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Abstract 

The work documented in this thesis concerns the control and modification of 

semiconducting perovskite thin films for their use in perovksite solar cells (PSCs). PSCs 

are a promising new thin-film 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 to the field. 

Initially, this work focuses on understanding why the best PSCs made 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. By understanding the crucial parameters important in carefully controlling 

this dewetting, it is minimised, and it is shown that scaffold-free planar heterojunction 

devices with high efficiencies can be fabricated.  

This work leads on to the next section; the development of semi-transparent perovskite 

solar cells. In their present state, PSCs cannot compete with silicon as stand-alone 

modules. Here, the morphological control has been leveraged to realise a different 

embodiment – semi-transparent perovskite devices for use in building-integrated 

photovoltaics. Competitive efficiency and transparency are demonstrated. Moreover, a 

hybrid self-tinting power-generating window concept is fabricated, by combining the 

photovoltaic and electrochromic technologies. 

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 are altered, 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 in-depth study on the effect of 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 the perovskite 

material, enhancing device performance and film quality. 
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1. INTRODUCTION 

1.1 Background and motivation 

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 over 105,000 terawatt-

hours (TWh) per year, equivalent to a sustained power consumption 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%.2 However, the vast majority of 

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

Carbon dioxide produced 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.3 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 practical consideration as supplies 

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

carbon dioxide, and that can supply a large fraction of the world’s needs is of the utmost 

importance if society is to continue its current energy consumption habits. Candidates as 
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renewable energy sources include wind power, solar power, geothermal power, tidal 

power and hydropower. Of these, as shown in Figure 1.1, that with the greatest available 

energy source by far is solar power. 

 

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 available 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 supply the whole world could be 

generated by covering just 0.3-0.4% of the Earth’s surface with such devices, assuming 

20% conversion efficiency for sunlight into electrical power. 

Such efficiency is not infeasible for these devices. Efficiencies for photovoltaics are 

governed by the so-called Shockley-Queisser limit, stating that a maximum power 

conversion efficiency (PCE) of 31-33% is possible for a single semiconductor junction 

device.5 The highest efficiencies reported in a real single junction device are over 28%, 

attained with gallium arsenide semiconductors.6 Furthermore, by stacking materials in a 

multi-junction device, circumventing the single-junction efficiency limit, efficiencies of 

over 38% have been achieved. These high efficiency devices are however extremely 

Solar (23000TW)

Tidal (0.3TW)

Wave (0.2-2TW)

Geothermal (0.3-2 TW)

Hydro (3-4TW)

Biomass (2-6TW)
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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 temperature 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, limiting 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 mass-produced rapidly. An option to reduce processing costs is to 

employ materials which can be formed via solution-based processing. This refers to 

processes where the required material is deposited from solution, including techniques 

such as inkjet printing, blade coating, spin-coating, spray coating and slot-dye coating. 

Such techniques do not typically require high vacuum or high temperatures and thus 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. Solution-processed materials 

have already shown promise as light-emitting diodes (LEDs), lasers, photodetectors, 

sensors and transistors. 

Therefore, in recent years, solution processed 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 light-harvesting 

dye anchored upon semiconductor nanoparticles.7 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 quantum-confined semiconductor nanocrystals respectively, now 

display around 10% power conversion efficiency.6  

More recently, emerging from these fields, hybrid organic-inorganic 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 prime candidate for 

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

world.  
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1.2 Aims of this thesis 

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. 

Namely, these are removing the necessity for a mesostructure, moving the perovskite’s 

bandgap closer to that 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 the dye-sensitized solar cell 

structure, with a thin layer of the perovskite acting merely as a sensitizer, coating the large 

surface area of a mesoporous oxide.8,9 In this architecture, photoexcited electrons are 

rapidly injected into the semiconducting oxide 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 scaffold, forcing electron transport through the 

perovskite itself, the solar cell was in fact able to function more effectively.10 The working 

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

Despite the more efficient operation of the solar cells based on an inert scaffold, it 

appeared that the scaffold was still necessary to fabricate working devices.11 In theory this 

should not be the case; it is electronically inert and thus represents an unnecessary 

processing step. In Chapter 4 this issue will be tackled, and it 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 undertaken to understand why this happens, and then to establish 

processing conditions necessary for fabrication of high coverage and high quality films. It 

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 surface 

coverage and morphology will also form the basis for Chapter 5 and 6. Here, it will be 

shown that arrays of perovskite ‘islands’ can be formed, with controllable size. These self-

assembling arrays of microstructured islands can form visibly transparent and 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 significant market share, however here the 
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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 neutral-coloured film with respectable 

efficiency or at low cost. This renders them architecturally or economically non-viable. 

The solution-processed perovskites offer a solution to this.  Application of these films in 

perovskite solar cells will be shown to produce neutral-coloured and semi-transparent 

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 semi-transparent devices in a photovoltachromic device will be detailed, namely a 

combination of solar cell and ‘smart’ tinted window. ‘Smart’ windows with controllable 

colouration normally require an external power source to activate the tinting, but the 

transparent solar cells developed allow 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 Chapter 7, 8 and 9 the development of novel perovskite materials will 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 results 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 Chapter 9 the first fully 

inorganic perovskite solar cells will be presented. All effective perovskite solar cells 

developed previously have been hybrid organic-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 study will 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 easily they 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. It will be shown that 

atmospheric moisture does play a significant role in perovskite film fabrication, 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 operation, perovskites and perovskite solar cells, and some more 

specific topics. 
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2.1 Semiconductors 

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, will be 

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 in these 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 

(where energy levels are found by solving Schrödinger’s equation) brought together into a 

solid material with repeating structure. It is then necessary to solve 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 Schrödinger 

equation then gives energies as a function of k, the wave vector. The resulting distribution 

E(k) is known as the crystal’s band structure. This is also dependent on the lattice 

directions in the crystal. Band structure is normally plotted for the most important crystal 

directions, and with k varied from 0 to π/a, with a being the spacing of atomic planes in 

that direction, as shown in Figure 2.1. The energy distribution repeats for k > π/a since for 

a wave with period a, the values are the same for multiples of 2π/a. E(k) is identical to E(-

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

 

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 electrons effectively diffract from the periodic lattice – 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, and these wave vectors 

occur at k = ±π/a. The point k = π/a is 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 is clear that the crystal spacing and symmetry will directly 

affect the material’s band structure, most notably its band gaps.  

The energetic distribution of these bands forms the electronic band structure of the 

material. Typical band structures of different types of material are illustrated simply in 

Figure 2.2.  

 

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 (EF) of a material as illustrated in a band structure diagram represents the 

hypothetical energy level with 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 band 
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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 and thus significant numbers of electrons can be 

excited to cross the bandgap. The distribution of electrons in available levels is given by 

the Fermi-Dirac distribution: 

𝒏(𝑬) =  
𝟏

𝒆
𝑬−𝑬𝑭
𝒌𝑻 +𝟏

              2.1 

Where n(E) represents the average number of electrons at a certain energy state E at given 

temperature T, where k is the Boltzmann constant. 

The deeper (lower energy) band is typically termed the valence band (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 states available, so these electrons can 

carry current. Electron vacancies in the valence band, referred to as ‘electron-holes’ or 

simply ‘holes’, that remain behind when an electron is excited into the conduction band, 

are able to move in a similar way through the valence band, 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 – basically any energy input enough to excite an electron across the bandgap. As 

can be seen from Equation 2.1, at absolute 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 across the gap and so conductivity will rise. In an 

insulator, with enough heating, conduction is also possible – the only real difference 

between an insulator and a semiconductor is the magnitude of the energy gap with no 

available states in.  Practically speaking, 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 from the 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 be influenced by shifting the position of the Fermi level within the 

bandgap. This can be changed by adding impurities with different numbers of valence 

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 
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valence bands, and is called doping (n-doping or p-doping for electrons or holes 

respectively). The case of an n-doped semiconductor is shown in Figure 2.3. The additional 

electrons easily excited into the CB from the impurities shift the Fermi level closer to the 

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

 

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 En 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 with 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 structural bonds, 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 new states 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 the valence band easily (delocalised 

completely) so an acceptor level is created close to the valence band. Therefore, the Fermi 

level is shifted to lie between this new level and the valence band. 
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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 defects 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. Non-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 centres – a state in the middle of the 

bandgap makes a recombination event between an electron and a hole much more likely. 

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 of 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. 
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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 a semiconductor can either be described as direct or indirect. Without 

going into too much detail, 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 in k-space, related to the Fourier transform of the periodicity of the lattice in 

real space. In a direct bandgap material, the CB minimum and VB maximum have the same 

value of k, in an indirect bandgap material they differ, as shown in Figure 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 processes are less likely 

– 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. 

2.2 Solar cell operation1 

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 absorbing material is normally a semiconductor; upon illumination, electrons are 

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

illumination. The current produced when the two terminals are connected (i.e. the voltage 

between them is zero) is known as the short-circuit current (Isc); the voltage when the 

terminals are isolated (i.e. there is no current flow) is known as the open-circuit voltage 

(Voc). For an intermediate load connected with resistance R, the cell will produce a voltage 

V (between 0 and Voc) and a current I (between 0 and Isc) such that V = IR, where the 

current-voltage relation I(V) is described by the current-voltage characteristics of the 

solar cell under that specific illumination. Hence, the current-voltage characteristic of a 

particular solar cell determines its functionality and is the most important metric when 

characterising a photovoltaic device. Typically, currents (I) 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 light that 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 energy 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 into. Therefore, solar 

cells typically can only absorb usefully light below a certain wavelength. It then may 

appear as though the 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 

generated 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 in Figure 2.6. 
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Figure 2.6: Photon absorption in a semiconductor. Photons with energy lower than 

Eg cannot promote an electron and so are not absorbed (left). Photons with energy = 

Eg promote an electron with no energy wastage, leaving a hole in the valence band 

(centre). Photons with energy > Eg promote 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 where 

and when it is measured in the world. Therefore a fixed reference spectrum is defined, 

representing the solar spectrum at ground level for mid-latitude regions at a solar zenith 

angle of 48°. This is a good representation of the overall yearly average for mid-latitudes 

and is referred to as the Air Mass 1.5 spectrum (AM1.5). A total irradiance is also required, 

and for the same average criteria this is 100mWcm-2. 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). 
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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.2 

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 particular energies – 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 Fermi’s Golden Rule, stating that the 

probability of an energetic transition is related to the number of available states and the 

strength of the interaction. Generally, the absorption coefficient 𝛼(𝐸) will be related to the 

integral of the product of the density of states in the CB and VB, so for a direct gap 

semiconductor, where the densities of states g(E) in each band vary as (Ev0-E)1/2 and (E - 

Ec0)1/2 (where Ec0,v0 are the energies of the onset of the CB and VB respectively) for the VB 

and CB respectively, it is given by: 

𝜶(𝑬) = 𝑨(𝑬 − 𝑬𝒈)
𝟏/𝟐                                                                                                                               2.2 

Where A is a constant dependent 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: 

𝜶(𝑬) = 𝑨(𝑬 − 𝑬𝒈)
𝟐                                                                                                                                  2.3 

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

increase the absorption of a particular material is to make it thicker, but this is not always 
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possible, given that photoexcited carriers must be extracted from the material – see later 

for a discussion of this. 

 

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 generate. To 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 the External 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 short-circuit current density (Jsc) generated by the cell is then given by 

integrating the product of this and the solar spectrum: 

𝑱𝑺𝑪 =  𝒒∫𝑬𝑸𝑬(𝑬)𝜱𝑨𝑴𝟏.𝟓(𝑬)𝒅𝑬                                                        2.4 

For example, if it is assumed that the 1.4eV material illustrated in Figure 2.7, for example, 

has an EQE of 100% for all photons above its bandgap (the best possible case, and quite 

unlikely!), a short circuit photocurrent of 32.9mAcm-2 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 voltage 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 open-circuit 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 
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photogenerated current, it is termed the ‘dark current’. Most photovoltaic devices behave 

like a diode in the dark, as a consequence of the asymmetry mentioned earlier that is 

necessary to achieve charge separation and collection. Thus, the dark current normally 

follows an ideal diode equation: 

𝑱𝒅𝒂𝒓𝒌 = 𝑱𝟎(𝒆
𝒒𝑽

𝒌𝑩𝑻 − 𝟏)                                                                                                                                 2.5 

where J0 is a constant, kB is Boltzmann’s constant, and T is the temperature in Kelvin. 

