planar heterojunction configuration, it must be able to transport
charge across film thicknesses greater than the abgmion depth of a few hundred
nanometers. To determine the optimum architecture for incorporation of FAPRIlinto
photovoltaic devices, whether thirfilm, mesosuperstructured or sensitizing, time resolved
photoluminescence quenching experiments were conducte using the technique
described in detail in previous work, and summarised in Chapte3, to obtain values for the
electron and hole effective diffusion lengthgl2z24, |In brief, a hole Epiro-OMeTAD) or
electron (PCBM) quenching layer is sphitoated on pp of a continuous thin film of the
perovskite. Electrons or holes that diffuse into the boundary between perovskite and the
quencher, transfer to the quencher and can no longer contribute to photoluminescence. By
measuring the timeresolved photoluminescence decay rate with and without a quencher,
and fitting the observed behaviour to a diffusion equation, a diffusion length can be

estimated for the charge carrying species.

Notably, it is important to carry out these measurements on very uniform and cdimuous
thin films of the material in question. SpiAcoating the formamidinium iodide plus Pbj
precursor solution in DMF initially resulted in discontinuous perovskite films. However, as
shown in Figure 7.5a and Figure 7.5b, it was found that by adding a small amount of
hydroiodic acid (HI) to the stoichiometric FAI:Pb} 1:1 perovskite precursor solution,
extremely uniform and continuous films could be formed, with phase purity verified by
XRD FEigure 7.5¢), which is in good agreement with preious reports on single crystals of
this perovskite.” We note that in these thin films, post annealing, we do not observe any

significant presence of the previously reported hexagonal polymorph, a neperovskite
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OUAIT 1 T 2 MdebvkrOrdafisthg a highlyuniform coating is likely to have a beneficial
effect on device performance, as concluded for the MAPbperovskite in Chapter 4. This
addition of the acid to the formamidinium perovskite precursor solution provides a simple
way to form a pinholefree cortinuous film using conventional solutionprocessing. This
method has not been reported previously. It is proposed that adding acid helps to
solubilise the inorganic Pb} component, and so slows down crystallization of the film
upon spin-coating, enabling asmoother film to be formed, without having any impact on
the crystal structure, as verified by XRD. It was found that in the same way, addition of HlI
to a highly concentrated solution of lead iodide in DMF considerably enhanced its
solubility (and incidentally, allowed the formation of very smooth films of Phl, which is
normally challenging to achieve). This simple technique should prove useful as a general
method for preparing very smooth hybrid organicinorganic films, or preparing more

concentrated precursor solutions.
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Figure 7.6: a) Steady-state photoluminescence spectra of a FAPDI 3 film of 400nm
thickness coated in either an inert layer of polymethylmethacrylate (PMMA), the
electron -quenching layer PCBM, and the hole-quenching layer Spiro-OMeTAD,
demonstrating effective photoluminescence quenching for both holes and electrons
with these layers. b) Normalised time -resolved photoluminescence i ntensity from
films with and without electron and hole -quenchers, showing the stretched
exponential fits to the decay curves. Diffusion coefficients (D) and diffusion lengths
(Lp), extracted from the fitting, are shown in the inset. Errors quoted arise

pre dominantly from film thickness variations.

It was verified that PCBM andSpiro-OMeTAD are effective quenching layers for electrons
and holes respectively by measuring the steadsgtate photoluminescence spectra of
perovskite films with these quenchers on tp. As shown inFigure 7.6a, both quenchers are

effective, however the PCBM does not entirely quench the PL from FARbh contrast to
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nearly complete quenching when oated upon MAPbB}1t As shown in Figure 7.6b, by
monitoring the time-resolved photoluminescence intensity at the peak wavelength
(810nm), it was possible to estimate Hective diffusion lengths for electrons and holes in
this material, as 177+20nm and 813+72nm respectively. As shown iRigure 7.5d, films of

a few hundred nanometersthickness have sufficient optical density to absorb most
incident light in two passes thus a thin-film planar heterojunction should be able to
provide both efficient hole and electron extraction and light absorption, making this a
suitable configuration for FAPbE solar cells. It is noted that both the diffusion length for
holes and electrons are significantly longer than those found in MAPHIbut shorter that
those in the chloride-assisted MAPK{.«Ck perovskite, which are over 1 micron for both
electrons and holesi! Interestingly, there appears to be a significant imbalance in the
electron and hole diffusion lengths. This arises from a lower determined diffusion
coefficient for electrons, as shown inFigure 7.6b, rather than a reduced lifetime. There is
not conclusive evidence for any particular mechanism giving rise to the imbalance, but it is
proposed that by replacing methylammonium with formamidinium, the bandstructure of
the perovskite is altered, possibly giving rise to an imbalance in the effective masses for
electron and hole. This would in turn affect the diffusion coefficient and hence the
diffusion length. It is also noted however, that the diffusion legth modelling assumes
perfect quenching, i.e. that once a charge species meets the interface with a quencher it
transfers to the quencher with 100% efficiency and is not reflected. As the PCBM is not an
ideal electron quencher for the FAPh| as shown inFigure 7.6a, then the estimation of the

electron diffusion coefficient and length is a lower limit.
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Figure 7.7: Planar heterojunction FAPbI 3 solar cells. a) Cross-sectional scanning
electron micrograph of a representative FAPbI 3 device. b) Current -voltage
characteristics of FAPbI 3 planar heterojunction solar cells under 100  mWcm-2 AM1.5
illumination, showing both the mean current  -voltage characteristics for the batch of
24 cells detailed in Table 7.1 and the current -voltage characteristics of the
champion device fabricated. Performance parameters are shown as an inset. c)
External quantum efficiency spectrum of a representative FAPbl 3 solar cell. d)
Current -voltage charcteristics of FAPbI ,Brs.,planar heterojunction solar cells under
100mWcm -2 AML1.5 illumination, showing devices with y=0.8 and y=0 compared to

the champion FAPDI ; solar cell. Performance parameters are shown as an inset.

Thin-film planar heterojunction solar cells with the FAPb] perovskite were fabricated and
optimised, using compact Ti@and Spiro-OMeTAD as electronand hole-selective contacts
respectively. The device architecture is shown inFigure 7.7a. Currentvoltage
characteristics of such devices were measured under simulated AM1.5 100mW&rsun
light, and these characteristics are shown for the best device fabricated, and for the
numerical mean of a 24cell batch, inFigure 7.7b. Full details of device performance for
the whole batch of such devices is detailed iable 7.1 and Figure 7.8. Due to the high
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short-circuit currents of over 23 mAcm2, power conversion efficiencies of up to 14.2% in
the best performing devices wee observed, which is a new record for solutiosprocessed
planar heterojunction perovskite solar cells. As shown in the EQE spectrurRi§ure 7.7¢),
photocurrent is generated out to ~840nm, rather than only ~780nm achievable with the
well-known MAPbX material, due to the narrower bandgap® The integration of the
measured EQE spectrunover the solar spectrum estimates a shortircuit current density

of 18.2mAcm2, close to the average photocurrent generated from a typical cell. It is noted
that this EQE spectrum was measured for a representative device from the batch, not the

championdevice.

No. cells Jc (MAcm -2) Voc (V) FF PCE (%)

24 18.8+3.3 0.85+0.08 0.60+0.09 9.7+2.6

Table 7.1: Device statistics from a batch of 24 individual devices prepared using the
optimised fabrication procedure, extracted from current -voltage characteristics
measured under 100mWcm -2 AM1.5 illumination. Errors are calculated from the

standard deviation in the batch.
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Figure 7.8: Histogram representation of the solar cell characteristics for the same

batch of optimised devices as detailed in Table 7.1.

The high power conversiom efficiency in this system can be explained by two main
advantages of the FAPhIperovskite. Firstly, via solutionprocessing with the hydroiodic
acid additive it is possible to form a very uniform and continuous thin film, with very few
pinholes or defeds, which remains a difficult challenge for the MAPkXfilms.20 Uniform
perovskite coverage is likely to lead to maximising the §¢/and FF, as discussed in Chapter
4. Secondly, the reduced bandgap of 1.48eV compared to ~1.57eV in the MARDBI
perovskite allows absorption of photons over a greater proportion of the solar spectrum,
and is closer to the ideal bandgap for a singlginction solar cell, which will lead to
maximising the J.. Performing a quick calculation as detailed in Chapt&, assuming 1006
EQE, asdof up to 29.2mAcn® could be attained with a 1.48eV material, as opposed to
26.3mAcmz2for a 1.57eV material. This is a significant difference and shows the greater
potential for the FAPbEk system. A corresponding drop in M would be expeced to
accompany a smaller bandgap. However, the Mattained in the best FAPKW planar
heterojunction solar cells is 0.94V, compared to 0.97V observed in the best MARIL
solution-processed planar heterojunction solar cells. The reduction in bandgap cim
MAPbE.xCk to FAPbE is ~0.09eV, whereas the M only drops by 0.03V, so in these cells a
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lower voltage loss from optical bandgap to ¥(loss-in-potential) is observed than in the
MAPDbkxCkcells z 0.54eV compared with 0.6eV. This implies feweenergetic losses, as a

result of the highly uniform films or for another reason.

It is noted that by employing a mesesuperstructured approach, even higher voltages of up
to ~1.1V have been observed in the MAPHICL system?3 The origin of these higher
voltages in comparison to the solution processed planar heterojunction devices are yet to
be understood fully, but the lossin-potential is only ~0.46eV, even lower than the loss in
the FAPDbkcells. If this loss in the FAPRBIcan be mitigated by, for instace, employing a
mesostructure, a more appropriate choice or energetically tuning of the-rand p-type
collection layers, or by enhancing the electron diffusion length, then even higher

efficiencies should be possible with formamidinium lead trihalide.