The overall current under illumination can then be approximated by the sum of the 

(reverse) dark current and the (forwards) short circuit photocurrent. This becomes, for an 

ideal diode,  

𝑱 = 𝑱𝑺𝑪 − 𝑱𝟎(𝒆
𝒒𝑽

𝒌𝑩𝑻 − 𝟏)                                                                                                                            2.6 

Realistically however, under bias, parasitic resistances have a significant effect on the 

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

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

cell materials to current flow and from contact resistance. This is particularly a problem at 

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

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

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

more realistic approach is to include an ‘ideality factor’ m in the diode equation, 

representing a different dependence of current on bias. This arises due to additional 

recombination mechanisms in different materials. We can add all these modifications into 

the diode equation, to now get a realistic current-voltage dependence for a solar cell: 

𝑱 = 𝑱𝑺𝑪 − 𝑱𝟎 (𝒆
𝒒(𝑽+𝑱𝑨𝑹𝒔)

𝒎𝒌𝑩𝑻 − 𝟏) − 
𝑽+𝑱𝑨𝑹𝒔

𝑹𝒔𝒉
                                                                                               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 represented by an 

electrical circuit diagram, which is shown in Figure 2.9. There is a current generation 

source, related to the semiconductor photoexciting charge, a diode in 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. Jsc represents current generated 

from absorbed photons, and Jdark 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 (JV) relation for a real solar cell measured in the light and dark is 

shown in Figure 2.10. The previously defined short-circuit current, defined as positive, is 

observed where the light curve intersects V=0, and the open-circuit voltage where J=0. The 

photovoltaic device is producing power in the whole region where J and V are positive, in 

the standard convention. Power density is given by P = JV; the point at which this product 

is maximum is called the maximum power point. This power (Pmpp) occurs at a particular 

voltage Vmpp and current density Jmpp. The ratio of this product to the theoretically ideal 

power Jsc x Voc is defined as the ‘fill factor’ (FF), which describes the ‘squareness’ of the JV 

curve, representing the severity of resistive and recombination losses: 
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𝑭𝑭 =
𝑱𝒎𝒑𝒑𝑽𝒎𝒑𝒑

𝑱𝑺𝑪𝑽𝑶𝑪
                                                                                                                                             2.8 

The power conversion efficiency (PCE or η) is defined as the ratio of the power density 

produced to the incident light power density (PI): 

𝑷𝑪𝑬 = 
𝑱𝒎𝒑𝒑𝑽𝒎𝒑𝒑

𝑷𝑰
                                                                                                                                         2.9 

which can be reformulated in terms of the incident light intensity φ, cell area, and the FF: 

𝑷𝑪𝑬 = 
𝑱𝑺𝑪𝑽𝑶𝑪𝑭𝑭

𝛗𝐀
                                                                                                                                       2.10 

The quantities Jsc, Voc, FF and PCE, extracted from the 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 100mWcm-2 AM1.5 illumination as described 

above. 

2.3 Types of solar cell 

There are several common 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-n junction  

 

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 p-type and n-type semiconductors. As illustrated 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 n-type 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 n-type and negative in the p-type, which create a so-called 

depletion region, which is depleted of free carriers. This 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 

‘downwards’ in energy towards the n-type material, and holes towards the p-type 

material. This creates a ‘built-in field’, providing the asymmetry in this device. 

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. The same built-in potential is established as a p-n junction, 

but it is extended throughout the bulk by the intrinsic region. This is useful in materials 

where the carrier diffusion length is short. Depending on the intrinsic material’s dielectric 

constant, the field 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 the built 

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 way analogous 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 unoccupied 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 donor 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 open-circuit 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 material (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 dye-sensitized solar cell, first developed in 1991 by O’Regan and Gratzel,3 effectively 

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 in Figure 2.13. Electron-hole 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 TiO2) and the hole into the 

electrolyte. The electron and hole then travel through the mesoporous semiconductor and 

electrolyte to the collection electrodes. The built-in field in this case arises from the 

energetic difference between conduction band in the semiconductor and 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 TiO2 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 solid-state version of the dye-sensitized 

solar cell has been developed.4 This replaces the liquid electrolyte with a solid-state hole 

transporting material, normally a small-molecule organic semiconductor, where holes can 

be transported by ‘hopping’ between neighbouring molecules. 

2.4 Perovskites 

Perovskites are a class of materials that are defined as those that have the same crystal 

structure as calcium titanate, CaTiO3. This takes the form ABX3, 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 corning-sharing octahedra of X anions, with the A cation in 

between the octahedra. This structure is illustrated in Figure 2.14.  
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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, 

there exists a ‘tolerance factor’, which is defined as:5  

𝒕 =  
𝒓𝑨+𝒓𝑿

√𝟐(𝒓𝑩+𝒓𝒙)
                                                                                                                                            2.11 

Where rA, rB, and rX are the ionic radii of the A, B, and X components of the perovskite 

lattice. t = 1 would correspond to a perfectly packed structure, 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 0.8 ≤ t ≤ 1. However, distorted lower symmetry perovskites that take 

tetragonal, trigonal, rhombahedral, or hexagonal structures can form when 0.7 ≤ t ≤ 0.8. 

When the tolerance factor is greater than 1, the structure will likely form a 2-dimensional 

perovskite analogue, where sheets of B-X octahedra are separated by large A cations.  

The perovskites of interest for photovoltaic applications are halide-based 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 Li+, Na+, Rb+, K+, Cs+ and 

the organic cations CH3NH3+ (MA) and H2NCNH2+ (FA).5,6 Larger organic molecules have 

been used to force the perovksite structure into the 2D layered structures.7 The B site can 

be occupied by any divalent metal cation, and indeed a large range of transition metals 

have been explored, but the most relevant for optoelectronic applications are Sn2+
, Ge2+

, 

Pb2+
 and Eu2+.5 The practically useful halides suitable for the X site are I-, Br-, Cl- and F-.  

The halide perovskites are generally solution-processable semiconductors that require 

only low temperature processing to form high quality crystalline materials.5 Therefore, 
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they are of significant interest for cheap and efficient photovoltaics. The most commonly 

employed perovskite for optoelectronic purposes is methylammonium lead halide, 

CH3NH3PbX3 (X=I, Br, Cl) (MAPbX3). Different choices of halide, X, give materials with 

different bandgaps, as will be discussed further in Chapter 7.8 MAPbI3 is most interesting 

for photovoltaic energy conversion, with a bandgap of 1.57eV. With an EQE of 100%, this 

material could generate a short-circuit current density of up to 26mAcm-2, and more in-

depth calculations give an efficiency limit of 31% PCE, close to the Shockley-Quiesser 

maximum.9 This perovskite has a tetragonal structure at room temperature, caused by a 

distortion of the cubic lattice, with lattice constants a=b=8.85Å, c=12.64Å. This structure 

has a tolerance factor of ~0.84. The Sn2+ analogue has been shown to forms similar 

compounds with theoretically more ideal bandgaps, but instability due to the ease of 

oxidation limits its practical use.10,11  

The lead halide perovskites have been demonstrated to have high luminescence 

efficiency,12 carrier mobility,13 and slow non-radiative recombination rates.14,15 These 

beneficial properties mean that in addition to its use in photovoltaic devices, they have 

now been incorporated as the active material into light-emitting devices,16–18 lasers,12,19–21 

and transistors.22,23  

2.5 Perovskite solar cell operation 

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 out, and 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 sensitized perovskite solar cell, mesosuperstructured 

perovskite solar cell, mesostructured solar cell with thick perovskite capping layer, 

planar perovskite solar cell. The examples of compact TiO2 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 century,24 but it was the more recent 

work of Mitzi and co-workers that exposed these materials to the broader community.5 

Work was carried out mainly on light-emitting devices and transistors, but no photovoltaic 

devices were reported.7,25–27 

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

Miyasaka et al incorporated a thin layer of MAPbI3 nanoparticles onto the surface of 

mesoporous TiO2 for use as a ‘dye’ in a dye-sensitized solar cell configuration, with hole 

transport provided by a liquid electrolyte.28 It was thought here that the perovskite was 

simply acting as a dye, with no long-range transport possible; electrons and holes quickly 

extracted from the perovskite into the TiO2 and electrolyte respectively. A PCE of 3.8% 

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

achieving a noteworthy PCE of 6.5%.29 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 solid-state hole transporting 

material, Spiro-OMeTAD (2,2',7,7'-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-

Spirobifluorene), previously used in solid-state dye sensitized solar cells.30,31 This not only 

solved the stability issue but also improved the efficiency to 9.7%, in this ‘solid-state 

sensitized solar cell’ configuration. However, a more important finding was reported by 

Snaith et al: it was found that the mesoporous TiO2 could in fact be replaced with an inert 

material, Al2O3, which is incapable of transporting charge. Solar cells made with this 

material instead of TiO2 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 material itself may have not only favourable absorption properties, but 

also be a high-quality semiconducting material. This architecture, using the mesoporous 

layer only as a scaffold, was termed a ‘meso-superstructured solar cell’.31 Shortly 

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 efficiencies.32 

The realisation that MAPbX3 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 MAPbX3 perovskites have exceptionally high values of ~20cm2V-1s-1, one 

of the highest observed for a solution-processed material.13,15,33,34 In 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 of this 

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 most efficient. 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 time-resolved photoluminescence 



2. BACKGROUND 

28 
 

quenching technique, that the diffusion length for both photoexcited electrons and holes in 

such perovskites could be up to over a micrometer.35,36 Compared to an absorption depth 

of 100-200nm, this clearly indicates that the material should 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 them – this extra energy is the exciton binding energy. A 

high exciton binding energy would detrimentally affect the PCE achievable, as extra energy 

would have to be lost in splitting the exciton. In most inorganic semiconductors, exciton 

binding energy is typically small, meaning that most photoexcited species are present as 

free charge.  Since the halide perovskites investigated are organic-inorganic hybrid 

materials, it was unclear whether there would be a high or low exciton binding energy. 

Initial optical spectroscopic techniques suggested that the excitonic binding energy in 

MAPbI3 was <50meV, but recently more direct magneto-optic measurements have 

revealed it to be only a few meV at room temperature.37–40 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 perovskite. Therefore the exciton binding 

energy should not be a limiting factor for the PCE. 

All these observations led to the conclusion that MAPbX3 and related perovskites are 

effectively very high quality semiconductors, which can be solution-processed 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 Chapter 4 

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 cells with 

the scaffold completely eliminated, with efficiencies above 10% for the first time.41,42  

Further jumps in efficiency were achieved by the incorporation of solid perovskite capping 

layers into the mesoporous titania architecture, moving towards the planar junction 

approach.8,43 It was also shown by two groups that vacuum deposition of the perovskite in 

a planar architecture was possible.44,45  

The highest efficiencies to date have been achieved by incorporating narrower-bandgap 

perovskites, based on replacing the methylammonium cation with a slightly larger 

formamidinium cation. The development of the formamidinium lead halide perovskite 

material will be discussed in depth in Chapters 7 and 8.46  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 down.47–49 Notably though, devices with a reported 19% efficiency 

use the completely planar architecture, demonstrating that the most efficient possible 

architecture has not been decided on by the community just yet.50 

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 TiO2 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 

generally small but also uncontrollable, due to the solution-processing deposition 

techniques employed. Therefore, doping will effectively be ignored, as it is not thought to 

play a major role in device operation.51–53 It should be mentioned that a common chloride-

assisted deposition of MAPbI3, often denoted as MAPbClxI3-x or similar, may incur trace 

residues of chloride, but that it is not thought to be incorporated within the crystal lattice 

nor ‘dope’ in the conventional sense.54–56 

The operating mechanism is simple, as illustrated in Figure 2.16. It is effectively a p-i-n 

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

discussed in section 2.3.2 above. Its operation can be split into three stages: 

1. Light is absorbed in the bulk of the perovskite, exciting electrons and holes into the 

CB and 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 travels through 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 energetic interaction between the 

perovskite and the contact material.  

Based on this operating model, some criteria for a high-performing perovskite solar cell 

can be established: 

 Perovskite has close to the ideal bandgap for solar energy conversion (see Section 

2.2) 

 Long diffusion length in perovskite (ideally more than absorption depth, as 

discussed earlier). This encompasses: 

o Long photoexcited carrier lifetime 

o High mobility in perovskite material 

o 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 

 High radiative recombination (this will be discussed later) 
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 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 phenomenon has become apparent in perovskite solar 

cells whereby current-voltage 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 bias or vice versa).57–59 This can result in artificially inflated 

PCE values. 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 even short circuit before measuring.59 Moreover, the magnitude of the 

observed hysteresis depends on the scan rate of the current-voltage 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 mid-rate 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 steady state condition, 

often lower efficiencies are measured in both directions. Typical hysteresis behaviour for a 

planar perovskite solar cell is shown in Figure 2.17. It can be concluded that the problem 

arises when the current-voltage sweep is carried out at a faster rate than the device can 

respond, which seems to be on the timescale of seconds.  



2. BACKGROUND 

32 
 

0

10

20

0

10

20

0

10

20

0.0 0.2 0.4 0.6 0.8 1.0
0

10

20

 0.3V/s FB-SC

 0.3V/s SC-FB

 0.15V/s FB-SC

 0.15V/s SC-FB

 0.04V/s FB-SC

 0.04V/s SC-FBC
u

rr
e

n
t 

d
e

n
s
it
y
 (

m
A

c
m

-2
)

Voltage (V)

 0.01V/s FB-SC

 0.01V/s SC-FB

 

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 scans, 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 accurate for measuring real efficiency, as it 

approaches the steady state condition.58 However, we often do not know exactly how slow 

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

solar cells prepared in different architectures and via different fabrication routes.57 

Moreover, scanning a cell very slowly is often impractical when screening a number of 

parameters. The question arises of how to practically measure the ‘real’ efficiency of a 

device. The most commonly employed 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 rate dependent capacitive current, this is a more accurate method of 

attaining a real efficiency than taking the average of the forward and reverse scans.60 
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The cause of this current-voltage 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 at the 

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 direction.61 It 

appears that poling in this way creates a temporary asymmetry in the device, meaning 

that selective contacts are not even necessary on short timescales (tens of seconds).62 The 

likely mechanism is that under applied bias, charged mobile ions (vacancies, interstitial 

defects, or even some of the ions making up the material itself) move 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 act as dopants.61 The exact mechanism is 

still under debate, but in some way this ionic motion is able to set up a built-in field in the 

device, dissipating upon release of the field over tens of seconds.63,64 The built-in field 

encourages charge separation to either side of the device, effectively increasing the carrier 

drift velocities and minimizing recombination. This allows non-selective devices to 

function temporarily, and allows ‘normal’ devices to function in some cases better than 

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 for hysteresis is shown in Figure 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).  

2.6 Photoluminescent characterisation of perovskites for 
solar cells  

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 planar-structured 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 materials. Recombination, 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, and include 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 photon- effectively the reverse of photoexcitation 

of an electron. Stimulated emission is generally not relevant at solar fluences. Auger 

recombination is an electron-electron or hole-hole interaction resulting in the decay of 

one carrier across the bandgap and energy transfer to the other 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 non-radiative 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. Non-radiative recombination is always detrimental to the performance 

of a semiconductor in a solar cell - a high non-radiative decay rate means that the diffusion 

length for excited carriers will be reduced. 

On the other hand, radiative recombination is not necessarily detrimental. 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 photons (though note that some of these photons can 

be re-absorbed). 

Somewhat counter-intuitively, 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 LED.65,66 This is due to the fact that at open circuit, when they cannot be 

extracted electrically, ideally all excited electrons would eventually recombine radiatively, 

rather than non-radiatively. A high rate of radiative recombination is not necessary, rather 

a high efficiency. 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 carriers can be extracted. 

However, the open-circuit voltage will indeed depend on the radiative efficiency, in 

simplified terms:67 

𝑽𝑶𝑪 = 𝑽𝑶𝑪 𝒊𝒅𝒆𝒂𝒍 −
𝒌𝑻

𝒒
| 𝐥𝐧𝜼𝒆𝒙𝒕 |                                                                                                          2.12 

where ηext is the external luminescence efficiency. The latter term thus represents a loss in 

VOC when 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. Thus to attain the highest open-circuit voltages, a material 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 decay rate 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 non-radiative decay rates will have a long 

excited carrier lifetime. This can be probed by measuring the time-resolved 

photoluminescence: fitting the photoluminescent decay of excited species over time after a 

pulsed excitation gives a measure of the average lifetime of an excited carrier. 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: 

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

 Long photoluminescent lifetime. 

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

material quality is brought to the forefront. 

2.7 Dewetting  

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 cases control of 

dewetting has been used to form structures or arrays of particles.68 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 spin-coating, or during annealing processes in which the film is still in 

the liquid state or at temperatures above its 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.69,70 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 solid-gas.  

 

Figure 2.19: Mechanical equilibrium leading to Young’s equation: surface tensions 

(free energies per unit area) acting on the contact line between a liquid drop (blue) 

and a solid substrate (white). 

The contact angle that the drop in equilibrium makes with the surface is given by Young’s 

equation:69 

𝜸𝑺𝑽 = 𝜸𝑺𝑳 + 𝜸𝑳𝑽𝒄𝒐𝒔𝜽           2.13 

where 𝛾𝑆𝑉  denotes the solid-vapour surface tension, 𝛾𝑆𝐿the solid-liquid tension and 𝛾𝐿𝑉the 

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 can be 

determined whether the fluid will be driven to wet or de-wet; if  𝛾𝑆𝑉 < 𝛾𝑆𝐿 + 𝛾𝐿𝑉, then the 

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

wet in equilibrium, whereas if 𝛾𝑆𝑉 = 𝛾𝑆𝐿 + 𝛾𝐿𝑉, the contact angle must be zero and 

equilibrium will be such that a uniform layer of fluid covers the surface complete – 

complete wetting. A ‘spreading coefficient’ S can be defined, representing 𝛾𝑆𝑉  compared to 

its value for complete wetting: 

𝑺 =  𝜸𝑳𝑽(𝒄𝒐𝒔𝜽 − 𝟏) =  𝜸𝑺𝑽 − 𝜸𝑺𝑳 − 𝜸𝑳𝑽          2.14 

If S ≥ 0, then spreading will be favourable, whereas if S < 0, 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 metastable state (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 generally occurs.  
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To clarify the distinction between stable, metastable and unstable films, the interface 

potential φ(h) can be plotted, defined as the free energy taken to bring two interfaces from 

infinity to a distance h.71 Here the interfaces are the solid-liquid interface and the liquid-air 

interface, with h the initial thickness of the film. This is shown in Figure 2.20 for the three 

cases. In curve 1, φ(h) > 0 and the minimum will be at infinite film thickness – in this case 

the film is stable, the force needed to push the interfaces together continues to increase as 

they approach. In curve 2, there is a minimum of φ(h) at a certain value of h. 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, another perturbation would be needed to drive the film towards dewetting. 

Here, the film is called metastable. 

 

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.71 If the system is perturbed by surface defects (dust or other inhomogeneities), 

these can form the nucleation point for 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 spontaneously. 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 decomposition occurring in 

an unstable mixture of two phases. It is observed in regimes where φ’’(h) < 0, which 



2. BACKGROUND 

39 
 

normally occurs for very thin films of material.71 The patterns formed by the different 

types of dewetting are shown diagrammatically in Figure 2.21. 

 

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 particular to those of the 

substrate and the fluid, will alter the spreading coefficient and thus control the whole 

process. Due to the influence of thermal noise-based nucleation, and the possibility to 

overcome energy barriers by addition of thermal energy, temperature will be an 

important parameter too. By modifying the substrate and film thickness, all 3 dewetting 

regimes have been observed in a single fluid system.71 

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 

initial 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 slip, viscoeleasticity, gravity, phase changes, and non-newtonian effects. 



2. BACKGROUND 

40 
 

2.7.2. Solid 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 heated 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 will not form a ‘bead’ in a similar way to the liquid films, with 

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 also generally stable to small perturbations, so another process is needed to explain 

hole formation.  

If the crystal has non-isotropic surface energy, it is important to know the surface energy 

of the different facets; this can be described by a gamma plot as shown 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 orientation. 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 the crystal on the substrate, as on the right 

of Figure 2.22.73 

 

Figure 2.22: Left: gamma plot showing magnitude of surface energy of crystal as a 

vector plotted 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, evaporation-condensation, or surface diffusion; it 
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is now generally accepted that in most cases surface diffusion is the dominant transport 

mechanism.74 The mobility of the lattice components via surface diffusion is strongly 

temperature-dependent, so temperature will be a critical parameter in the rate 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  δ 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 γGB. For an isotropic γF (film surface energy), force balance in a simple 1D case 

leads to the shape shown in Figure 2.23. It can be shown that θ is given by:75 

𝜽 = 𝒔𝒊𝒏−𝟏
𝜸𝑮𝑩

𝟐𝜸𝑭
             2.15 

If the depth of the groove, δ, is greater than the film thickness h, the groove will contact the 

substrate and become a hole that is able to grow to initiate dewetting. In this simple 

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

rupture if: 

𝑹 > 𝑹𝑪 = 
𝟑𝒔𝒊𝒏𝟑𝜽

𝒉(𝟐−𝒄𝒐𝒔𝜽+𝒄𝒐𝒔𝟑𝜽)
           2.16 

So it can be seen that the number of holes will increase when there are high energy grain 

boundaries, when the thickness h is small, the film surface energy γF small, 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.75 

Another consideration in a real film is crystal stress; if a hole 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 self-diffusivity. 76 

The next step is to consider 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 curvature 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 rim, and can 

‘pinch-off’ to form a separate island.74 The retraction of an edge is shown schematically in 

Figure 2.24. In addition to ‘pinch-off’, a growing hole can form ‘fingering instabilities’, 

where its edge reaches an unstable shape and breaks up into ‘fingers’.77 This can be 

related to grain boundaries. 

 

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 perturbation in the retracting edge 

of the film. 

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

Rayleigh-Plateau instability, and tend to break up into islands.78 
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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 pre-existing 

number of holes can grow, or there is a timescale over which new holes form, 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 breaking up into islands. 

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

𝑨𝒅𝒆𝒘𝒆𝒕  =  𝟏 –  𝐞𝐱𝐩(−∫ 𝟐𝝅𝒓̇
𝟐
𝒅𝒆𝒘𝒆𝒕𝑵̇(𝒕 − 𝒕

′)𝒅𝒕′
𝒕

𝝉
)         2.17 

where 𝑁̇ is the rate of formation of new holes, 𝑟̇𝑑𝑒𝑤𝑒𝑡 is a constant hole growth rate, and τ 

is the time that the first holes appear. This results in curves of the shape shown in Figure 

2.25.68 It can be established that experimentally, 𝑟̇𝑑𝑒𝑤𝑒𝑡  ∝ 𝐷/ℎ
3, 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 temperature.77  

 

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 when they 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 when 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 along crystallographic 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 diffusion 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 pinch-off 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 

shown in Figure 2.26. 

 

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

From the above discussion 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: 

 initial film thickness 

 initial pinholes in the film 

 temperature  

 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 – 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, it will 

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 each phase 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 Electrochromism 

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 

are of interest for their application in ‘smart’ windows, able to control the throughput of 

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 energy wasted in 

the population’s homes and workplaces. It is estimated that as much as 30-40% of all 

primary energy is spent in buildings, for purposes of heating, cooling, lighting and 

ventilation.79 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, WO3, has 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 WO3, the colour changed.79 This could be achieved by placing the oxide 

into contact with an electrolyte containing these species, and applying a bias. The reason 

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 Li+/H+ intercalation into the lattice. The 

insertion of Lithium ions, driven by the applied bias, is accompanied by a balancing 

insertion of electrons: 

𝑾𝑶𝟑 + 𝑳𝒊
+ + 𝒆−

𝒃𝒊𝒂𝒔
↔   𝑳𝒊𝒙𝑾𝑶𝟑                                                                                                          2.18 

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 partial filling of the next band, allowing absorption at low photon energies, as 

depicted in .  
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Figure 2.27: Diagram of density of states for WO3 with and without lithium 

intercalation. Black represents filled states. 

The inserted electrons are localised on W sites, changing some from W6+ to W5+. Photon 

absorption can then take place via so-called polaron absorption: 

𝑾𝒂
𝟓+ +𝑾𝒃

𝟔+ + 𝒑𝒉𝒐𝒕𝒐𝒏 → 𝑾𝒂
𝟔+ +𝑾𝒃

𝟓+                                                                                  2.19 

Where a and b denote different W atoms; an electron is transferred between sites. 

 

Figure 2.28: Diagram of WO3 / Li+ based electrochromic device. 