Having fabricated high-efficiency FAPDb} devices, it was then of interest to observe how
devices fabricated with the increased bromide fractions function. Having higher bandgaps,
they should be able to generate higher opeaircuit voltages, as previously shwn with the
MAPbX system1.25 To explore this, planar heterojunction solar cells were fabricated in the
same way with two further compositions of FAPBBTrs., perovskites, y=0 (FAPbBj) and
y=0.8 (a small replacement of iodide with bromide). Currentoltage characteristics of the
best devices of these compositions fabricated are shown kgure 7.7d, as compared to the
best FAPb} device. It is observed that by decreasg the iodide fraction (increasing the
bromide fraction) from y=1 to y=0.8, we are able to generate slightly higher opeaircuit
voltages of 1.0V, accompanying a drop in photocurrent. This corresponds to a change in
bandgap from 1.48eV to 1.57eV, so thendgrease in \: is more or less what would be
expected, assuming no further energetic losses. Upon increasing the bromide fraction
further by going all the way to FAPbBy, however, the V. increases only slightly further, to
1.02V. Here the bandgap is now.23eV, so the ¥ increase is much less than the bandgap
increase. Something else must then be limiting the.y This is most likely the HOMO level
of the Spiro-OMeTAD hole transporter. Unless a different hole transport material were to
be used, with a deper HOMO level, the voltage of such devices is likely to be limited to
~1.02V.
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Figure 7.9: Thermal degradation of MAPbI 3 and FAPbIs;, when bare spin -coated films

of each perovskite are heated in air at 150 °C for the times indicated.

A fundamental property of the methylammonium lead iodide perovskite is that it is
sensitive to degradation due to moisture and high temperatures? Though this is likely to
be manageable in manufacture, any modifications whichnbance the robustness of the
material will be advantageous. Some initial tests were carried out to determine how
replacing the methylammonium cation with formamidinium affects these important
properties. It was found that formamidinium lead iodide is moreresistant when exposed
to high temperatures in air than methylammonium lead iodidez it appeared fully stable
without discolouration at 150°C in air, whereas the methylammoniursbased perovskite

discoloured after ~30 minutes, as shown irFigure 7.9.

Figure 7.10: Films of MAPbI; (left) and FAPbI 3 (right) upon exposure to 80 -100%

relative humidity atmosphere for ~15 minu tes at room temperature. The
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atmosphere was created by pouring water onto a tissue in a sealed glass container

with the films. Degradation is evident at an approximately equal rate in both films.

Exposing the perovskites to an extremely moist atmosphere,sashown in Figure 7.10,
resulted in degradation of the formamidinium perovskite at a similar rate to the
methylammonium perovskite. Both films discoloured significanly within 15 minutes.
However, recent work on longterm stability of perovskite solar cells shows promise that
with adequate encapsulation, similar devices to these can function continuously under
illumination for thousands of hours, so this is unlikely tobe a significant drawback to
commercialisation of perovskite solar cells made with these material:26 Furthermore,
the enhanced temperature stability of the FAPBlis an extremely promising property,
possibly indicative of better longterm thermal durability, and will be the subject of
further investigations. It is worth mentioning that the international standards for
commercialisation of solar cells require thermal stability at 85°C, and recent work has
shown that MAPbE is fundamentally unstable over long times at this temperature; the

FAPDbE should be significantly more stable and be able to pass these tests.
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Figure 7.11: Hysteresis in FAPDbIz planar heterojunction solar cells. a) Current -
voltage scans for a typical device, measured at 0.38V/s scan speed. FB-SC refers to
scanning voltage from forward bias to short circuit; SC -FB vice versa. The calculated
efficiencies f rom the JV curve are ~14% and ~11% for FB -SC and S&FB respectively.
b) Stabilised power output measured holding the cell under AM1.5 illumination at
0.72V (MPP for the FB-SC scan). The cell stabilises at ~9% PCE.

As previously discussed, the issue of hyatetic current-voltage behaviour is a significant
one in the methylammoniumbased perovskites. In order to test if this issue was still
present in FAbased devices, cells were scanned in both forwards and reverse voltage

directions, and a stabilised poweroutput also measured at the determined maximum
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power point. Hysteresis data for a typical FAPbldevice is shown inFigure 7.11. It is
clearly evident that hysteresisis still present in this material, in this architecturez it is not
a unique feature of the MAPBImaterial. Hysteresis will be discussed further in Chapte®;
here it can be concluded that solving this problem is integral to allowing the PCE of FAPbI

devices to stabilise at the highest values.

77/ OO1TT E AT A AT T1TAI OOETI1

In this chapter, the effect of changing the size of the A cation in the organolead trihalide
perovskite structure was investigated, and it was found that the bandgap can be tuned in
this manner. It has been shown that replacing methylammonium with the larger cation
formamidinium narrows the bandgap, enabling broad bandgap tunability with the mixed
halide FAPb|Brs., perovskite system between 1.48 and 2.23eV. Since FAPbas an optical
bandgapl £ p8t WA6h EO EO Ajurictioilar©dll babdgah (bérdeEm A AT 6 OF
1.1-1.4eV). To determine the optimum device configuration, spectroscopic diffusion length
measurements were carried out, and it was determined that FAPbhas sufficiently long
electron and hole diffusion lengths for planar heterojunction solar cells to be a suitable
configuration. A novel method for fabricating very uniform smooth films of this perovskite,
by adding hydroiodic acid, was developed, enabling high surface @ages necessary for
the highest PCEs as discovered in previous chapters. Planar heterojunction solar cells
were fabricated, and due to the reduced bandgap of FARbVery high short-circuit
currents in excess of 23mAcrd were observed, and PCEs up to 14.2%ere achieved,
measured under simulated full sun light. Moreover, it was shown that the FbBased
materials are more thermally stable than the MAbased materials, of high significance
when considering commercialisation and realworld usage. These promisingesults firmly
place the formamidinium metal trihalide perovskites as a contending class of materials for
high efficiency solar cells and should provide the next steps towards commercialisation of

high efficiency, high stability perovskite solar panels.
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In this chapter the work in previous chapters is brought together. Using the semi

transparent microstructured solar cell concept developed in Chapter 5, the narrower
bandgap formamidinium lead iodide perovskite developed in Chapter 7 is incorporated
into this architecture. This results in significantly high efficiencies per transparency.
Furthermore, a rovel transparent cathode is applied to the devices, enablingthe
fabrication of neutral-coloured semi-transparent full solar cells for the first time. Such
devices demonstrate over 5% power conversion efficiency for average visible
transparencies of almost30%, retaining impressive colour-neutrality. This makes these
devices the bestperforming single junction neutral-coloured semitransparent solar cells
to date. These microstructured perovskite solar cells aralso shown to have a significant
advantage ove silicon solar cells in terms of performance at high incident angles of

sunlight, making them ideal for building integration.

AVT = 28%
N=52% |

Current density (mAcm?)
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In Chapter 5 the application of the most commonly studied MAPblperovskite was

reported in neutral-coloured semitransparent solar cells for buildingintegrated
photovoltaics! Spontaneous dewetting of an excessrganic containing perovskite
precursor dissolved in a low vapour pressure solvent enabled the formation of a
efficiencies despite comprising a discontinuous planar heterojunction architecture. The
combination of fully absorbing islands and transparent regions allowed such films to be
neutral-coloured and semitransparent, with up to nearly 60% active layer average visible
transmittance (defined as the mean transmittance of the film between 370nm and
740nm). However, in this firstwork on semi-transparent perovskite solar cells,it was not
possible to employ a sufficienty transparent cathode that would retain the neutral
colouration. In full devices, efficiencies of ~5% were achieved for an average visible
transmittance of ~20%; however, this was with a semtransparent gold cathode, which
no longer provided neutral colou. It was concluded that the gold cathode was key
limiting factor z with a more transparent cathode better AVTs should be achievedand
also neutral colouration retained. More recently, others have reported on a
semitransparent perovskite solar cell alscemploying a thin gold cathode, with 6.4% PCE
and 30% full device AVT. However, they empl@d a thin but continuous layer of
perovskite, giving a brownyellow device? As previously discussed in Chapteb, aher
technologies have also achieved high effiaieies per transparency most notably organic

photovoltaics, but remain limited by low PCEs when neutral colour is attained.

Whilst most work has focused on the methylammonium lead iodide perovskitdJAPbls, in
Chapter 7 of this thesis it was demonstrated that the methylammonium (CHNHs*)
component can be replaced with formamidinium (HC(NE)2*), resulting in a slightly larger
lead iodide-based crystal lattice, with the effect of narrowing the bandgap closer to that
optimal for solar cells, from 1.57eV to 1.8eV35 Furthermore, it was observed that the
FAPDE perovskite is more thermally stable at raised temperature, more photostable under
continual operation, and that it does not undergo a phase transition in the solar cell
operating regime, which could be a issue for the MAPK] perovskite 35 Therefore, the
FAPDE perovskite has a number of highly advantageous characteristics for its use in solar

cells.

In this chapter, two major improvements to the semitransparent perovskite solar celare
reported. MAPDb} is replaced with the advantageous FAPhI in the microstructured

architecture, which allows significantly higher efficienciesto be achievedfor equivalent
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transparencies. Such devices display very littldV hysteresis, and have high stabilised
power output. Secondly, a novel ITO and precious metake transparent cathode is
employed in such devices, allowing fully operating, completely neutral coloured

semitransparent, perovskite solar cells for the first time.
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FAPDE was fabricatedin the microstructured architecture by using a precursor containing
excess of organic components, and in a low vapour pressure solve@MSO. This
combination was previously found to produce areasonably regular array of perovskite
islands for MAPbk..Ck (see Chapter 5} The presence of the excess organiallows
morphological change during annealing.” Usinga low vapour pressure solvent means that
the perovskite starts to crystallise while the solvent is stilpresent, and the combination of
slow crystallisation and slow solvent removal results in the perovskite nucleating in a
discontinuous islandtype structure, effectively encouraging dewetting from the substrate

In the case of the organic excess MA perovskite previously studied, lead chloride is used as
the lead source, and MAI as thRIA and | source. It is assumed that the reaction progresses

thusly:s

3MAI + PbC} -> MAPDbk + 2MACI 8.1

The MAPb} is the perovskite formed, and the MACI is predominantly removed via
sublimation or degradation, which is experimentally observed to occur at temperatures
greater than 80°C9. The notation MAPD.«Ck normally used for this fabrication route
represents the fact that there may be a small residual amount of chloride left in the film,
though it probably does not play a significant rolé%1! In the case of the FA however,
because the FA cation is larger, it is not so easily remove#ittempts were to produce
similarly structured films in this manner, substituting MAI for FAI, but these were
unsuccessful and the films did not result in the same morphologythey were very rough,
discontinuous, and nonuniform. Likewise, using a stoichiometric 1:1 FAPDbl, precursor in
DMSO also produced very rough, neaniform films. It appeared that the excess organic is
critical to obtain the microstructuring. Therefore, a new route was taken to obtain
microstructured films of FAPbk: MA was incorporated as a sacriicial component. It is

assumed that the reaction progresse as shown below:

2MAI + FAI + PbGl-> FAPDbt + 2MACI 8.2
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Since FACI, being a larger molecule than MACI, requires higher temperatures to sublime
than MACI, the MACI will bepreferentially removed on heating at >86C, leaving FAPRI
(or FAPbL.«CLto represent the fact there may be trace chloride remaining here these are
used interchangeably behind. Films of this material were fabricated by dissolving the
precursors in DMSO, spiftoating in a single step, and annealing first at 13C for 20
minutes and subsequently at 1768C for 10 minuts. The first step vas to remove the
excess MACI in a similar manner tthat used in Chapter5, and the second step wa to
force the FAPb}into its black, rather than yellow, phase, ag Chapter 735 Films formed in
this manner did indeed produce a material with a somewhasimilar microstructuring as

was observed in the MAPRImaterial, as show in Figure 8.1.

Figure 8.1: a) and b): different magnifications of FA -containing microstructured
perovskite films produced from the precursors detailed in Equation 8.2 and
annealed first at 130 oC and then at 170°C. ¢ and d: MAcontaining films produced

from the precursors detailed in Equation 8.1 and annealed at 130 °C.

In order to confirm that the material produced is FAPLJ, Xray diffraction (XRD)

measurements wee carried out on the films, as shown irFigure 8.2.
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Figure 8.2: a) XRD spectra of the FA and MA films. Labeled peaks correspond to
those indexed to the literature crystal structures of a tetragonal strcture with
a=8.64A, c=12.64A for MAPbI; and trigonal structure with a=8.99A, c=11.0A for
FAPDIs. b) Zoom of the peaks at ~14¢ in the XRD spectra showing the shift fr om MA
to FA. ¢) Transmittance spectra of the two materials. The data here shows the
transmittance of the active layer, including Spiro-OMeTAD and the titania compact
layer.

A material with highly oriented crystallinity (meaning that only the peaks associad with
the preferred orientation are observed) is observedin the FA material, similar to that
observed in the MA material. The peaks observed can be assigned to the (1(@)L1) and
(220)/( 222) peaks of a tetragondtrigonal lattice structure (with | E=r=90c for the
OA OOA C bk, A=BM, r =128 for the trigonal structure) respectively; the MA material
agrees well with previous reports of atetragonal material with a=8.64A, c=12.64A, and an
I AGET OO0 @ BHSemédfoEthe FA4 fhaterial (as shown for thepeakat ~140 in Figure
8.2b), giving good agreement to drigonal material with a=8.99A, c=11.0A, as previously

reported for the black phase of FAPR35.1213The change in phase between perovskites is

149



8. SEEMI-TRANSPARENT NEUTRAIOLOURED SOLAR CEIRSSED ON FORMAMIDINM LEAD HALIDE
PEROVSKITE

due to a very slight distortion of the perovskite lattice. No peaks corresponding to MARDI
AOA OAAT ET OEA &' [ AOAOEAI 80 OPAAOGOOI h AlIITT xE]
pure black phase FAPKI To further confirm the identity of the material, and to quantify
the transparency, the transmittance of the materialsvas measured, as shown irFigure
8.2¢c). It is noted that sincethe application here is forsemitransparent solar cells, spectra
were taken of the whole active layer of such a device, which is compact
TiOo/perovskite/ Spiro-OMeTAD The method used to obtain the active layer
transmittance is discussed in detail in Chapter 3t is observedthat whilst the MA material
absorbs out to ~790nm, in accordance with a bandgap of ~1.57eV, the FA material
absorbs out to ~840nm, in good agreemet with the previously demonstratedbandgap of
~1.48eV 3 it can thus beconfirmed that the material is predominantly FAPDb}; if there is
any MA left, it has a negligible effect on the crystal structure and absorption spectrum.
Furthermore, the FA material displays a quite flat transmission spectrum across the
visible range, indicating that it is likely similarly colourneutral to the MA material. Both
materials formed in this microstructured way display a high transmittance, which is highly

encouraging fortheir use in semitransparent solar cells.

84&! OGAEAOI OOOOAOOOAA Oi 1 A0 AAIT O
Having confirmed thatit is possible tofabricate semitransparent microstructured arrays
of FAPDb} islands, planar heterojunction solar cells wee fabricated from such films, with

the device structure shown inFigure 8.3a).
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Figure 8.3: a) Diagram of the d evice architecture employed. b) Tilted and c¢) cross-
sectional SEMs of a full semitransparent FAPDI 3 solar cell showing the islands of
perovskite coated with Spiro-OMeTAD. d) JV characteristics of MAPbI ; and FAPbI;
solar cells, measured under simulated 100mWcm -2 AML1.5 illumination, for both the
measured data (solid lines) and that calculated for just one light pass (dashed lines).
e) EQE spectra for representative MA and FAPDI ; solar cells. f) PCE extracted at
maximum power point under 100mWcm -2 illumination over time, and in the inset,

the same measurement plotted as a fraction of the PCE determined via a fast JVscan.

As discussed in previous chaptersdue to the rectifying nature of the titaniaSpiro-
OMeTAD contact, such discontinuous devices are still impressively functionaCross
sectional SEM images of such devicese shown in Figure 8.3b and ¢); the perovskite

islands of ~ 900nm thicknessare clearly observed, covered by a thin layer ofSpiro-

OMeTAD. In order to assess comparative performance of the FA films compared to MA

films, thick gold electrodeswere used as the cathode. Although transparency is then

reduced, this was in order that that device performancewas not limited by the electrode
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initially. The current-voltage characteristics measured under simulated sunlight (1.5,
100mWcm2) illumination from the best-performing devices fabricated with each material

are shownin Figure 8.3d), with full device parameters extracted shown inrable 8.1.

Jc(MACmM-2) Vo (V) FF s § PQ AVT Swmep (%)

(active
layer)
(%)

FA 14.2 0.86 0.60 7.4 33.6 6.8

FA

(1 pass) 12.4 6.4

MA 10.6 0.64 0.54 4.9 40.5 3.9

MA 4.2

(1 pass) '

Table 8.1: Table showing device characteristics of best FAPbl 3 and MAPbIs-based
semi-transparent solar cells fabricated with gold contacts. The data for 1 pass refers
to the calculated corrected current from the same devices if light was not absorbed
in the second pass reflected from the gold electrode, which is the data that would be

important for a totally semi -transparent solar cell.

No. N Voc (V) FF PCE(%)  Active
devices (mAcm-2) layer
AVT (%)
FA 21 13.0£2.1 0.75+0.17 0.40+0.18 4.3+2.6 33.6
MA 32 9.4+1.9 0.69+0.06 0.40+0.17 2.8+1.6  40.5

Table 8.2: Average solar cell performance parameters from a whole batch of FA -
based and MA-based semitransparent solar cells, with errors determined via

standard deviation, and representative AVT also shown for this batch of devices.

Data for both two passes of light (as measured due to the reflection from the gold contact)
and for one pas of light (the best efficiency possible for such a device if it had a perfect
transparent cathode, alculated as described irSection5.8) is shown. The statistics for the
whole batch fabricated 8 shownin Table 8.2. It is noted that the AVT of the FA films is a
little lower than the MA films (33.6% compared to 40.5%), and furthermore the FAPBbI
provides absorption over a greater fraction of the solar spectrum due to its reduced
bandgap. Accordinglyas may be expected, it is olesved that the photocurrent generated

is higher than for the MAPb4. More surprising is the increase in ¥ that is observed with

the FAPbE. Due to its reduced bandgapit would be expected that if anything, the Vi
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would decrease. It has been experimentally observed that this increased voltage is
reproducible, and its origin is currently urclear. It is possible that the highestemperature
anneal is beneficial to the compact titania, and allows for higher oxygeatoping. This
would then raise the turn-on voltage of aSpiro-titania diode; as discussed in Chapte4 any
contact betweenSpiro-OMeTAD in the cell will act as a parallel shunt diode, so increasing
the turn-on voltage of these diodes would have the effect of overall reducing the
detrimental effect on Vo that this normally has. The impact of the increased current and
voltage in the FAPh] compared to the MAPh is significant; power conversion efficiency
increases from 4.9% to 7.4% for the best devices (2.8% to 4.3% on average across the
batch).

The EQE of representative MA and FA celis shownin Figure 8.3e). It is observed that the
FA generates photocurrent up to ~840nm, and the MA up to ~790nm, in good agment

with the absorption spectra for the different perovskite materials.

It has been observed recently that such planar heterojunction perovskite solar cells are
likely to exhibit hysteresis in their JVcurves, as discussed in Chapte2.14 This can lead to
exaggerated PCEs based on fadV scans; accordingly, it is vital to also measure the
stabilised power output of such devices. It has been suggested that FAPight display
less hysteresis compared to MAPBJ in which case its stabilised power output should be
closer to its fastJVPCE: To assess this, as shown iRigure 8.3f), the power output over
time was measured whle holding the devices at their maximum power point as
determined by the fast ¥ scanBoth the absolute PCE generated, and PCE as a fraction of
that determined by the fast JV, are plotted ifrigure 8.3f). It is observed that the MAPDbg
semitransparent cell stabilises quickly, but only at 3.9%, or 80% of its PCE according to
the fastJVscan. The FAPAhIcell takes longer to stabilise, but it then generates 6.8% PCE,
which is 89% of its fastJVscan efficiency. These results are very promising for the FARDI
they suggest that not only are the stabilised efficiencies significantly higher than a
similarly transparent MAPbl;, but also they exhibit a less severe hysteretieffect, meaning

that the PCE extracted from a fastVscan is closer to the stabilised PCE.