In terms of device design, a typical electrochromic device architecture is shown in Figure 

2.28. The electrochromic film, contacted by an ion-conducting electrolyte (which should 

also be able to store ions), is sandwiched between two transparent conductors; on 

application of bias, Li ions are inserted from the electrolyte into the electrochromic, and 

charge balance is maintained by a counter-flow 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. METHODS 

 

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. 
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Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich or Alfa Aesar 

and used as received. All solvents used were anhydrous. 

3.1 Perovskite preparation 

3.1.1 Chloride-assisted methylammonium lead halide perovskite 
(MAPbI3-xClx) 

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

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

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

a vacuum oven before use.  

To form the non-stoichiometric MAPbI3-xClx precursor solution, methylammonium iodide 

and lead (II) chloride are dissolved in anhydrous N,N-dimethylformamide (DMF) at a 3:1 

molar ratio of MAI to PbCl2, with final concentrations 0.88M lead chloride and 2.64M 

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

To form a film of this perovskite, this precursor was spin-coated on an oxygen plasma-

cleaned substrate in a nitrogen-filled glovebox at 2000rpm for 45 seconds, then allowed to 

dry at room temperature for 20-30 minutes. It was then annealed on a hotplate in the 

glovebox at 90°C for 150 minutes then at 120°C for 20 minutes. 

3.1.2 Methylammonium lead iodide perovksite (1:1 MAPbI3) 

1:1 MAPbI3 precursor was prepared by dissolving equimolar amounts of methylammonium 

iodide and PbI2 in DMF at 0.5M, in a nitrogen-filled glovebox.  

To form a film of this perovskite, this precursor was spin-coated in a nitrogen-filled glovebox at 

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

3.1.3 Formamidinium lead halide perovskite (H2NCH2NH2PbI3yBr3(1-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 acid 

(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 100°C, a yellow-white powder is formed. This 

was then washed with diethyl ether and recrystallized twice with ethanol, to form white needle-

like crystals. Before use, it was dried overnight in a vacuum oven.  
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To form FAPbI3 and FAPbBr3 precursor solutions, FAI and PbI2 or FABr and PbBr2 were dissolved 

in anhydrous N,N-dimethylformamide 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 spin-coating, 38µl of hydroiodic acid 

(57%w/w) was added to 1ml of the 0.55M FAPbI3 precursor solution and 32µl of 

hydrobromic acid (48%w/w) to the 0.55M FAPbBr3 solution. To form FAPbI3yBr3(1-y) 

perovskite precursors, mixtures were made of the FAPbI3 and FAPbBr3 solutions in the 

required ratios. The precursor with added acid was spin-coated in a nitrogen-filled 

glovebox at 2000rpm for 45 seconds, on a substrate heated to 85°C. The films were then 

annealed in air at 170°C for 10 minutes. This gave a very uniform layer ~400nm thick of 

FAPbI3yBr3(1-y). 

3.1.4 Caesium lead halide perovskite (CsPbI3) 

To form the CsPbI3 precursor solution, CsI and PbI2 were dissolved in anhydrous N,N-

dimethylformamide in a 1:1 molar ratio, at 0.48M of each reagent. For the low-

temperature processing route described in Chapter 9, immediately prior to spin-coating, 

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

enable a low-temperature phase transition.  

To form films, the precursor was then spin-coated in a nitrogen-filled glovebox at 

2000rpm for 45s, and annealed at 100oC for 10 minutes. For the high-temperature route, 

no hydroiodic acid was added and films were annealed at 335°C for 5 minutes. 

3.1.5 Semi-transparent perovskite films 

Semi-transparent MAPbI3 perovskite layers were deposited by spin-coating a non-

stoichiometric precursor solution of methylammonium iodide and lead chloride (3:1 

molar ratio, final concentrations 0.88M lead chloride, 2.64M MAI) in anhydrous 

dimethylsulfoxide (DMSO). Spin-coating was carried out at 2000rpm in a nitrogen-filled 

glovebox. The films were then annealed at 130°C for 20 minutes in the glovebox. 

Semi-transparent FAPbI3 perovskite layers were deposited by spin-coating 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 anhydrous DMSO. Spin-coating was carried out at 2000rpm in a nitrogen-

filled glovebox. The films were then annealed at 130°C for 20 minutes in the glovebox, and 

then at 170oC for 10 minutes in air. 
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3.2 Solar cell fabrication 

3.2.1 Substrate preparation 

Devices were fabricated on fluorine-doped tin oxide (FTO) coated glass (Pilkington, 7Ω □-

1) substrates. Initially FTO was removed from regions under the anode contact, to prevent 

shunting upon contact with measurement pins, by etching the FTO with 2M HCl 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 TiO2 was deposited by spin-coating a mildly 

acidic solution of titanium isopropoxide in ethanol (350µl in 5ml ethanol with 0.013M 

HCl), and annealed at 500°C for 30 minutes, ramping from room temperature over 45 

minutes. Spin-coating 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 spin-coating (at 2500 rpm for 60s) a colloidal dispersion of 20nm Al2O3 

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 spin-coating a 0.0788M solution of 

2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene (Spiro-OMeTAD) 

(purchased from Borun Chemicals Ltd) in chlorobenzene (96.5mg/ml), with additives of 

0.0184M lithium bis(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, Li-TFSI reacts with oxygen and Spiro-

OMeTAD to form lithium oxides and Spiro-OMeTAD(TFSI), which is a p-dopant for Spiro-

OMeTAD.1 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 passivation.2  

This solution was spin-coated 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 of ~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 semi-transparent 

devices described in Chapter 8. This is described in full detail elsewhere.3 To fabricate the 

TLC, a commercially available poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) blend (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 µm. The films were dried for 15 minutes at 60 oC 

followed by 5 minutes at 120 oC leaving final dried transparent conductive adhesive films 

of ~30 µm 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 

For ‘inverted’ devices, which refer to those where electrons are extracted from the top 

electrode, devices are fabricated in the reverse order, with the hole-transporting 

(electron-blocking) layer before the perovskite and a hole-blocking (electron extracting) 

layer afterwards. For these devices, indium tin oxide (ITO) (Colorado Concept Coatings 

LLC, ~20 Ω□-1) substrates were used. An electron-blocking layer of PEDOT:PSS (Heraeus 

Al4083) was deposited by spin-coating at 4000rpm in air and annealing in nitrogen at 

140oC for 15 minutes. Perovskite precursor was deposited as described above. The 

electron-extracting layer was deposited by spin-coating a 20mg/ml solution of Phenyl-

C61-butyric acid methyl ester (PCBM) in chlorobenzene and annealing at 100oC for 30 

mins. Electrodes for the inverted devices were calcium (20nm) followed by aluminium 

(100nm), thermally evaporated under vacuum of ~10-6 Torr, at a rate of 0.03 nm/s and 

~0.1nm/s respectively, to complete the devices. 
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3.3 Solar cell characterisation  

3.3.1 Current-voltage characterisation 

The current density–voltage (JV) curves were measured under simulated AM 1.5 sunlight 

at 100 mWcm-2 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 diode. JV curves 

were recorded with a Keithley 2400 sourcemeter integrated with a computer running a 

Labview program developed in-house. The mismatch factor, determining the accuracy of 

the solar spectrum,  was calculated to be 0.99%-1.2% between 400 and 1100nm during 

the course of this thesis.4 The solar cells were masked with a metal aperture to define the 

active area, and measured in a light-tight sample holder to minimize any edge effects. 

Defining the active are a with a mask is a crucial step to avoid unwanted contributions to 

charge collection from a wider area than the device area.4 

For fast JV scans, cells were scanned from forwards bias to short-circuit 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 fourier-transform photocurrent 

spectroscopy, a fast and sensitive spectral characterization method.5 This was carried out 

using the modulated beam of a Bruker Vertex 80v Fourier Transform Interferometer with 

tungsten lamp source and a Stanford Research SR570 current preamplifier. Samples were 

calibrated to a Newport-calibrated reference silicon solar cell with known external 

quantum efficiency. The solar cells were masked with a metal aperture to define the active 

area. 

3.4 Optical characterisation 

3.4.1 Absorption measurements 

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 materials by assuming it follows 

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

𝜶(𝑬) = 𝑨(𝑬 − 𝑬𝒈)
𝟏/𝟐                                                                                                                               3.1 

Based on this relation, Eg can be determined from an absorbance coefficient spectrum, by 

plotting (αhν)2 against energy in eV, known as a Tauc plot.6 The estimated bandgap is 

determined from the extrapolation of the linear region to the energy-axis intercept. 

Absorption coefficient α is determined from absorption spectra collected with an 

integrating sphere. An example absorption spectrum and Tauc plot are shown below. 
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Figure 3.1: Left, absorbance spectrum of a FAPbIyBr3(1-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 Chapters 5 and 8, 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 FTO-coated glass 

substrate, for example, and being interested in calculating the transmittance of only the 

photovoltaic region, or the ‘active layer’. 

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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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 FTO-coated glass, and the transmittance of 

FTO-coated glass only, was measured using an integrating sphere. Any optical effects 

between glass and FTO were ignored. As seen in Figure 3.2, the reflections from these 

films will be different. The dominant reflection, at the air-glass interface, will be the same. 

However, the semi-transparent perovskite cell has a second reflection at the FTO-active 

layer interface, and a third reflection at the perovskite-air interface. The FTO-coated glass 

sample has a second reflection at the FTO-air interface. One can calculate the effect the 

reflections have on the transmittances measured: 

TFTO = (1-Rair to glass)(1-Aglass+FTO)(1-RFTO to air)                                                                                3.2 

TFTO+AL = (1-Rair to glass)(1-Aglass+FTO)(1-RFTO to AL)(1-AAL)(1-RAL to air)                                           3.3 

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

layer or at an interface. “AL” is the abbreviation used for the active layer. 

The active layer transmittance has been defined as (1-AAL), so rearranging for this term, 

several components can be cancelled: 

1-AAL =  
𝑻𝑭𝑻𝑶+𝑨𝑳(𝟏−𝑹𝑭𝑻𝑶 𝒕𝒐 𝒂𝒊𝒓)

𝑻𝑭𝑻𝑶(𝟏−𝑹𝑭𝑻𝑶 𝒕𝒐 𝑨𝑳)(𝟏−𝑹𝑨𝑳 𝒕𝒐 𝒂𝒊𝒓)
                                                                                3.4 

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 to air ~ Rair to 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+FTO = Rair to AL+(1- Rair to AL)(1-AAL)2RAL to FTO + … (smaller terms)                                        3.5 

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, and the reflectance from the active layer 

to FTO is likely <20% based on expected indices of refraction), then Rair to AL can be 

obtained. 

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

RFTO+AL = Rair to glass + (1- Rair to glass)(1-AFTO+glass)2RFTO to AL + … (smaller terms)                 3.6 

Rair to glass can be measured, and AFTO+glass can be measured (using A = 1 – T – R). Thus, RFTO to 

AL can be determined. Finally, RFTO to air is needed, which can be measured via Rair to FTO. 

The requisite reflectances were measured for a range of samples, mounted on an 8o wedge 

at the exit port of an integrating sphere. Figure 3.3 shows the magnitudes of the 

reflectances measured/calculated for a typical semi-transparent film. 
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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 that the FTO to active layer reflectance is negligibly small. This occurs due to 

the fact that the reflectances RFTO+AL and Rair to glass measured are similar, and (1-AFTO+glass) 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 

quite similar. Figure 3.3 shows the two curves,  
𝑇𝐹𝑇𝑂+𝐴𝐿
𝑇𝐹𝑇𝑂

 and 

𝑇𝐹𝑇𝑂+𝐴𝐿(1−𝑅𝐹𝑇𝑂 𝑡𝑜 𝑎𝑖𝑟)
𝑇𝐹𝑇𝑂(1−𝑅𝐹𝑇𝑂 𝑡𝑜 𝐴𝐿)(1−𝑅𝐴𝐿 𝑡𝑜 𝑎𝑖𝑟)

.  

It can be observed that factoring the differing reflections 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. Calculating the average visible transmittance from these plots gives 

38.19% for the full calculation and 39.18% for 
𝑇𝐹𝑇𝑂+𝐴𝐿
𝑇𝐹𝑇𝑂

. 

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

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

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

1-AAL ~ 
𝑻𝑭𝑻𝑶+𝑨𝑳
𝑻𝑭𝑻𝑶

                                                                                                                                          3.7 

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

chapters. 

3.4.4 Photoluminescence measurements 

Steady-state photoluminescence measurements were carried out using a Horiba Scientific 

Fluorolog spectrofluorometer, with a monochromated xenon light source. 