85) 1 AT OPT OAOETT 1T &£ OOAT OPAOAI
Having demonstrated that incorporating FAPK into the semitransparent microstructured
perovksite solar cell archiiecture can lead to significantly enhanced efficiencies, the
remaining challenge for semitransparent perovskite solar cellss then tackled making the
entire device fully semitransparent, whilst retaining the neutral colouration. Whilst the

FTOcoated glass (hereafter just FTO)is a reasonable transparent anodgthe cathode is
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more challenging. Previously, a thin gold contacthas been relied upon as the
semitransparent contact, but this has a detrimental effect on the transparency and neutral
colouration. Recently, a transparent conductive adhesive laminate electrode based on a
nickel meshhas been developedwhich can be laminated onto the solar cell via application
of a PEDOT:PSBased pressureactivated conductive adhesive. This is described in greater
detail elsewherels It provides a low-cost, transparent electrode with good colour
neutrality, and has been shown to be capable of replacing gold as an effective cathode in
perovskite solar cells. It comprises a commercial nickel mesh embedded in a PET film,
onto which a transparent conductive adhesive comprising a mixture of PEDOT:PSS and an
acrylic glue is coated. This electrode is then presswiaminated onto the solar cells at
room temperature, after having spraycoated a thin layer of PEDOT:PSS on top of the
Spiro-OMeTAD ofthe solar cells.This transparent laminated cathode (TLC)s applied to
the FAPb semitransparent solar cells, to achieve fully semitransparent working

perovskite solar cells with neutral colour for the first time.
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Figure 8.4: a) Transmission spectra of the structures FTO/Active layer, TLC on glass,
and FTO/Active layer/TLC. b) colour coordinates of the films with transmittance
spectra shown in (a) under AM1.5 illumination, on the CIE xy 1931 chromacity
diagram, and the enlarged central region. Colour coordinates of the D65 standard
daylight illuminant and AM1.5 illumination are also shown. c) Photograph of a fully
semi-transparent FAPDI ; device including the laminated transparent cathode d)
Current -voltage characteristics of a fully semitransparent device such as depicted
above. (University of Oxford logo reproduced with permission. Courtesy of
University of Oxford.)

In Figure 8.4a), the transmission of the TLC alone, and the transmission of a full FAPbI
solar cell before (FTO/AL, where AL = active layer) and after the application of the TLC
(FTO/ALITLC), are shown It is observed that the average visible transmittance is reduced
from 34.2% to 28.1% upon application of the cathode. The flat transmission spectrum is
retained, even enhancedlt is observed that he TLC on its own attenuates much more
light than the increased attenuation when applied upon the perovskite cellhis isthought
to be due to a large fraction of the attenuation with the TLC being reflection rather than
absorption, which is predominantly absent at the AL/TLC interface in the completetack.
The colour-neutrality of the whole deviceis verified by calculating the colour perception
indices according to the CIE 1931 xy colour space standards described in previous
chapters. Transmitted light is represented by the product of the AM1.5 spé&rum and the
transmission of the sample in question. InFigure 8.4b), the colour coordinates of the
active layer only (compact titania/perovskite/ Spiro-OMeTAD), the ative layer on FTQ
glass, and the whole FTO/AL/TLC devicare shown,compared to the reference daylight
illuminant D65 and the AM1.5 spectrumlt can be observed that the films have excellent
colour-neutrality, lying well within the central region of the diromacity diagram, close to

the AML1.5 spectrum. Application of the transparent electrodes does not affect the colour
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perception to any great extent, demonstrating that they are a suitable choice of
transparent conductive electrode for theneutral-coloured FAPbk semitransparent solar
cell. A photograph of a neutratcoloured semitransparent FAPh] device with both
electrodes is shown in Figure 8.4c), exhibiting good viswal transparency. Figure 8.4d)
shows the current-voltage characteristics of the besperforming fully semi-transparent
FTO/AL/TLC FAPDb}device fabricated. It displays a lower shoktircuit current and open
circuit voltage than the equivalent devices with gold electrodes, though the current
density is close to as expected with 1 pass of light. Accordinglg, PCE of 5.2%was
obtained, for a neutral-coloured semitransparent solar cell with an AVT of 28%, with an

active areaof approximately 0.5 cm2 masked to 0.0625cm.

A neutral-coloured perovskite device with 5.2% efficiency and complete device
semitransparency of almost 30% represents a significant step towards the
commercialisation of this technology. The efficiency/tansparency ratio is almost as good
as some of the recently reported single junction organic solar cells, despite the fact that
the organic solar cell field is more than 20 years ol#z18 These characteristics in fact make
this one of the best performing rutral-coloured single junction semitransparent solar
cells reported. However, the key advantage that the cells realised here have is in cost. The
perovskite active material itself is comprised of readily available, cheap materials.
Furthermore, in this chapter the possibility of replacing an expensive precious metal
cathode with a cheap, and simple to process nickbhsed mesh has been shownNeither

is there any ITO in the device, a common concern due to the limited availability of indium.
Fabrication of the whole device takes place via solutioqprocessing at low temperatures
and at atmospheric pressure; not a single vacuum process is required. This results in a
semi-transparent solar cell which is extremely cheap, and the cost of coating such devices
onto window glass would likely be less than the cost of the glass itséfThe limiting
factors in the cost of the device now become the use 8piro-OMeTAD as HTM and the
high-temperature annealing for the titania compact layer. Replacement &piro-OMeTAD
would also be advantageous for the AVT of such devices, &piro-OMeTAD absorbs
strongly below 430nm, affecting the AVT somewhat. The titania compact layer is annealed
at 500°C, increasing the processing cost incurred in device production. Neither of these
problems are insoluble however, and work in the perovskite solar cell community is well

focussed on overcoming these limitationg%23

It is observed that the efficiency of the FAPbIldevices drop upon use of the TLC. This
mainly stems from a loss in M and FF, which is possibly due to an increase in series
resistance from the thick PEDOT:PSS/adhesive blend, and the fact that the HOMO of
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PEDOT:PSS is typically higher than that @piro-OMeTAD, reducing the possible M
Additionally, a significant drop in transmission is observed on application of the TLC.
Therefore, it can be concluded that although the TLC provides good transparency and hole
extraction, it is still not ideal. It can be expected that future developments in perovskie
compatible transparert electrodes will enable even higher PCEs from such

semitransparent solar cells.

The TLC is mechanically flexible, meaning that by application of this to such
semitransparent solar cells, the first steps towards a rolto-roll processable
semitransparent perovskite solar cell have been taken. If a flexible transparent substrate
and anodewere to be employed for example ITO on PET, and combidevith the TLC, itis
apparent that such a device could be produced, further enhancing the commercial

attractivenessof these solar cells for laminatable semitransparent PV foils.

86) 1 AEAAT O 1 ECEO AT Ci A AAPAT AAT A,
For a building-integrated photovolatics to perform well all day, they must be effective in

harvesting light that is incident at angles other than direct illumimtion. For the majority of

the time, a window will be experiencing illumination angles significantly shallower than

direct. Thererfore the angledependent shortcircuit current generated by the FAPhJ and

MAPDbE semitransparent solar cellswere measured in comparison to monocrystalline and

polycrystalline silicon cells. Devices were illuminated with a laser with a small spot size to

avoid errors due to variation of total incident power. To also represent power output

expected from a working module as a fuction of angle to the sun, the data was multiplied

Au AT Ofh OI AAAT O1 O &£ O OEA OAAOGAAA pPOIT EAAOAA
angle. Figure 8.5 shows both the current generated from a small spot as a function of

AT ciA 0T TEA 1TETAOGQ AT A 101 GEPI EAA AU AT Of OIl

cell (dashed lines).
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Figure 8.5: Angle-dependent photocurrent extracted from FAPbl 3 and MAPDbI; semi-
transparent solar cells, compared to that extracted from crystalline silicon (c -Si)
and polycrystalline silicon (poly -Si) devices. 0 represents light incident at the
normal; light incident at 90 cis coming completely from the side of the device.
Dashed lines take into account the reduced footprint of the solar cell with increased

illumination angle to represent powe r output from a module in operation.

The semitransparent FA and MAPK devices performed unprecedentedly well at lower
light angles. At angles shallower than the normal, and right up to ~&om normal, the
MAPDbE devices generated even more power thanhey did at the normal. Even more
impressively, the FAPh] devices show a continuousncreasein current generated as the
device is angled away from the normal, and generate up to 1.2 times the current extracted
from normal incident light at 75%. Notably, wth technologies show a drogoff in current

at higher angles than either silicon technology tested.-8i begins to drop in current at
~60°, and polycrystalline silicon at ~6%, as compared to the MA at #@&nd the FA at 80. It

is thought that at larger angles of incidence, light will be absorbed by the edges of the
DAOT OOEEOAS EOI AT AOG6h AT A AAT OOEI1T AA AT 1T OAOC
flat silicon solar cells. At certain angles, a greater surface area of perovskite viiilfact be
illuminated due to the aspect ratio of the islands, hence the increase above the current
displayed at ®. The particular morphologies of the two perovskites are likely responsible
for the distinction between their behaviours.In addition to the extra absorption from the
edges of the islands, there could also be a waveguiding effect provided from the Spiro
OMeTAD, where light incident at shallow angles onto a point with no perovskite is

redirected along the plane of the solacell until it hits t he side of a perovskite island. It is
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likely that both of these effects combine to produce the beneficial angle dependence

observed.

This demonstrates an important advantage of the semitransparent perovskites, and in
particular the FAPbg, for building-integrated photovoltaics. If this aspect can be enhanced
by careful design of the optical properties of each layer, then the seftmansparent
perovskite cells may be ideal for BIPV in high irradiance locations, where the sun spends a

large fraction of the dayclose to perpendicular.

The final concern when considering buildingintegration of solar cells, aside from
efficiency, transparency, aesthetics and cost, is that of lotgrm stability. The
methylammonium and formamidinium perovskites suffer from moistureinduced
degradation, meaning that effective waterproofing or sealing is necessary for real
operation.? For power-generating glass to be a viable installation, it must have a very long
functional lifetime to avoid the necessity of replacing windows or windw-coatings
regularly. Furthermore, for the neutral-coloured application discussed here, one problem
could be colour change under moisture degradation, to the yellow of lead iodide, the
degradation product?4 However, it has been showrthat when sealed eféctively, such
devices can be stable for hundreds of hours under full spectrum sunligkt.Additionally,
recently a water-resistant hole-transporting material replacement has been developed
which may be able to fully solve the issue of watesensitivity.24 Furthermore, others have
demonstrated a screerprintable carbon back electrode/hole transporter configuration
that enables longterm moisture stability.?6 These developments all point towards the
possibility of perovskite solar cells that are stable in e long term, even in outdoor

environments.

87/ OOITTE AT A AIT1TAlI OOEI I

In summary, dficient semi-transparent perovskite solar cells were fabricated by a)
incorporating the formamidinium cation into the microstructured architecture and b)
application of a nové transparent cathode. The FAased perovskite displayed higher
solar cell performance parameters and lower hysteresis than the equivalent
methylammonium-based devices, with an efficiency of 6.4% for a 34% AVT active layer.
With the application of a transmrent cathode,it was possible to fabricate completely
semitransparent full working devices with impressively neutratcoloured transparency.
From these, a power conversion efficiency of 5.2% was achieved from a device with an
AVT of 28%. This is a signifiént improvement on previous reports, rendering the devices

very commercially attractive for power-generating window applications. The angular
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dependence of the semitransparent perovskite technologies demonstrated excellent
performance at nonnormal angles,surpassing commercially mature silicon technologies.
These solar cellsthus appear to be ideal for alday operation in a buildingintegrated

setting.
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The vast majority of perovskite solar cell research has focused amganic-inorganic lead
trihalide perovskites. CsPhi thin films were presented in Chapter7, but they proved too
unstable for fabricate devices from. In this chapter, working inorganic CsPbperovskite
solar cells are presented for the first time. CsPblnormally resides in a yellow non
perovskite phase at room temperature, but by careful processing control and development
of a low-temperature phase transition route the material has been stabilised in the black
perovskite phase at room temperatureSolar cell devices in a variety of architectures have
been fabricated, with currentvoltage curve measured efficiency up to 2.9% for a planar
heterojunction architecture, and stabilised power conversion efficiency of 1.7%. The
functioning planar junction devicesdemonstrate longrange electron and hole transport in
this material, importantly demonstrating that there is nothing particularly special about
the hybrid organic-inorganic nature of the more studied perovskites. Significant rate
dependent currentvoltage hysteresis is observed in such devices, despite the absence of
the organic polar molecule previously thought to be a candidate for inducing hysteresis via
ferroelectric polarisation. Due to its space group and lack of a polar component, CsPbl
cannot be aferroelectric material, thus the notion that ferroelectricity is required to
explain current-voltage hysteresis in perovskite solar cells can be comprehensively
dismissed. This report of working inorganic perovskite solar cells paves the way for
further developments likely to lead to higher efficiencies, more stable devices, and new

materials for inorganic perovskite solar cells.

Room temp >310°C
Or 100°C with Hl

%"ﬁ

Orthorhombic ggg Cubic
Pnma ¥ 1 Pm-3m
Yellow phase Black phase
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As discussed and demonstrated in the prior chapters of this thesis, the most studied
perovskite materials for solar cells, methylammonium lead triiodide and formamidinium
lead triiodide exhibit long-range electron and hole diffusion lengths, low exciton binding
energies, high carrier mobilities and suitable bandgaps for making solar cells and other
optoelectronic devicesizs Whilst the organic cation enables the stabilisation of the ABX
perovskite structure, one concern of these hybrid perovskites, when compared to
conventional thin film compound semiconductorsjs the inclusion of the organic cation: as
shown in Chapter 7, the hybrid perovskites have considerably lower thermal
decomposition temperatures (between 150 to 200C in thin film) than conventional
inorganic semiconductors. In addition, whilst these materials form high quality thin film
semiconductors andsubsequently high efficiency solar cells, in certain configurations they
exhibit a current-voltage hysteresis on the timescale of seconds, making it easy to
overestimate the actual power conversion efficiency of such devices and inhibiting the
maximum performance being achieved:® Recently there has been much speculation
about the origin of this hysteresis, with the two main suggestions being 1) that it is due to
the motion of charged defects in solar cells under operating conditions, leading to
beneficial or detrimental bias-dependent charge extraction efficiencyz!! or 2) that it is
due to a ferroelectric polarisation, originating from aligned dipolar organic molecules in
the lattice12:16 There is evidence for both theories and thus far no studies have
conclusively ruled out either possibility. Ferroelectricity of the MAPK perovskite is
thought to arise from alignment of the MA molecular dipoles throughout the lattice.
Therefore, replacement of the polar organic molecule with a nopolar component woud
be an ideal test for the ferroelectric theory. If the polar organic molecule is responsible for
the hysteretic effect, replacing it with a norpolar component should result in hysteresis
free devices. There have been reports of all inorganic caesiunm fiodide perovskite solar
cells, which do replace the organic component and also the lead catigri8 However, the
efficiencies are very low and these are fabricated on mesoporous titania, a structure that is
known to mitigate hysteretic effects® Additionally, fabrication of Snbased devices
remains challenging due to susceptibility for the St ion to oxidize to Srt+.1° Caesium lead
iodide, the perovskite formed by substituting the organic cation in MAPbIwith caesium,
has not yet been reported in fundbning solar cells, likely due to the fact that the desired
black (~1.73eV bandgap) cubic perovskite phase is not stable at room temperature at
ambient conditions, making fabrication challenging® The material generally transforms
to the yellow NHCdC} non-perovskite structure type at room temperature within a

matter of minutes?! Solar cells with this yellow phase have been reported, but did not
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function at more than 0.09% PCE2 In this chapter, by processing the material in a totally
air-free environment, allowing stabilisation of it in its black phase, working caesium lead
iodide solar cells are fabricated for the first time, and it is shown that such fully inorganic
devices do display significant hysteresis in the currenvoltage measurement.lt can ke
comprehensively concluded that rotational alignment of the organic polar molecule in
hybrid perovskite solar cells is not necessary for inducing currenvoltage hysteresis.
Moreover, the respectable starting performance of these inorganic perovskite deds
shows that the hybrid nature of the previously explored perovskites is not critical to
fabrication of working solar cells. The solar cells function even in a thifiilm planar
heterojunction architecture, demonstrating that this material has good ambipiar
transport properties and a significant diffusion length despite the absence of the organic

dipolar component.

93, 1 OAIl PAOAOOOA EAAOEAAOEII AT A
Caesium lead iodide (CsPBl has been previously synthesised as single crystals and as
nanocrystals, and as a dopant in methylammonium lead iodide films in solar cetP=26 |t

can be solutiorprocessed in a similar manner to the hybrid lead halide perovskites; upon

formation at room temperature it exhibits a yellow orthorhombic phase wih wide

bandgap, unsuitable for solar cell application& Upon heating, it can form a black cubic

perovskite phase with an optical bandgap of ~1.73e%. The phase transition has been

reported to occur at temperatures of ~310C20.25 However, upon cooling,this phase is

unstable in ambient conditions at room temperature, returning to the yellow non

perovskite phase in a matter of minutes. Practically, it was found that when spitpating a

OEET &£EI i 1T &£ | AOGAOEAI h &EAvdnEdessartd Orm @A bidRid OAOOOA O
phase, and that after returning to the yellow phase when exposed to ambient conditions,
re-heating would return it to the black phase. Notably however, it was found that when the

AEI T xAO 1TAOGAO Agpi OAA Oi1édi BEEAICEAARORAEODPBAD
room temperature, for a matter of weeks at least. The presence of atmospheric moisture

appears to catalyse the phase transition in some way. Thus, by processing full devices in
completely air-free systems, it was possible toabricate thin films and full solar cell

devices. Smooth and uniform thin films of black phase CsRbkre formed by spin-coating

a 1:1 Csl:PWi solution in DMF and heating to 338C. However, 335C is still a relatively

high temperature, rendering the convesion impractical for a number of device
architectures and substrates, such as temperatursensitive ¢Si solar cells (relevant for

tandem cell applications). However, it was found that by adding a small amount of

hydroiodic acid, an additive commonly empdyed to enhance the solubility of perovskite
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precursors allowing uniform film formation (as shown in Chapter7),227 to the precursor
solution prior to spin-coating, it as possible to convert from the yellow to the black phase
at only 100eC. Using this adiiive route, it was possible to form uniform and smooth thin

films of black CsPhJ by spin-coating the precursor solution plus additive and annealing at
1000C for 10 minutes.

a Room temp >310°C b "0 , , ,
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Figure 9.1: Material properties of CsPbl 3 a) Diagrammatic structure of CsPbl 3
phases20,23. b) Absorbance spectra of black and yellow phases of CsPbl ; thin films.
c) X-ray diffraction spectra (XRD) of CsPbl s thin film in black phase, with peaks
assigned to a cubic (Pm-3m) lattice with a=6.1769(3)A. Peaks marked with * are
those assigned to the FTO substrate. The XRD was performed in air, with the
perovskite film coated with polymethylmethacrylate (PMMA) to mi nimise exposure
to air and inhibit the transformation into the yellow phase. d, XRD of yellow phase
CsPbk.

Figure 9.1 shows the material properties d CsPbi yellow and black phase thin films. The
crystal structures of the yellow and black phases are shown iRigure 9.1a). Absorbance

spectra (Figure 9.1b) agree with previous observations and indicate a material with
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bandgap of ~1.73eV for the black phase, and a material absorbing only below ~44tn
(2.82eV) in the yellow phase. Refinement of-ray diffraction data for the black phase
(Figure 9.2¢) indicates a cubic perovskite structure with &ttice constant a=6.1769(3)A
and space group PrBm (no. 221)2023 |t is noted that this is not a ferroelectric space
group, so this material cannot sustain ferroelectricity in the classical mannerby

distortion of the lattice.

The addition of HI did nd result in any obvious changes to the optical properties of the
material, as is shown inFigure 9.2; the absorption spectrum is essentially identicafor the
low and high temperature processed material. However, it was noticed that in addition to
forming the black phase at lower temperature, the films processed with HI at low
temperature were stable in the black phase for significantly longer when exged to air
than the high-temperature processed filmsz hours rather than minutes. This implies that
the films processed with HI are producing a material with a more energetically favourable
black phasez it requires less energy input to form it and it is nore stable once formed. To
further understand the role of HI, and the mechanism by which it allows us to form the
black phase at a lower temperature, a more idepth characterisation of the material

formed with and without HI was carried out.
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Figure 9.2: a) Comparison of absorbance spectra of films fabricated at low and high
temperatures (with and without the  hydroiodic acid additive) on FTO/compact TiO
substrate, which is representative of the morphology on all substrates. Inset:
magnification of onset. b) Scanning electron micrographs of films fabricated without
and witt HI additive, annealed at high and low temperature respectively. Inset:
magnification of film fabricated with HI showing small grain size. ¢) Comparison of
XRD spectra of films processed with and without HI. Assigned peaks are marked;
peaks labelled with a # are assigned to some yellow phase p resent due to

degradation in the film without HI (full spectrum of yellow phase in Figure 9.1). d)
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Magpnification of the (110) and (200) peaks to show peak splitting an  d shoulder in

film processed with HI.