3.4.5 Photoluminescence quantum yield measurements 

Steady-state photoluminescence quantum efficiency (PLQE) values were determined using 

a 532 nm CW laser excitation source (Suwtech LDC-800) to illuminate a sample in an 

integrating sphere (Oriel Instruments 70682NS) and the laser scatter and PL collected 

using a fiber-coupled detector (Ocean Optics MayaPro). The 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 techniques.7 

Unless otherwise stated, the excitation intensity was 180mWcm-2. 

3.4.6 Time-resolved photoluminescence 

Time-resolved PL measurements were acquired using a time-correlated single photon 

counting (TCSPC) setup (FluoTime 300, PicoQuant GmbH). Film samples were 
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photoexcited using a 507nm laser head (LDH-P-C-510, PicoQuant GmbH) pulsed at 

frequencies between 0.3-10MHz, with a pulse duration of 117ps and fluence of ~3µJ/cm2 - 

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.8,9 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 spin-coated 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 photoluminescence. By comparing the 

photoluminescence decay rates, indicative of how many carriers are radiatively decaying 

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 of Spiro-OMeTAD (for holes) at 50mg/ml and PCBM (for 

electrons) at 30mg/ml in chlorobenzene were spin-coated on top of samples at 2000rpm 

and 1000rpm respectively. 

The diffusion modelling was carried out by Christopher Menelaou of the University of 

Oxford and is summarised below. For more details, see reference 8. 

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

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

𝝏𝒏(𝒙,𝒕)

𝝏𝒕
= 𝑫

𝝏𝟐𝒏(𝒙,𝒕)

𝝏𝒙𝟐
− 𝒌(𝒕)𝒏(𝒙, 𝒕)                                                                                                            3.8 

where D is the diffusion coefficient and k(t) is the PL decay rate in the absence of any 

quencher material.9 The total decay rate, k = 1/kf + 1/knr = βτ-βtβ-1, (where kf and knr are 

fluorescent and non-radiative rates respectively) was determined by fitting a stretched 

exponential decay to TCSPC  data measured 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 and L 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)=n0exp(-αx), where α=A/L 

(absorbance at 507 nm / perovskite 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 length LD, the diffusion coefficient was 

varied to minimize the reduced chi-squared value,  

𝝌𝒓
𝟐 =

𝟏

(𝒏−𝒑−𝟏)
∑
(𝒚(𝒕)−𝒚𝒄(𝒕))

𝟐

𝒚(𝒕)
                                                                                                                      3.9 

where y(t) and yc(t) are the measured and calculated PL intensities at time t, n is the 

number of data points and p is the number of fitting parameters.10 The equation was 

solved numerically using the Crank-Nicholson algorithm and the number of carriers 

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

3.4.8 Angle-dependent photocurrent 

Angle-dependent photocurrent was measured by carrying out JV sweeps with a Keithley 

2636 SourceMeter upon illumination of the device with a 532nm CW laser, spot size 

0.1cm2, with the beam appropriately attenuated to produce similar currents as when the 

devices were under AM1.5 solar simulated illumination. Extra-large gold electrodes were 

evaporated onto devices fabricated as described previously. The spot was kept within the 

bounds of the device region at all times, and the device was rotated on a calibrated stage, 

taking measurements every 5o.  
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3.4.9 CIE colour perception calculation 

Colour perception was quantified using the CIE (International Commission on 

Illumination) 1931 xy colour space, designed to represent human colour perception.11 The 

CIE colour space represents a colour by three parameters: x, y, and Y, where x and y 

provide the colour co-ordinates specifying a hue, or chromaticity, and Y specifies 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. Y axis 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 spectrum of the coloured light in 

question (𝐼(𝜆)) with the CIE colour matching functions (𝑥̅, 𝑦,̅ 𝑧̅) shown in Figure 3.4, 

between 380 and 780nm, being the approximate wavelength 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: 

𝑿 = ∫ 𝑰(𝝀)𝒙̅(𝝀)𝒅𝝀
𝟕𝟖𝟎

𝟑𝟖𝟎
                                                                                                                            3.10 

𝒀 = ∫ 𝑰(𝝀)𝒚̅(𝝀)𝒅𝝀
𝟕𝟖𝟎

𝟑𝟖𝟎
                                                                                                                            3.11 

𝒁 =  ∫ 𝑰(𝝀)𝒛̅(𝝀)𝒅𝝀
𝟕𝟖𝟎

𝟑𝟖𝟎
                                                                                                                            3.12 

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

𝒙 =  
𝑿

𝑿+𝒀+𝒁
                                                                                                                                                 3.13 

𝒚 = 
𝒀

𝑿+𝒀+𝒁
                                                                                                                                                 3.14 
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and the co-ordinate (x,y) can then be plotted on the chromaticity diagram shown in Figure 

3.5 below. 

 

Figure 3.5: CIE 1931 colour space chromaticity plot 

To quantify the perceived colour of a semi-transparent solar cell in daylight, the relevant 

spectrum is the product of the AM1.5 solar spectrum and the transmission spectrum of the 

active layer in question. This is the 𝐼(𝜆) used in the chromaticity calculations above to 

obtain the colour co-ordinates for a semi-transparent solar cell layer. 

The CIE has defined ‘standard daylight illuminants’ representing daylight illumination, and 

the commonly used illuminant D65, representing mid-day sun in Europe, has colour co-

ordinates of (0.313, 0.329). The AM1.5 spectrum itself has colour co-ordinates 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 this time 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 source for 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 again through the sample 

and then collected by a fibre optic cable, connected to a fibre optic spectrometer (Avantes 

Avaspec-2048_14). 

3.4.11 Photoluminescence mapping 

Photoluminescence mapping was carried out by Tomas Leijtens of the Italian Institute of 

Technology in 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 a confocal microscope 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 lock-in 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 

1020 cm-2 to 2 x 1021 cm-2. 

3.5 Material characterisation 

3.5.1 Scanning Electron Microscopy 

A Hitachi S-4300 field emission scanning electron microscope was used to acquire SEM 

images. For cross-sections, devices were scribed with a diamond-tipped pen and snapped 

cleanly in half, before sputter-coating 5nm of platinum to prevent sample charging during 

imaging. 

3.5.2 Surface coverage analysis 

The program ImageJ was used to calculate film surface 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 covered.12 

3.5.3 X-ray diffraction 

X-ray diffraction spectra were obtained using a Panalytical X’Pert Pro x-ray diffractometer, 

using the copper K-alpha 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. 
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4.1 Context and summary 

Organic-inorganic lead halide perovskite based solar cells have exhibited the highest 

efficiencies to-date when incorporated into mesostructured composites. However, 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 CH3NH3PbI3-xClx solar cells. 

Dewetting occurring during the annealing process is responsible for forming 

discontinuous films. The parameters critical for controlling dewetting are established. By 

varying these, the morphology of perovskite films is varied, and it 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 efficiencies above 10% in fully thin-film solution 

processed perovskite solar cells with no mesoporous layer. 
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4.2 Introduction 

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 cells,1–3 

making this family of materials suitable for solution-processable thin-film solar cells. 

Particularly,  the perovskite MAPbI3-xClx has been demonstrated to function in a quasi-

thin-film architecture, with a layer of bulk crystalline perovskite formed over a 

mesoporous alumina scaffold.4 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 architecture.4 It is also beneficial from 

a production point of view to simplify the cell architecture. Hence, high efficiency cells 

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

It has been proposed that the planar thin-film architecture’s lower performance may arise 

from pin-hole formation, incomplete coverage of the perovskite 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 junction.5 It is well-

known that as-fabricated thin films are often thermodynamically unstable, and likely to 

dewet or agglomerate upon annealing, as predicted from energetic considerations.6 In this 

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

perovskite solution coating on flat substrates, significant dewetting is observed, leading to 

incomplete coverage and non-uniform film thickness. With optimised film formation, 

primarily controlling the atmosphere, annealing temperature and film thickness, it is 

possible to form via solution casting uniform thin perovskite films with “full coverage” 

with no mesoporous layer. Doing so, the previously reported maximum power conversion 

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

hydrazine processed CZTSSe thin film solar cell,7 and  represents the first report of over 

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

4.3 Role of the mesoporous layer 

The perovskite MSSCs studied are effectively a distributed heterojunction. The MAPbI3-xClx 

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

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

highest efficiencies have been obtained in this “infiltrated” architecture.2,4 A typical MSSC 
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cell would have short-circuit current of 17-20mAcm-2, open-circuit voltage of 1.0-1.1V, and 

fill factor of 0.6-0.7, which combine to result in power conversion 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 representative JV curve. 

In the planar heterojunction configuration, illustrated in Figure 4.1a), Jsc, Voc, and fill factor 

are lower, as shown in the current voltage curve presented in Figure 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; 

secondly, insufficient coverage results in a high frequency of “shunt paths” allowing 

contact between Spiro-OMeTAD and the TiO2 compact layer. Any such contact will act as a 

parallel diode in the solar cell equivalent circuit, causing a drop in Voc and fill factor, and 

accordingly power conversion efficiency.8,9  
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Figure 4.2: Top row: SEM micrographs of the top surfaces of MAPbI3-xClx films 

formed on alumina scaffolds of thickness shown. Bottom row: SEM micrographs of 

perovskite films on compact TiO2-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 of solar cell, 

scanning electron microscope (SEM) images of the surface morphology of perovskite films 

were taken, with increasingly reduced thickness of mesoporous Al2O3, transitioning from 

the MSSC infiltrated configuration to the thin-film planar heterojunction. These SEM 

images are shown in Figure 4.2; the samples were prepared in air according to the 

published procedure. As previously shown,4 it is observed that in addition to perovskite 

crystallization within the mesoporous layer, a perovskite “capping layer” is also formed. 

The surface coverage of the capping layer is not complete however, and increases with 

decreasing alumina thickness (Figure 4.2). However, when the alumina is fully removed, 

the perovskite film forms differently, as seen in Figure 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 values 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 
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reduced Jsc, 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 moisture-sensitive until fully crystallized, here the 

films were processed in a dry nitrogen-filled glovebox to enable characterisation of the 

pre-crystallized films. Rapid degradation of non-annealed films in moist atmospheres was 

observed, likely due to the hygroscopicity of the methylammonium cation.10 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), and then either increase in size 

or close up until the final crystalline phase is reached (Figure 4.2, 60 mins). Upon 

formation of stable crystals, pore evolution was observed 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 air-processed 

samples, likely due to the lack of moisture, which otherwise 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 loss.6 A precursor solution with an 

excess of methylammonium and halide compared to the lead content is used, and upon 

spin-coating, an organic and halide-rich 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 organic 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 discussed in more detail by Unger et al and Williams et al, and it is generally though 

that the reaction proceeds thusly:11,12 

𝟑𝑪𝑯𝟑𝑵𝑯𝟑𝑰 + 𝑷𝒃𝑪𝒍𝟐 → 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 + 𝟐𝑪𝑯𝟑𝑵𝑯𝟐 + 𝟐𝑯𝑪𝒍                                                    4.1 

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

crystallized as MAPbI3, mass loss ceases since a low-energy state has been reached.  

4.4 Dewetting considerations 

Depending on the conditions, pores present in a film were observed to either in general 

increase or decrease in size, resulting in a smaller number of large pores under the 

standard annealing conditions. Overall, the film appears to have dewet the substrate.  



4. MORPHOLOGICAL CONTROL ENABLING HIGH PERFORMANCE PLANAR PEROVSKITE SOLAR CELLS 

74 
 

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 of this 

theory to the experimental observations is considered.  

As shown in Figure 4.2, several processes appear to be happening concurrently. Based on 

the observations made 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 spin-coating 

 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 

 There is significant mass loss in the system (see Equation 4.1) 

And the considerations relevant to dewetting that there is no known information on are: 

 Is the film liquid or solid before crystallisation? 

 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 crystallisation? 

 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 spin-coating, which would show a 

characteristic pore size and spacing. However, as shown in Figure 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 originated – whether through thermal 

nucleation in liquid state, or heterogeneous nucleation 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 cannot conclusively 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 or due to changing phase from 

liquid to gas. The observations could support either state – 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 will complicate 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 loss – 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 crystallisation, 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 these factors, 

there are many complexities of this system compared to dewetting modelling studies in 

the literature.6,13 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: 

 initial film thickness 

 initial pinholes in the film 

 temperature  

 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 dewetting process 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 cell is to be fabricated. Annealing 

for too long resulted in degradation; annealing for insufficiently long time resulting in a 

large degree of amorphous material prone to rapid degradation. Time was therefore fixed 

to the optimum time for each anneal temperature, based on experimental optimisation, to 

attain a crystalline material. 