As shown inFigure 9.2b, scanning electron microscope characterisation of the surface of
black phase films formel with and without HI (annealed at low and high temperature
respectively), indicate a significant difference. Both films appear very uniform and smooth,
but the grain size of the films formed without HI is very large, whereas with HI, the grains
are significantly smaller z only on the scale of ~100nm, compared to almost microns in the
film processed without HI. Comparing the Xay diffraction spectra (Figure 9.2c and d), it
can be noticed that although the overall majority crystal structure appears identical in the
two films, there is a different degree of orientation (comparing the magnitude of the (100)
and (200) peaks with the other peaks observedy the film processed with HI has a more
pronounced orientation. Moreover, looking closely at the (110) and (200) peaks={gure
9.2d), a further difference becomes evident. The (110) peak is in fact split in the film
processed with HI, appearing as a single peak only in the film processed without HI. This
second peak cannot be assigned to any possible impurity, nor degradation to the yellow
phase, the spectum of which is shown inFigure 9.1d). The (200) peak exhibits a small
shoulder in the HI processed film, and is a clear single peak in the film without HI. Peak
splitting such as this is often related to the presence of strain in a crystalhus it is
proposed that the film processed withHI has a slightly strained crystal lattice8 This strain
could then be responsible for allowing the lower temperature phase transition; strain has
previously been observed to induce crystal phase transitions, and serves to completely
shift the phase diagam for a material?9%32 The role of HI in creating this lattice strain is
likely related to formation of the smaller grains, which then causes the strain in the lattice.
The small crystals presumably result from faster crystallisation from the solution
containing HI, which could be due to the HI being driven off more rapidly than pure DMF,
or reduced solubility of the precursors in a solution containing HI. It is noted that this
would be opposite to the behaviour observed for MAPblor FAPDE, as detailed m Chapter

7, but given the replacement of the organic component with Cs, likely totally altering the
solubility in different solvents, this would not be unprecedentedThe evaporation of the Hl
during spin-coating could also be responsible for nucleatinghe material, providing a
greater nucleation density and thus darger number of smaller grains.HI clearly induces
the formation of smaller grains, and this is likely responsible for stabilising the black
phase at lower temperature. It is noted that in therevious report of CsPbi nanocrystals,
Protesescuet al observed that the smaller the nanocrystals, the more stable they were in

the black phase, with the smallest nanocrystals being stable in the black phase for
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months.23 This fits well with the observaions made here and reinforces this hypothesis,
suggesting that the grain size is of critical importance for stabilisation of theldéick phase at

low temperature.

92.4#00A8) 1 AO AAIIT O

Having formed CsPhistably in the black cubic phase, and having ascertad that it can be
maintained in this phase for a long period of time by processing in afree environments,
solar cell devices were fabricated. Solar cells were made in both the planar heterojunction
and infiltrated mesoporous TiQ architectures, as planaheterojunctions will function only

if the material is such that photoexcitation generates free carriers which are able to reach
the opposite sides of the device before recombining. Infiltrating the perovskite into
mesoporous titania allows materials with worse transport properties to function
effectively, with the material acting as a sensitizer, and transferring photoexcited carriers
rapidly into the mesoporous titania and hole transporting layer as appropriate.
Additionally, the low temperature proces€E1 ¢ OT OOA AlI 11T xAA OEA
planar heterojunction devices, based on a PEDOT:PSS coated substrate with tHgpe
PCBM electron collection layer on togFigure 9.3a shows diagrammatic representations of

the different architectures employed.
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Figure 9.3: Solar cell properties. a) Schematic of the architectures used. Current -
voltage characteristics measured under simulated AM1.5G illumination, scanning
from forward to reverse bias at 0.1V/s, for regular planar heterojunction s (b),
mesoporous titania based devices (c), and inverted planar heterojunctions (d).

Devices were unencapsulated and were measured in vacuum conditions.

The perovskite, optionally infiltrated within a 400nm thick layer of mesoporous TiQ, is

sandwiched bdween electron-selective and holeselective contacts of compact Ti©and

Spiro-/ - A41'$ OAOPAAOEOAI U &£ O OEA OOACOI A0S AAOGEA
OE1 OAOOAAS AAOGEAAOG8 7EAT 110 ET £ZEI OOAOAAR OEA
~220nm. The Spiro-OMeTAD was doped withSpiro(TFSI), and tert-butylpyridine; the

Spiro(TFSI), negates the normal requirement for doping via air exposurés The current-
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voltage (JV) characteristics, measured under AML1.5 illumination and scanning from
forward to reverse bias, are shown irFigure 9.3b, ¢ and d. The regular architecture planar
perovskite solar cells are observed to generate up to 12mActshort-circuit current
density, and an opercircuit voltage of ~0.8V. This results in 2% PCHor the fast JV scan.
The mesoporous titania devices do not perform as effectively, generating lower open
circuit voltage, fill factor, and shortcircuit current. This results in only 1.3% PCE. The
planar inverted devices generate a lower current, but a good fill factor and opesircuit
voltage, resulting in 1.7% PCE. Higtemperature processed CsPhldevices in the regular
planar and mesoporous structures were also fabricatk these devices behaved very
similarly to the low-temperature processed films. The planar regular devices and the
mesoporous devices are clearly subject to imperfect shunt and series resistances, and
possibly non-optimal interface contacts causing the shape of the planar device. Clearly,
they are not optimised devices, but they do function. Further work will be necessary to
understand the limitations of these initial devices, and fabricate higlefficiency solar cells.
These will likely be enabled by optinising deposition techniques and annealing protocols,
as has been responsible for the current high efficiencies of the more studied MAPdmd
FAPDbE devices?27.34.35

The fact that the planar devices function is integral to the understanding of this matedi A
functioning planar device means that because charges are extracted and a significant
short-circuit current generated, carriers must be able to travel across the film before
recombining. This implies that both electrons and holes must have a significadiffusion
length in caesium lead triiodide. Moreover, it implies that the exciton binding energy is
low enough that most excited carriers in the film are present as free carriers as opposed to
excitons. The fact that the planar devices outperform the nseporous devices indicates
that transport in the perovskite is likely superior to transport in the mesoporous titania,
and indicates that there is no need for the mesostructured approach for this athorganic

perovskite.

95 ( UOOAOAOBDABEA AQOA)

As discussed in previous chapters, the issue of currembltage hysteresis, with different JV
characteristics exhibited at different scan speeds, is a critical issue in the hybrid organic
inorganic perovskite solar cells. Typically regulasstructured planar devices display most

hysteresis, with mesoporous titaniabased devices and inverted devices mitigating the
effects of hysteresis. The extent of hysteresis can be ascertained by measuring stesidye

power output of the cell, which at maximum power pointgives the real sustainable
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efficiency of the device. Comparing this to the currentoltage sweeps allows us to
qguantify to what extent the PCE is artificially inflated in the JV scan due to the hysteretic
effect. Accordingly, current-voltage characterisics for these fully inorganic perovskite
solar cells were measured at different rates, and also the steadyate power output at
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Figure 9.4: Hysteresis in inorgani ¢ perovskite solar cells. Current -voltage
characteristics measured at different sweep rates for a) regular planar devices, c)
mesoporous titania devices, and e) inverted planar devices. FB -SC = scanning from
forward bias to short circuit, SC -FB vice versa. b), d) and f) show stabilisation of
current density and hence PCE measured at the maximum power point determined
from FB-SC scan at 0.1V/s, compared to the PCE extracted from that JV curve. The

final stabilised power output (SPO) is marked on the JV plots as a red circle.
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Current-voltage characteristics measured at different scan rates are shown on the left, and
stabilised power measurements (holding at maximum power point) on the right hand side

of Figure 9.4. It can be observed that the regular structure planar deviceF{gure 9.4a)
shows large differences in its JV scans depending on scan rate. Faster scans appear to
show in particular a superior fill factor, and more similar forward (SCGFB) and reverse
(FB-SC) scans. At the slower scan speed, there is a very large difference in the forward and
reverse scans. By measuring the stabilised power outpuFigure 9.4b), it is shown that the
stabilised value is significantly below that estimated fom the JV scans; indeed, it is lower
than any of the scans, no matter the rate or directiolherefore, it can be concluded that
the perovskite device in this architecture does display significant hysteresis, with the JV
scans overestimating the PCE by adtor of more than 2. The mesoporous titania devices
(Figure 9.4c and d) do also display some variation in hysteresis with scan rate, though not
as ndable as the planar devices. The stabilised power output rises to a value very similar
to the estimated PCE from the JV scan, so it can be concluded that while there is some
hysteresis in the currentvoltage characteristics, it does not critically affecthe steady
state response. In the case of the inverted devices, little hysteresis is observed in the JV
curves. However, the scans at a very fast rate give a slightly lower shaitcuit current
density. The stabilised power output of these devices rises mmost exactly the same as
the PCE estimated from the best JV curves, so there appears to be no artificial inflation of
the PCE value in this case; hysteresis does not seem to affect these inverted devices
detrimentally. It is noted that there was a simiar degree of hysteresis observed in high

and low-temperature processed devices.

From these measurements several things can be concluded. Firstly, curremiltage
hysteresis is present in CsPhi devices. This effect is therefore not unique to the hybrid
materials with a dipolar organic molecule. CsPblcannot be ferroelectric, either via dipole
alignment or by classical lattice distortion, as it does not have a ferroelectric space group.
Therefore the current-voltage hysteresis displayed here, and likely in other perovskite

solar cells, is not a ferroelectric effect.