This then leaves two parameters of importance that can be well-controlled in experiment: 

initial film thickness and annealing temperature. CH3NH3PbI3-xClx 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 mentioned 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 liquid-solid 

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. 

4.5 Controlling surface coverage 

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 

ImageJ14.  
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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 in Figure 4.4a), and the 

calculated coverages plotted in Figure 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 discrete 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 whilst still enabling full crystallisation of the 

perovskite absorber. 

The influence of thickness variation whilst holding the temperature fixed at 95°C 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 thicker initial films result in marginally 

greater coverages, as seen in Figure 4.4c). The previous standard protocol used a 

thickness of around 500-700nm. This is within the expected region of high coverage; the 

primary factors of importance when understanding the photovoltaic behaviour for these 

perovskite films of >200nm thickness becomes a balance between full photon absorption 

and electron and hole diffusion length throughout the bulk perovskite. An experimental 

optimisation (not detailed herein) of devices suggested thicknesses between 400 and 

800nm were suitable for attaining high efficiency devices.  

To establish if increasing the perovskite coverage solves the decreases in performance 

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 slowly-evaporating solvents, DMSO and n-methyl-2-

pyrrolidone (NMP), instead of DMF, reduces the surface coverage, as shown in Figure 4.5. 

Solvent evaporation rate affects the onset of the transition from high diffusivity to low 

diffusivity; a lower solvent evaporation rate 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 sunlight 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 current-voltage 

curves under simulated AM1.5, 100 mWcm-2 sunlight are shown in Figure 4.6. Short-

circuit photocurrent shows a clear trend with coverage. At coverages of ~56%, average Jsc 

is around 11 mAcm-2. As the coverage increases up to ~94%, Jsc increases linearly, up to 

average values of around 18 mAcm-2. The best performing individual cells show Jsc above 

21mAcm-2, matching the highest currents reported in the perovskite solar cells to date. 

The effect of coverage on power conversion efficiency, shown in Fig 4.6(b), is not so clear. 

Despite the trend in photocurrent, fill factor and Voc 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 transporter--perovskite, 

hole transporter-TiO2 layer and perovskite- TiO2 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 highest coverages. 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-FB vice versa. The calculated 

efficiencies from the JV curve are ~11% and ~8.8% for FB-SC and SC-FB 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 2, 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 taken on the high-

coverage planar perovskite devices; data from a representative device is shown in Figure 

4.7. It can be seen that hysteresis in JV curves is present, with 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 will be necessary for stabilising devices at the 

highest PCEs. This will be discussed further in Chapter 9. 

4.6 Changing the film-substrate interaction 

Motivated by this simple principle, and given that it proved impossible to attain 100% 

coverage by optimization of temperature and thickness alone, an attempt was made to 

achieve full coverage by varying the film-substrate interaction energy. This was achieved 

by altering the thickness of the TiO2 compact layer. Indeed, it was observed that by using 

thicker TiO2 compact layers, increased coverage was attained.  



4. MORPHOLOGICAL CONTROL ENABLING HIGH PERFORMANCE PLANAR PEROVSKITE SOLAR CELLS 

81 
 

14

16

18

4
6
8

10

1 2 3

0.6

0.7

0.8

  

J
sc

 (mAcm
-2
)

  PCE  (%)

  

      Number of TiO
2
 

compact layer coatings

V
oc

 (V)

d

85

90

95

100

 

 

 

 

Coverage (%)

 

Figure 4.8: (a)-(c) SEM micrographs of perovskite films formed on (a) ~75nm (b) 

~150nm and (c) ~225nm thick TiO2 compact layers coating FTO substrates. (d) 

Dependence of perovskite coverage and device parameters on the thickness of the 

TiO2 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 in Figure 4.8. This discovery enabled the production of 

full-coverage perovskite films. it is proposed that the n-type 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 formation near the surface 

due to differing electrostatics.  

Devices were fabricated from a range of TiO2 compact layer thicknesses, and perovskite 

coverage and device parameters were measured to determine if any additional gains in 

efficiency were observed compared to 90%+ coverage. TiO2 compact layer thickness was 

varied by repeatedly spin-coating more layers of the TiO2 precursor solution. A single 

spin-coated layer was measured to be approximately 75nm thick. Figure 4.8d) shows the 

dependence of perovskite coverage, Jsc, power conversion efficiency and Voc on increased 

TiO2 compact layer thickness. With thicker TiO2 layers, an increase in perovskite coverage 

is seen; however, disappointingly Jsc and Voc both drop, resulting in lower device 

efficiencies. A TiO2 compact layer of increased thickness is likely to have a significant effect 
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upon device performance since the relatively resistive TiO2 layer is critical to electron 

collection. Thick TiO2 compact layers have been shown previously to hinder charge 

extraction in dye-sensitized solar cells due to increased series resistance;15 this is likely 

the reason for the observed decrease in performance. 

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25
 Unoptimized coverage

 Optimized coverage

 

 

C
u
rr

e
n
t 
d
e
n
s
it
y
 (

m
A

c
m

-2
)

Voltage (V)

J
sc

 = 15.3mAcm
-2

V
oc

 = 0.80V

FF = 0.55

= 6.7%

J
sc

 = 17.5mAcm
-2

V
oc

 = 0.87V

FF = 0.61

= 9.3%

a

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

 

 

C
u
rr

e
n
t 
d
e
n
s
it
y
 (

m
A

c
m

-2
)

Voltage (V)

J
sc

 = 20.3mAcm
-2

V
oc

 = 0.89V

FF = 0.64

= 11.4%

b

 

Figure 4.9: Current-voltage characteristics measured under simulated AM1.5 

sunlight of (a) the average of a batch of 11 solar 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 further improvements in efficiency with full coverage based on 

thicker TiO2 compact layers, due to series resistance limitations, impressive efficiencies 

were obtained with the highest perovskite coverages on the thinnest  TiO2 layer. This was 

achieved by annealing at a lower temperature of 90°C, with an initial perovskite film 

thickness of 450-550nm. The improvement in average current-voltage characteristics, and 

hence overall performance resulting from this process is shown in Figure 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 cells.4 Improvements are due to increased Jsc, 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 current generated. Secondly, the increased coverage has reduced contact 

area between the hole transporter and the hole-blocking layer, which removes a shunt 

path previously leading to leakage currents.16 Reduction of these shunt paths would 

therefore be expected to enhance the fill factor and Voc as has been observed in this 

chapter. Full elimination of shunt paths may be expected to increase Voc up to levels seen 

in the MSSC configuration (~1.1V). Additionally, further tuning of the interaction energy 
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between the TiO2 compact layer and the perovskite, whilst still employing thin TiO2 films, 

could enable 100% perovskite coverage upon electronically optimal layers, resulting in 

further enhanced performance. 

4.7 Outlook and conclusion 

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 cells has been demonstrated. The 

highest efficiencies are achievable only with the highest surface coverages. Planar 

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 layer 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 scale. The 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 generating power 

conversion efficiencies as high, if not eventually higher than, the mesoporous 

architectures. 
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5.1 Context and summary 

Neutral-coloured semi-transparent 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 surface coverage 

of the perovskite on the substrate is desired to fabricate the highest efficiency devices. The 

important parameters to allow predictable control were determined, experimentally, 

allowing surface coverage to be intelligently controlled by carefully controlling deposition 

parameters. In this chapter, an important use for the low-coverage perovskite films is 

realised. The spontaneous dewetting that occurs to form the lowest coverage films is taken 

advantage of to create micro-structured arrays of perovskite ‘islands’, on a length-scale 

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 to absorb most 

visible light and the combination of completely absorbing and completely transparent 

regions results in neutral transmission of light. Using these films, thin-film solar cells are 

fabricated with respectable power conversion efficiencies. Remarkably, it is found that 

such discontinuous films still have good rectification behaviour and relatively high open-

circuit voltages due to inherent rectification between the n- and p-type charge collection 

layers. Furthermore, the ease of “colour-tinting” such micro-structured perovksite solar 

cells with no reduction in performance is demonstrated, by incorporation of a dye within 

the hole transport medium. 
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5.2 Introduction 

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

generation of solar power.1 Integration of semi-transparent solar cells into windows is of 

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

for solar power generation, rather than simply employing the limited roof space. 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 transparency. Furthermore, 

whilst coloured windows are interesting for novel applications, and a “splash” of colour is 

desirable, the largest demand is for neutral-colour tinted windows with controllable levels 

of transparency. 

Some of the most successful approaches to achieve semi-transparency in solar cells have 

used organic or dye-sensitized solar cells (OPV and DSSC respectively).2–7 These 

technologies are solution-processable, representing a low-cost production method and 

easy scalability.8 Impressive recent progress has been made with neutral coloured OPV. 

7,9,10 However, their efficiencies are unlikely to reach those of crystalline technologies in 

the near future, due to large energy losses occurring at charge transfer interfaces.11,12  To 

attain colour-neutrality with organics, the active materials must be chosen carefully, often 

at a loss to overall efficiency.3,4,13 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 and valence band in a crystalline 

semiconductor, as discussed in detail in Section 2.1, to the absorption coefficient increases 

continuously from the band gap, and thin films will assume a red or brown tint. Even 

though “bronze” is a choice for solar glazing, it does not represent the most desirable 

option. 

High-efficiency MAPbI3-xClx perovskite solar cells can be produced at low temperatures 

and in a fully planar thin-film architecture, reducing fabrication steps and simplifying the 

design, as has been discussed in Chapter 4.15 These characteristics make such perovskites 

ideal materials for fabrication of semi-transparent windows. However, they fall firmly 

within the thin-film category and a thin continuous perovskite film suffers from the same 

reddish-brown tint as conventional semiconductors.  

A methodology to control the fractional surface coverage of MAPbI3-xClx perovskite films 

was described in the previous chapter of this thesis, with the target of obtaining uniform 
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and complete coating. Perovskite films are deposited from spin-coating 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 excess organic (MA) and halide (I or 

Cl) components allows morphological change due to minimisation of surface energy. The 

evolution of morphology depends upon several parameters. An experimental investigation 

of the evolution of pores upon annealing was 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 as the initial film thickness, annealing temperature, atmosphere, and solvent vapour 

pressure, control could be exerted over whether pores in general opened or closed, thus 

close to 100% surface coverage was achieved, and correspondingly highly efficient planar 

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 micro-structured arrays of 

perovskite “islands”. The perovskite islands are thick enough to absorb all visible light, 

whereas the “dewet” regions (absent of perovskite) are visibly transparent. Therefore, a 

semi-transparent layer is formed whilst avoiding the brown tint observed in thin 

semiconductor films; the overall optical appearance of such a film is neutral-coloured. By 

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

tuneable and efficient semi-transparent 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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5.3 Controlling coverage to control transparency 

 

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-cast film to discrete “islands”. Perovskite material is represented with 

black, pores by white. b) Scanning electron micrograph of the top surface of a 

representative film of perovskite “islands” (paler regions) on a TiO2-coated FTO 

substrate. c) 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 AM1.5 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 (described 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 regions of 

the perovskite absorber MAPbI3-xClx is 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 polycrystalline film. 

In Figure 5.1b, an SEM image of a representative semi-transparent perovksite film formed 

to maximise open area is shown. The “islands” were measured to be >1µm in height. 

Visibly, such films appeared neutral-coloured (Figure 5.1c)- a 1µm film of perovksite 

absorbs effectively all light at energies above its bandgap, which is 1.55eV.16 A continuous 

1µm film would hence appear black, but because the perovskite film is formed of 

discontinuous islands, it appears semi-transparent and of neutral colour. For neutral 

colour to be achieved, it is a prerequisite that the absorption 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 cell, that is of interest. Here, the device architecture is a planar 

heterojunction of perovskite between an n-type compact TiO2 layer and Spiro-OMeTAD. 

Therefore, from here the “active layer” is defined as the structure: compact 

TiO2/perovskite/Spiro-OMeTAD. Furthermore, as the application for semi-transparent 

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 between these wavelengths. Based on the insight gained in Chapter 

4, perovskite films were fabricated on compact TiO2-coated FTO glass under a range of 

processing conditions in order to achieve a wide range of transparencies (see Table 5.1). 

Annealing temperature, solvent, and atmosphere were varied to achieve an AVT range 

from ~7-57%. The perovskite surface coverage was measured via analysis of SEM images, 

then the Spiro-OMeTAD layer applied and the AVT measured with an integrating sphere, 

as described in detail in Section 3.4.3. In Figure 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 processing temperature. A 

selection of representative active layer transmittance spectra are shown in Figure 5.1e. 