Secondly, it is observed that the planar regular device shows very significant hysteresis,
and over-estimation of the PCE from thelV scans. On the other hand, the mesoporous
titania based and inverted planar devices show little overestimation of the PCE, and much
reduced hysteresis in the JV scans. This is in keeping with what has been observed
previously for MAPbk devices®7 It is now generally thought that the hysteresis arises due
to compensation of an applied bias with an internal builin field, as shown

diagrammatically in Chapter 2, Section 2.5.3236.37 This built-in field acts to reduce
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recombination after the device has been held at forward bias (i.e. scanning-S&); it can
allow even devices with poorly selective contacts to function well temporarily by biasing.
This allows cariA OO0 O1 AA A@OOAAOAA AAE OA OAAIZ AET AOEI
this is the reverse scan with the higher efficiency. Devices with contacts that already
rapidly extract charge before it recombines will not be so affected by the temporary built

in field, as it is not necessary for efficient extraction of charge. This is likely to be the case
for the mesoporous and inverted devices. The large surface area of mesoporous titania
allows rapid extraction of electrons, as does the PCBM in the invertedvdees. However,
the compact titania in the planar regular device is not as effective at extracting charge
there is even some evidence for an energy barrier that must be overcome by the
temporary built-in field.38 It requires the temporary enhancement gmed by the device
previously being at opencircuit conditions to function well (FB-SC inFigure 9.4a). Upon
going back to short circuit, or holding & the maximum power point, the device behaves
poorly again (SCFB in Figure 9.4a). The hysteretic effect can be seen as changing the
balance between reombination and charge extraction. To perform well, a device must
extract charge efficiently before it recombines. This can either be achieved by having slow
recombination or efficient contact materials. Prebiasing temporarily reduces
recombination by seting up an additional built-in field, physically separating photoexcited
electrons and holes, so for a device with poor contacts, for short time after this, the device
can function well but when the effect dissipates recombination critically impacts the

device once more.

The dependence of hysteresis upon scan rate affords knowledge about the timescales

involved in the hysteresisinducing process. If the JV scan occurs on a timescale faster than

the hysteretic effect, little difference will be observed in fovard and reverse scans as the

effect will not have had time to make a difference OEA AAOEAA EO ET OEA OA
OOAOAS OEOI OCET 0068 )& EO 1T AAOOO 11 A OEI AOAAI
difference will also be observed, as the pr@ss has time to occur already and the device

will be in effectively steady state at all points during both scans. It is when the JV scan

happens on a timescale similar to the hysteretic effect that a large difference is observed in

forward and reverse scasz ET  OEA & OxAOA OAAT OEAssi#6sOEAA EO
OOAOAS AT A ET OEA OAOAOOA OAAIT Figu®94)Ghowd OEA OA
that the hysteresis is most severe at the slowest rate of 0.01V/s. Faster than this, the JV

curves show significantly higher PCE than the SPO, in accordance with being temporarily

enhanced. Scanning slower was practically infeasible; based on tB®0O measurement it

can be assumed that it would take 10s of seconds at each point to reach steady state. From
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the magnitude of hysteresis in the 0.01V/s scan, it can be concluded that in this device the

hysteresis occurs on a timescale of seconds.

The man alternative to ferroelectricity proposed as a cause for the hysteretic effect is ion
motion within the perovskite film. Charged defect ions could move to compensate an
applied field, resulting in the built-in field via charge accumulation at the interfaes or

doping of the film at either side. It has been shown that ions can move under bias in
perovskite films, and there is mounting evidence that this is also the cause of the current
voltage hysteresis?1037 The results presented here agree well with tis theory; the

timescale of hysteresis observed is as expected for ionic motion, and the ferroelectric

effect can be comprehensively ruled out.

Although the devices presented in this chapter are not the most efficient, with further
optimisation it is likely that they could perform as well as the hybrid organigénorganic
materials. The fact that working CsPhldevices have been fabricated suggests that there is
no fundamental property of the hybrid organicinorganic materials that allows them to
work as eficient solar cells. It should be noted however that the maximum opeaircuit
voltage generated by these devices under full sun illumination is 0.85V and the material
has an optical band gap of 1.73eV. Therefore the loss in potential or voltageficit, i.e. the
difference in energy between the band gap and the opesircuit voltage, is relatively large

at 0.88 eV. It remains to be seen if similarly small voltage deficits can be achieved as with
the organicinorganic perovskites (<0.4eV), at which point it cald be claimed that the
inorganic perovskites are just as effective as PV materials. To motivate such effort, these
inorganic materials do not suffer from some limitations of the hybrid materials; notably
the thermal stability of CsPbi is much greater than that of the organic containing
materials, where the organic component becomes volatile and easily removed at elevated
temperatures. Whilst MAPb} is known to degrade even when held at 85°C for long periods
of time33° rendering it ultimately unsuitable for commercialisation, the black phase of
CsPb} is stable up to over 300°Ct this is clearly a significantly more thermally stable
material. If the ambient instability problems of these inorganic materials could be
overcome, they could be a significantly wre generally stable material allowing longterm
efficient operation. Moreover, incorporating CsPhlinto high efficiency MAPbt devices
could lead to the optimum combination of high efficiency and good thermal stability.
Sgnificant further research into inorganic perovskite solar cells is expected to take place,

likely to be accompanied by enhanced efficiencies and stability.
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96/ OOI TTE AT A Al1TAI OOCET I

To summarise the work described in this chapter, working inorganic CsPbkolar cells
have been fabricated dr the first time. By carrying out all processing in a totally inert
atmosphere, and developing a low temperature phase transition route, it has been
possible to stabilise CsPhlfilms in the black phase at room temperature, and fabricate
solar cells in avariety of architectures. Despite the fact that this material cannot be in any
way ferroelectric, significant current-voltage hysteresis is observed in such devices, ruling
out ferroelectricity as the cause of curremvoltage hysteresis. Importantly, the fully
inorganic materials such as this are much more thermally stable than the hybrid materials,
which degrade under sustained heating at low temperatures. These therefore could
represent the future of perovksite solar cellsz it may be necessary to employnorganic
materials to pass necessary certification for commercialisation. The results presented in
this chapter pave the way for further optimisation and stabilisation of the inorganic
perovskite materials, with potential for more efficient and more stabe devices than the

hybrid materials currently displaying the highest efficiencies.
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W. deQuilettes, S. K. Pathak, R. J. Sutton, G. Grancini, D. Ginger, Bamssén, A.
Petrozza and H. J. SnaitGlhe importance of moisture in hybrid lead halide
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101#1 1 OA@O AT A OOiI T AOU

Moisture, in the form of ambient humidity, has a significant impact on methylammonium
lead halide perovskite films, as mentioned in previous chapters. In particular, due to the
hygroscopic nature of the methylammonium component, moisture has been observed to
play a significant role during film formation. This issue has so far not been well
understood, and neither has the impact of moisture on the physical properties of resultant
films. It is of crucial importance, however, when considering scaling up production of
perovskite films: what level of atmospheric control will be necessary? In this chagt, a
comprehensive and welcontrolled study is carried out on the effect of moisture exposure
on methylammonium lead halide perovskite film formation and properties. It is found that
films formed in higher humidity atmospheres have a less continuous molmlogy but
significantly improved photoluminescence, and that film formation is faster. In
photovoltaic devices, it is found that exposure to moisture, either in the precursor solution
or in the atmosphere during formation, results in significantly improvel opencircuit
voltages and hence overall device performance. It is then found that by petseating dry
films with moisture exposure, photovoltaic performance and photoluminescence can be
enhanced in a similar way. The enhanced photoluminescence and opércuit voltage
imply that the material quality is improved in films that have been exposed to moisture. It
is determined that this improvement stems from a reduction in trap density in the films,
which is postulated to be due to the partial solvation ofte methylammonium component
Al A DOAIT&E ¢cé6 T £ OEA PAOT OOEEOA 1 AOGOEAA8 4EA
the importance of controlled moisture exposure when fabricating higfperformance
perovskite devices, and provides guidelines for themiimum environment for fabrication.
Moreover, it is noted that an unintentional water exposure is likely responsible for the
high performance of solar cells produced in some laboratories, whereas counter
intuitively careful synthesis and fabrication in a dy environment will lead to lower-

performing devices.

N 14

Jj

0 10 20 30 40 50 60 70 80

PLQE (%)
o N

o
v

Current density (mAcm™)

|
(]

02 04 06 08 10
Voltage (V)

o
=)

Relative humidity during fabrication (%)

181



10. THE IMPORTANCE OF M&TURE IN HYBRID LEABALIDE PEROVSKITEHIN FILM FABRICATION

10.2) T OO1 AGAOEIT 1

Most work on perovksite solar cellshas focused on optimising the solar cell constituents
namely the absorber material and chargeollection layers. The impact of environmental
factors impacting the device fabrication, in contrast, has largely been neglected. Due to the
general moisture-sensitivity of the perovskite material, in particular the effect of local
humidity during the fabrication of perovskite films is an important factor, which merits
further scrutiny. This variable is most often not sufficiently controlled, although recent
reports indicate it may be critical in the formation of highquality absorber films required
for the most efficient devicest2 Indeed, there is a wide vaiation of atmospheric conditions
used between different research laboratories which are often not reported in the
literature. Whilst it appears that many groups process their devices inside dry nitrogen
filled gloveboxes, many others fabricate devices inmabient conditions without controlling
the humidity, which can vary strongly depending on the local weather conditions at the
time. Recent reports have shown that this mostly uncontrolled variable could be crucial to
attaining the highest efficiencies, satiis likely that a controlled humidity environment is a

requirement for optimising device fabrication2z5

Thus far there is only a fragmented understanding of the role of humidity with regards to
device fabrication and performance due to a lack ahorough and comprehensive studies
of this variable. In Chapter 4, it was noticed that the morphology of a perovskite film
significantly depended on whether it was fabricated in air or a nitrogen atmospherdn
this chapter the fragmented understanding isemedied, by investigating in great detail the
impact of moisture on perovskite film properties and photovoltaic performance.lt is
concludedthat exposure to water at some point in the fabrication of the perovskite film is
critical to attain the highest quality perovskite films, and that device performance

improves accordingly.

103$ 0U OAOOOO EUAOAOAA T AOEUI AITI
When considering the role of moisture, it is important to distinguish between formation
and degradation of the perovskite film. It appearshat the presence of moisture influences
the formation of the perovskite film during the crystallization phase but alsohas a
deleterious effect ona fully crystallized film, leading to its degradation. It has been
reported that prolonged exposure to moi$ air will degrade a methylammonium lead
iodide perovskite film, and it was shown in Chaptei7 that a formamidinium lead iodide
film discolours in very humid air t00.62® The mechanism of degradation is thought to

involve the formation of hydrated intermediate structures (MAPbtPO and
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MA,Pbls2H;0), followed by total irreversible degradation to lead iodide. This is clearly of
importance when considering the commercial lifetime of a perovskite solar cell exposed to
atmospheric conditions. Howeverduring fabrication the impact of moisture has also been
reported to have a critical impact on the crystallization of perovskites. Ket al, Ragaet al
and Pathak et al have reported that airannealed perovskite films display higher
efficiencies as compared to thosennealed in nitrogen, although in these reports the
humidity is not controlled, andit can therefore not unambiguously be determined whether
oxygen or moisture are responsible for the improved performance®&5 The reason for
these improvements is concludd to mainly stem from an increase in crystal size. Yoet al
have reported that films annealed in controlled levels of humidity (though spircoated in
dry nitrogen) show a maximum performance at 2840% relative humidity (RH), which in
turn is linked to an improved morphology.2 Notably, Bass et al report that in order to
crystallize perovskite powders fully, exposure to moisture is crucial® In this chapter, the
impact of moisture during the preparation of perovskite films and deviceds further
explored, and it is demonstrated that it plays an important role for device performances.
To carry out the experiments detailed herein, a humiditycontrolled chamberwas built, in
which humidity can be regulated with a flow of dry nitrogen that passes through a water

bubbler. A schematic of the humiditycontrolled chamber is shownin Section10.9.

An important point of discrepancy between reports of perovskite solar cells is in the
preparation of methylammonium iodide (MAI). Throughout the published literature,
different degrees of purity of MAI have been used. Many groups recrystallize and wash
their MAI crystals to purify them, or use theasformed crystals, but do not necessarily
remove absorbed moisture from them by stringent vacuum drying or sublimation. Given
that MAI is known to be hygroscopic, as with most alkylammonium salt$,MAI that is not
treated to remove water will likely contain significant (but uncontrolled) amounts of
absorbed water. In order to comprehensively study the impact of moisture on perovskite
film formation and properties, herea precursor solution prepared from MAI thathas been
dried overnight in a vacuum oven and subsequently stored in a moistuiee glovebox
was used so it should be free of most absorbed moisturét was found that MAI could be
reversibly hydrated by exposure to air for a day or more, then vacuum d¥d at 40-50°C to
dehydrate. Approximately 7% by moles of MAI became hydrated quickly, corresponding to
a ~1% weight increase. It is noted thatin this report the chloride-assisted non
stoichiometric mixed halide precursoris usedto form MAPbk perovskite films, namely a
precursor solution of 3:1 MAI to lead chloride by molesnormally termed MAPDbg.Cl.
During annealing,it is expected that the excess organic and chloridevill be removedi2z15

This fabrication route is likely to be especially sensitived moisture during the fabrication,
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due to the large excess of the hygroscopic MA, and once formed it should behave similarly

to MAPDbk formed via the myriad of other processing techniquess

i OOOAT AA

MAI powders were compared. The standard MAI is the material normally used in our lab;

it is purified after synthesis but not vacuumdried, and stored in ambient air where it will

readily absorb moisture. Filmswere fabricated from the two precursors in identical

conditions, annealing the perovskite films at 90°C for 2.5 hours in a controlled humidity

environment of 20% RH. InFigure 10.1a, it is shown that the morphology of perovskite

films fabricated from the two precursors is similar.The surface coverages are quantified

to be 70% and 72% for the standard and dried precursors respectivel\Despite this, the

photophysical properties of the fims appear to be very different. InFigure 10.1b it is

shown that the photoluminescence and photoluminescence quantum efficiency are

significantly reduced for the dried precursor, and in Figure 10.1c, it is shown that the

lifetime of excited species measured with timeesolved photoluminescence

significantly shorter.
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Figure 10.1: a) Scanning electron micrograph of the morphology of MAPDI3 films

prepared from chloride containing precursors, using standard and dried MAI

powders, in 20+5% RH conditions. b) Photoluminescence and photoluminescence
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quantum efficiency, measured using an integrating sphere, for the standard and
dried precursor perovskite films. PLQE was measured for at least 3 points on the
sample and errors represent standard deviation. c¢) Time -resolved
photoluminescence measured at 785nm, with excitation at 510nm, 3uJcm -2 per

pulse, at 1MHz.

The striking difference in physical properties, despite the similar macroscopic
morphologies, between the two precursors indicates that the beneficial effect of the
absorbed moisture in the standard MAI is not based on a change macroscopic
morphology of the perovskite film. Previously, all differences observed in atmospheres

with different relative humidities have been attributed to morphological considerations.

104! 1T AATET C ET AEZEZAOAT O EOI EAEO
In order to pinpoint exactly how maisture affects the photophysical properties of a

perovskite film, subsequently only the dry precursor solutionwas used for all further

experiments. It is thus possible to explore the effect of exposing perovskite films, which

have not already been exposetb water, to different levels of humidity at different stages

of their formation.

The impact that exposure to moisture has on the morphology and physical properties of
the perovskite was investigated by annealing films in a range of controlled humidity
conditions. Typical literature reports indicate that annealing of this perovskite precursor

takes ~2-2.5 hours to form the best perovskite filmsg.217.18
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Figure 10.2: Impact of humidity on rate of perovskite film formation. In  -situ
absorbance of a film at different points during the annealing in a) 0% RH
atmosphere and in b) 30% RH atmosphere. c) Trace of magnitude of absorbance at
700nm over time for both films. Inset: higher detail in the early time period of
annealing. This data was collected by J. J. van Franeker and B. Bruijnaers of the

Eindhoven Technical University, the Netherlands.

It was noticed that films changed colour more quickly in a moist atmosphere, in which
they form the final dark film faster. This phase corresponds to the tetragonal MAPbI
perovskite structure. This wasquantified by measuring the insitu absorbance of a spin
coated perovskite film over time during the annealing process, while annealing in either
dry nitrogen or nitrogen with 30% RH. The films were both spircoated in adry nitrogen-
filled glovebox to exclude effects during the sphtoating process.lt is noted that due to
the measurement setup, the absorption measured represents two passes of light through

the sample.

Firstly, considering the film annealed in 0%RH Kigure 10.2a), an initial peak is seen at

approximately 410nm, and an absorption feature with onset of ~600nm. It is not entirely
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clear which materials are present here but it is proposed that lead iodide is responsible for
the ~410nm peak, having been previously bserved in the initial stage via Raman
studies}4 and possibly a layeredtype perovskite, forming due to the large MA excess,
AT O A POl OEAA OEA AAOI OAAT AA xEOE 11 0AO xomn

DEAOASG OEAO EAO AAAT mwioddErayGcaiteting éxpetrkeqi?’A A OE OT C

Upon annealing, the absorbance increases steadily and the characteristic tetragonal

il

MAPbE perovskite absorbance spectrum, with onset at ~780nm, is formed (feature 1
marked onFigure 10.2a). After ~10 minutes, the lead iodide peak has disappeared and the
perovskite absorbance is maximised. However, a drop in absorbance at around 700nm is
then observed, which subsequently increass again until about 30 minutes, after which
time the absorbance remains unchanged up to 180 minutes of annealing (feature 2
marked onFigure 10.2a). In Figure 10.2c the absorbance at 700nm is plotted as a function
of time. The gradual increase of absorbance in the initial phase (t < 10 min) and the

subsequent decrease and rincrease (10 <t < 30 min) are clearly seen.

Considering the film annealed in 30%RHKigure 10.2b), several differences are noticed.
Firstly, as soon as the film is exp@sl to the moist atmosphere, the characteristic
perovskite spectrum appears very rapidly (see inset ofigure 10.2c). Upon annealing, this
decreases quickly before rising again (feature 1 marked oRigure 10.2b). The perovskite
absorbance is fully formed by ~9 minutes, much faster than for the 0%RH annealed film,
which takes ~30 minutes. There is no spike and drop as seen in the 0%RH annealed
sample. Upon prolonged annealing, a drop in magnitude of absorbance in the%3RH
atmosphere is observed, likely indicating a degradation of the perovskite film (feature 2
marked on Figure 10.2a). This may well be correlated with the formation d the hydrated

intermediate structure observed by Yang et &.

It is noted that the absorbance spectrum being maximised does not correspond to the

optimum curing conditions for the crystalline perovskite film. Upon being taken from the

hotplate and transfrred into ambient air, films that are annealed at 98C for less time

than ~ 2 hours degrade rapidly,forming a transparent material, indicating that there is

likely to be a large excess of the hygroscopic MA componergmaining; this observed

degradation product is in keeping with the hydrated phase observed by Christians et al

and Yang et gland can be reversed on heatirfgf Additionally, it is noted that while the

quick initial appearance of perovskite absorbance in the humid atmosphere, and

subsequer®O AAAOAAOAR AT A OEA DI OOEAI U OAI AGAA OODEI
RH annealed film, are likely important, the significance of this features not fully

understand, and further research on this is necessary. There is significant evidence that
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quality perovskite films. 20223

The key conclusion of this experiment is that the finaletragonal MAPbk perovskite phase
forms faster in a more humid atmoghere. Firdly, the chemistry of the situation is
considered Methylamine and methylammonium halides are soluble in water -
hygroscopic, in fact. On the other hand, lead halides, the other component present in the
precursor, are insoluble or at best sparingly soluble in waterTherefore water acts as a
partial solvent for the perovskite precursorz it can solubilise the organc component but
not the lead halide. During formation of the perovskite film, in order to form a
stoichiometric perovskite lead iodide and a stoichiometric amount of methylammonium
iodide must be retained, and a large excess of methylammonium chloriddost, which is
likely driven off as methylamine and hydrochloric acic425 Hencethe reaction would be
expected to be accelerated in the presence of moistyrdue to the fact that methylamine
and hydrochloric acid will form more readily via acidbase interacion with moisture, after
which they will immediately vaporise, driving the reaction forward. This will allow loss of
the methylammonium chloride with lower activation energy, and furthermorethe ambient
moisture will provide greater bulk mobility to the methylammonium component retained

in the film, reducing the time needed for it to move to form the stoichiometric perovskite
crystal. This is in keeping with the observations of Bass et al, who observed a rapid
transformation of precursor powders to perovskie powder upon exposure to moisturez
the water is solvating the methylammonium and allowing physical material flow to form

the perovskite 10
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Figure 10.3: a) Optical microscope images of perovksite films prepared in different
humidity atmospheres on compact TiO2 -coated FTO substrates. The scale is the
same in all images. Perovskite material is light in colour, bare substrate is darker. b)
Photoluminescence quantum efficiency for perovskite films prepared in different
humidity atmospheres. Data points are from the average of at least 3 measurements
each, with error bars indicating standard deviation. c) Time -resolved
photoluminescence measured at 785nm, with excitation at 510nm, 3pJcm -2 per

pulse, at 1MHz, for films prepared in different humidity conditions. d) X -ray
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