Encouragingly flat spectra across the majority of the visible spectrum 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 E in Figure 

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 perovskite 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 in Figure 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 cross-section of high and low transmission films are shown as an 

inset to Figure 5.1e. 

Is it noted that the measured absorbances were taken using an integrating sphere, thus 

including scattered light as well as specular transmission. If there was significant surface 

roughness at an interface between two materials with significantly different refractive 

index, significant haze would be present. This would obviously be non-ideal for building 

integration (aside from in situations where a hazy window is desired) as it would affect 

the clarity of the view through the window. When rough perovskite is coated on glass with 

no HTM, this is the case and a film will indeed 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 perovskite and Spiro-OMeTAD have 

similar refractive indices, and the top surface of the Spiro interface with air is smoother 

than a perovskite air interface. From literature, the refractive indices at optical 

wavelengths of perovskite and Spiro-OMeTAD are ~2.4,17, and ~1.9,18 compared to the 

refractive index of air at 1.0. The smaller the difference, the less refraction at an interface, 

hence the less scatter if the interface is rough. The value for Spiro-OMeTAD is between 

those of perovskite and air, hence, Spiro-OMeTAD will act to effectively reduce haze by 

‘graduating’ the refractive index at this interface, explaining why the films with HTM are 

not very hazy.  

  



5. NEUTRAL-COLOURED, SEMI-TRANSPARENT PEROVSKITE SOLAR CELLS 

92 
 

 

Active 
layer 
AVT 
(%) 

AVT 
error 
(%) 

Solvent Anneal 
temperature 
(oC) 

Anneal 
time 
(mins) 

Atmosphere 

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 N2 

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 N2 

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 colour-neutrality of the active layers, colour perception indices were 

calculated using the CIE 1931 xy colour space, designed to represent human visual colour 

perception. Details of this calculation are given in Section 3.4.9. The appearance of 

transmitted light is represented by the product of the AM1.5 solar spectrum and the 

transmission spectrum of the active layer in question. x and y colour parameters were 

calculated for the samples labelled A-E in Figure 5.1e, and the results displayed on the CIE 

1931 xy chromaticity diagram in Figure 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 D65 reference in the low colour region of the chromaticity 

diagram, representing excellent colour-neutrality. At lower transmittances, films move 

towards the red-brown side of the chromacity diagram, where the thin continuous 

perovskite film is positioned.  

5.4 Semi-transparent planar heterojunction solar cells 

 

 

 

Figure 5.2: Semi-transparent neutral-coloured perovskite solar cells. a) Diagram 

showing the architecture of the dewet planar perovskite heterojunction solar 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 

perovskite “islands” coated with Spiro-OMeTAD. 

Having demonstrated that it is possible to 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 the Spiro-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 FTO-glass plus 

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

Ideally, extremely transparent and conductive electrodes would 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 the cathode. Such devices are 

reasonably transparent, though the gold electrode is a major source of transmittance loss, 

as we show in Figure 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 Chapter 8. 
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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. c) 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 represents 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 for all 

devices in this Figure are shown in Table 5.2 and Table 5.3. 
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AVT 
interval 
(%) 

Number 
of 
devices 

Mean 
AVT 
(%) 

Mean 
Jsc 
(mAcm-

2) 

Mean 
Voc (V) 

Mean 
FF 

Mean 
PCE 
(%) 

Min 
PCE 
(%) 

Max 
PCE 
(%) 

7.5-12.5 9 9.66 15.2 0.76 0.61 6.9 6.1 7.6 

12.5-
17.5 

15 15.4 11.4 0.70 0.62 5.0 3.6 6.4 

17.5-
22.5 

14 19.6 9.6 0.71 0.61 4.1 2.4 5.3 

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 
active 
layer 
AVT 
(%) 

No. of 
devices 

Mean Jsc 
measured 
(mAcm-2)  

Jsc (no 
second 
pass) 
(mAcm-

2) 

Mean 
Voc 
(V) 

Mean 
FF 

Corrected 
mean PCE 
(%) 

Corrected  
min PCE 
(%) 

Corrected 
max PCE 
(%) 

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 0.47 2.9 0.8 5.5 

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 electrode) from a single batch of devices, extracted from current density-

voltage curves measured under simulated AM1.5, 100mWcm-2 sunlight, are shown in 

Figure 5.4a. A clear 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%. In Figure 5.4b average current density-voltage 

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 non-functioning, and the 

lower coverage films did not show a greater spread. An interesting observation is 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 reduces Spiro-

OMeTAD-compact TiO2 contact area and that these regions represent a parallel diode to 

the photoactive regions, with a lower shunt resistance and diode turn-on voltage. Hence, 

increasing the perovskite coverage increases the overall shunt resistance and increases 

the Voc. From these JV curves it appears that for the higher transmittances (i.e. lower 

perovskite coverage), the Voc reaches a minimum of ~0.7V.  
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Figure 5.5: Left, Current-voltage characteristics for a Spiro-OMeTAD-compact TiO2 

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 perovskite 

planar heterojunction solar cell, and the Spiro-OMeTAD-compact TiO2 diode. 

To further understand this, and understand how even the discontinuous perovskite films 

can show good rectification behaviour, Spiro-OMeTAD-compact TiO2 diodes (with no 

perovskite layer at all) were fabricated and tested. A typical JV curve is shown in Figure 

5.5a.Their diode characteristics show a dark current turn-on at also about ~0.7V. A 

discontinuous layer of perovskite sandwiched between compact TiO2 and Spiro-OMeTAD 

is effectively then a combination of such Spiro-OMeTAD-compact TiO2 diodes and the 

Spiro-OMeTAD-perovskite-compact TiO2 solar cell diodes. To simply model current-

voltage characteristics that would be expected under illumination with different 

perovskite coverages, current-voltage characteristics were fractionally averaged between 

a measured highly efficient planar heterojunction perovskite solar cell (with full 

perovskite coverage, so no Spiro-OMeTAD-compact TiO2 parallel diode behaviour) and the 

Spiro-OMeTAD-compact TiO2 diode. Modelled current-voltage characteristics are shown in 
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Figure 5.5. Good rectification behaviour at all fractions of perovskite is observed, and that 

the Voc 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 coverage (a mathematical or computational model with 

two discrete diodes in parallel would need to be used), but it is the trend of Voc dropping 

from ~1V to ~0.7V, consistent with experiment, which is enlightening here. It can be 

concluded that even in the case of there being minimum perovskite coverage, we would 

not expect the diode turn-on voltage to be any lower than 0.7V, and hence this sets a lower 

limit on the open-circuit voltage. With higher perovskite coverage, the fraction of Spiro-

OMeTAD-perovskite-compact TiO2 diode area compared to Spiro-OMeTAD-compact TiO2 

will increase, and the effective turn-on voltage of these parallel diodes should increase 

from 0.7V to >1V, as seen.  

The electrodes used (FTO and 10nm thick gold) are non-optimum transparent electrodes. 

Much work is being undertaken to develop highly transmissive and conductive electrodes 

for semi-transparent solar cells and other applications.19 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 gold electrodes 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 reflected light from the gold 

electrode (See Section 5.7 for details of calculation). The PCE that could be attained from 

devices with entirely transparent cathodes was thus determined (Figure 5.4c). It is noted 

that the measured photocurrent has not been increased to account for light absorbed in 

the FTO and all the “corrected” photocurrents are lower than the measured photocurrents 

(Table 5.3). Even so, it can be seen that significantly improved performance could be 

achieved in comparison to the 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 a-Si, and would represent 

the best semi-transparent neutral-coloured solar cell efficiency to date.  Once the lower 

open-circuit voltages in these micro-structured perovskite solar cells have been resolved, 
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the Voc should be able to be pushed up towards the 1.1V which is achievable in uniform 

planar heterojunction solar cells,20 which would result in another 20 to 30% increase in 

relative efficiency. In addition, FTO coated glass was employed here, which is not the 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 Section 5.8 of this chapter.    

5.5 Colour-tinting semi-transparent solar cells 
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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. c) 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 versatile means to form neutral-coloured semi-

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 
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specialised applications. With the micro-structured architecture, it can be envisaged that it 

should be easy to optically modify the semi-transparent cells by incorporation of a dye or 

pigment into the regions where light passes through. Here, an indolene dye termed D102 

was simply dissolved into the Spiro-OMeTAD solution, and upon application to typical 

semi-transparent cells it produced “rose-tinted” devices (Figure 5.6a).21 Plotting this 

tinted active layer on the chromacity diagram in Figure 5.1f shows these films lie in the 

pale pink region. As shown in Figure 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 in Figure 5.6c which confirms this; on average 

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

Another way of providing semi-transparency would be to use a wider bandgap perovskite, 

of which there are many known examples.22,23 This would allow through light of lower 

energy than the bandgap, as described in Chapter 2. However, this system would be 

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

red, to brown); the advantage of dye-tinting a neutral-coloured ‘base’ is that any colour of 

dye or pigment could be incorporated, those with proven resilience to long term exposure 

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

green or blue.  

There is no ‘ideal’ semi-transparent solar cell since it depends upon the colour desired. For 

an application 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 neutral-coloured semi-transparent solar cells have been 

fabricated. For colour-neutrality, 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 any colour to the grey ‘base’, providing much greater flexibility in terms of 

independence of colour and semi-transparency. 

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

cathode, for fully optimised semi-transparent perovskite solar cells.  For this purpose, low 

temperature processable, and ideally solution processable electrodes need to be 

developed, which have towards 90% AVT with the order of 10 Ω/□ sheet resistivity and 

exhibit good ohmic contact to the hole-transporter. Solutions may come from transparent 

conducting oxides, carbon nanotubes, graphene or metallic nanowires, such as 
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silver.6,24,25,26,27 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 long-term 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 sealing 

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 light. 28,29 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.  

5.6 Outlook and conclusion 

In summary, in this chapter a new concept for the fabrication of neutral-coloured semi-

transparent solar cells has been developed, by creating micro-structured layers of 

organometal halide perovskite by partial dewetting of solution cast films. Complete 

devices show good efficiencies at reasonable levels of transparencies, with significant 

scope for further improvement by implementing electrodes with higher transparencies, 

and enhancing the open-circuit 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 semi-transparency at 

comparatively high efficiency. 

5.7 Additional methods: correction to remove second pass of 
light reflected from electrodes 

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

the semi-transparent gold contact, the reflectance at a semi-transparent 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 FTO-coated glass, and is then absorbed in the perovskite. The current 

generated in the second pass is generated from any light that is not absorbed 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. The total generated current can be multiplied by this 

factor to get current in the first pass only. This can be expressed as: 

𝑱𝟏

𝑱𝟏+𝑱𝟐
= 

∫𝝋𝑻𝑭𝑻𝑶𝑨𝒑𝒆𝒓𝒐𝒗 𝒅𝝀

∫𝝋𝑻𝑭𝑻𝑶𝑨𝒑𝒆𝒓𝒐𝒗 𝒅𝝀+ ∫𝝋𝑻𝑭𝑻𝑶(𝟏−𝑨𝒂𝒄𝒕𝒊𝒗𝒆 𝒍𝒂𝒚𝒆𝒓)𝑹𝒔𝒑𝒊𝒓𝒐−𝒈𝒐𝒍𝒅𝑨𝒂𝒄𝒕𝒊𝒗𝒆 𝒍𝒂𝒚𝒆𝒓 𝒅𝝀 
                                           5.1 

In which φ represents AM1.5 photon flux, and R, A and 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 perovskite before the Spiro-OMeTAD in the active 

layer (for other calculations the distinction has been ignored, but here it is relevant), so for 

the first pass the absorbance of Spiro-OMeTAD is excluded. This is done by extrapolating 

the active layer absorption at 500nm to wavelengths below that (typically a flat spectrum 

is observed for perovskite absorption at these wavelengths, so this assumption is valid) – 

Spiro-OMeTAD absorbs strongly below 420nm. For the second pass, some light at these 

wavelengths has now been absorbed in the Spiro-OMeTAD so the whole active layer 

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

The reflectance from a Spiro-OMeTAD-gold semi-transparent contact was measured 

separately with a gold-Spiro contact on glass, using an integrating sphere.  

An example of the calculation is demonstrated in Figure 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 of Spiro-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 the Spiro-OMeTAD-gold contact (Figure 5.7a, red curve), and the absorption 

of the perovskite. In Figure 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 in Figure 5.7c. Integrating these graphs gives the maximum current that could be 

generated (per m2, with 100% internal quantum efficiency) in each pass, so as described 

in Equation 5.1 we can determine the current that could be generated in the first pass 

only. For the example shown, the integrated values are 8.33 photons s-1m-2 and 1.25 
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photons s-1m-2 for the first and second passes respectively, so 87.0% of the measured 

photocurrent comes from the first pass. 
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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. 

5.8  Additional methods: Estimation of extra photocurrent 
available with a fully transparent, non-reflective anode  

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

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

solar cell if the anode is also perfectly transparent and non-reflective can be estimated. 

Using the same method as previously, the total photon 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 FTO-glass (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 shown 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 reflection from 

the anode. This factor was determined for the devices shown in Figure 5.4c, and the new 

maximum efficiencies are shown in Figure 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 that may arise due to measured FTO-glass absorption 

including losses as scatter at near-90o 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 gain rather than a realistic one. 
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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 

perovskite’s absorption, and also the transmittance of the FTO glass for the FTO-

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. 
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6.1 Context and summary 

In this chapter a new application of the semi-transparent perovskite solar cells is 

presented. By incorporating an electrochromic component, a dual function 

‘photovoltachromic’ device is fabricated. Such a device has neutral colour and visible 

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. Upon irradiation with the sun’s light, this device can switch from 

neutral colour semi-transparent 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 semi-transparent perovskite photovoltaic and solid-state 

electrochromic cells enables fully solid-state photovoltachromic devices with 26% (or 

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

efficiency. Upon activating the self-tinting, the average visible transmittance drops to 8.4% 

(or 5.5%). Such stand-alone, self-powered devices are of commercial interest for 

integration into windows and surfaces of buildings and vehicles. The results presented in 

this chapter represent a significant step towards the commercialization of 

photovoltachromic building envelopes. 

 

 

  



6. SEMI-TRANSPARENT PHOTOVOLTACHROMIC CELLS FOR SELF-TINTING, POWER GENERATING, SOLAR 

WINDOWS 

109 
 

6.2 Introduction 

In addition to simply being able to generate power from a neutral-tinted window, as 

described in the previous chapter, the transparency and the colouring of building glazing 

envelopes are critical to control the indoor thermal and visual comfort.1,2 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 in a change in transparency which does not require continuous voltage 

input.3,4 Bechinger and co-workers 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 condition.5 This is similar process 

to that in photochromics, as found in self-tinting glasses – while light can switch the 

transparency, it is not controllable. In this original architecture, PECs formed of 

photoactive and the chromogenic electrodes on two separate glass substrates were 

separated by a liquid electrolyte.6,7 The photoactive electrode was made from a dye-

sensitized titanium dioxide layer and the chromogenic electrode with tungsten oxide 

(WO3). Upon short-circuiting the device, photoexcited electrons from the sensitized TiO2, 

and lithium ions from the electrode,  are driven into the WO3 resulting in a change to 

LiXWO3 which as described earlier has a deep bluish tint.5 In 2009, this field was advanced 

further by Wu and co-workers who integrated PV and PEC technologies in a single device, 

which is now termed a photovoltachromic cell (PVCC).8 Their first device was effectively a 

back-to-back dye sensitized solar cell / electrochromic device, where the bias 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 self-adaptive 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 building-integrated PV,9,10 

their current PCE is not enough to offset the additional cost involved in adding the second 

device layer. Furthermore, they are prepared using liquid or gel electrolytes, which are a 

significant drawback for processing and durability.11–13 To overcome this problem, several 

attempts have been devoted to the development of solid-state polymer electrolytes (SPEs) 

which can show good adhesion between the glass electrodes, high optical transparency, 

good mechanical properties, simple processability and, most importantly, no issues with 

leakage or evaporation over time.14 This is analogous to the development of solid-state 

hole transporters for dye-sensitized solar cells. SPEs have been prepared with complexes 

of lithium salts (LiX) and high molecular weight polyethylene oxide (PEO).15 Nevertheless, 
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most PEO-LiX SPEs show good ionic conductivity only when heated above 60°C,16,17 which 

makes them unsuitable for room temperature applications such as PVCCs.  

 

 

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 solid-state perovskite PVCC with self-adaptive 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. In Figure 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 has only one side coated with a TCO. The 

PV cell is made by a semitransparent MAPbI3-xClx perovskite deposited on the top TCO 

glass. The EC layer is made by WO3 deposited on the bottom TCO glass, and an SPE 

prepared with PEO-LiX and polyethylene glycol (PEG) is used as a glue to laminate the two 

glasses together and complete the EC cell. In Figure 6.1, pictures are also shown of the 

prototype device with the EC active area completely bleached (b) and coloured (c). To 

activate the colouring, the electrodes were connected as shown in 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 PV cell as required to 

either the electrochromic or the external circuit. 

6.3 Semi-transparent and tinted devices 

Semitransparent perovskite were prepared by controlling the film morphology in order to 

form an ‘island-type’ microstructure as described in the previous chapter. Dewetting of 

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 homogeneous-looking, semi-transparent and 

neutral-coloured perovskite film (see Figure 6.1b and c). The semitransparent solar 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. 

 

 Voc (V) Jsc (ma cm-2) FF PCE (%) AVT (%)  

Sample A 0.77 7.8 0.59 3.7 26.1 

Sample B 0.68 12.5 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 MAPbI3-xClx 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. In Figure 6.2, the current-voltage 

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 summarised in Table 6.1. AVT is, as in the previous chapters, defined as the mean 

transmittance between 370 nm and 740 nm; in the non-coloured state (bleached) it was 

measured as 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 short-circuit 

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 AM1.5 illumination are also shown. Transmittance spectra taken by Alessandro 

Cannavale of the University of Salento, Italy. 

Figure 6.3a) shows the bleached/coloured transmission spectra of the EC active area for 

Sample A and B. A maximum bleached/coloured modulation of 26 and 12% is observed at 

635 nm for Sample A and B respectively. The modulation, averaged all over the visible 

spectra (370 – 740 nm), was also determined, and was found to be ~18 and ~10% for 

a) 
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Sample A and B respectively. The best literature values for purely electrochromic windows 

are now above 60%, with a high of 68% recently reported.4  Self-powered PVCCs have 

been reported with up to 24% modulation over solar wavelengths.14 Though the values 

attained here are not comparable to what is reported for the best electrochromic windows 

(power via an external circuit), they are an impressive result for self-powered devices.  

The AVT after colouration was also calculated for 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 perception indices were 

calculated according to the CIE 1931 xy colour space standard.18,19 Figure 6.3b) shows 

these colour coordinates of the transmission through the whole 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 colour-neutrality, 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 sample. Despite shifting towards a bluer 

colour perception, both devices still exhibit colour perception close to the centre of the 

plot, and thus have good colour-neutrality, which make them ideal candidates for building 

integration. 
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6.4 Colouration performance 

 

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 (current-time) measurements of the EC cell in 

Sample A and Sample B. A voltage of -0.6 V was applied to the electrodes of the EC part of 

the device. An immediate spike of current is observed in both of the devices; this value 

decreases to roughly 30 μA in about 15-20 s, when the device reaches a stable colouration. 

Then, the bias was inverted and the bleaching was observed to take place with similar 

kinetics. Three complete 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) and as a result the high ionic conductivity achieved at room temperature (1.25 x 10-

5 S cm−1, as determined by impedance spectroscopy- described in Section 6.6.5). 

To establish if the semi-transparent 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 in Figure 6.4. For Sample A an initial value of 

2.7 mW cm-2 was estimated (3.8mW cm-2 for Sample B), which decays to zero within 15-

20 s, when the colouration is completed. Therefore, the power produced by the PV 

component (3.7 and 5.5 mW cm-2 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 s, 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 cells the colouration efficiency (CE) was measured, one of 

the most commonly used performance parameters.20 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 (Tc) and bleached states (Tb), and the inserted charge (Q), as 

follows:  

𝑪𝑬 =
𝒍𝒐𝒈

𝑻𝒃
𝑻𝒄

𝑸
                                                                                                                                                    6.1 

The plot for the electrochromic performance is shown in Figure 6.5. At a wavelength of 

620 nm, the colouration efficiency was determined to be 289 cm2 C-1 for Sample A and 

114 cm2 C-1 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 4.4 mC 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 C-1
, in integrated PVCC devices the reported values are less than 

100 cm2 C-1.9 This thus represents a substantial improvement for the integrated devices.21 
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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 voltammogram of the EC component of the PVCC. The 

colouring and bleaching associated with WO3 reduction and oxidation were observed by 

polarizing between -1 and 1 V. A stable current response was achieved after 50 cycles and 

no significant changes were observed 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 (see Section 6.6.3 for detailed formulation) as a glue to laminate 

the two glass electrodes; no additional sealing was used to protect the device from 

exposure to humid air. 

6.5  Outlook and conclusion 

In this chapter, perovskite PVCCs with self-adaptive transparency have been detailed. The 

combination of a semi-transparent perovskite photovoltaic and SPE electrochromic 

enables a fully solid-state 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%) upon self-activated 

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 commercialization 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 process, which is well-known in the 

glazing industry.  
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6.6 Additional methods: PVCC device fabrication and testing 

6.6.1 Electron beam deposition 

Tungsten oxide layers (550 nm thick WO3) were deposited by electron beam deposition on 

ITO/glass substrates (VisionTech 12 Ω/□).  The vacuum chamber was initially evacuated 

to 10−6 mbar, and then pure dry oxygen was admitted through a needle valve. The 

pressure was maintained at 10−4 mbar throughout the process. The deposition rate was 

about 1.5 Å s-1. During the deposition process, the chamber reached a temperature of 

about 215 °C. High vacuum e-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:In2O3) 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 10−7 mbar and then a pure dry oxygen flux was admitted 

through a needle valve. The pressure was maintained at 10−4 mbar throughout the 

deposition. The deposition rate was ∼0.5 Å s-1 and the substrate temperature was kept at 

240°C during the process. Sheet resistance (20 Ω/□) was assessed by the four-probe van 

der Pauw technique. 

6.6.2 Solid polymer electrolyte 

The poly(ethylene oxide: poly(ethylene glycol:lithium iodide (PEO:PEG:LiI) electrolyte 

was prepared with ether-oxygen to lithium [EO]:[Li+] molar ratio of 4:1, whereas the 

PEO:PEG weight ratio was fixed as 40:60. A homogeneous mixture of PEG 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 argon-filled glovebox. PEO was then dispersed in PEG/LiI 

system by adding anhydrous acetonitrile and stirred until 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 WO3 coated TCO glass and pressed on the second 

glass to reproduce the architecture reported in Figure 6.1a. Mechanical pressure and mild 

vacuum was applied for 1 hours to laminate the two 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 short-circuited devices were observed by a VARIAN 

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

spectrum measurements were obtained by irradiating the short-circuited device using an 

array of seven white Luxeon LED (Cool White 6500 K, 7 LED 40 mm−1540 lm at 700 mA), 

operated by a Keithley source meter. During these measurements, the devices 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 1mV s-1. 

Electrochemical impedance spectroscopy (EIS) 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 10-1 – 106 Hz 

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

mm and a thickness of 50 µm 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 steady state. The ionic 

conductivity (σ) was calculated using the relation 𝜎 = 𝑙/𝑅𝑏𝐴, where 𝑙 is the thickness of 

the polymer electrolyte film, 𝐴 is the contact area between the electrolyte and the 

electrode, and 𝑅𝑏 is bulk resistance obtained from the intercept of the semicircle with the 

real axis of the Z' versus Z'' Nyquist plot. 
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7.1 Context and summary 

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 efficiency by modifying 

and understanding the perovskite material itself. Most previous work on perovskite solar 

cells, including that in this thesis so far, has focused on methylammonium lead trihalide 

perovskites, with a bandgaps of ~1.57eV and greater. Here, the effect 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 2.23 eV can be synthesised. The 1.48 eV-bandgap 

perovskite is most suited for single junction solar cells; long-range electron and hole 

diffusion lengths are demonstrated in this material, making it suitable for planar 

heterojunction solar cells. Such devices are fabricated, and due to the 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. Moreover, 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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7.2 Introduction 

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 and bromide 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.1 However, it is known that 

the optimal bandgap for a single-junction solar cell is between 1.1-1.4eV, as discussed in 

Chapter 2. This is beyond the range of the methylammonium lead halide system.2 In 

addition, for the bottom cell in a tandem architecture, the optimum band gap is around 

1eV, giving good motivation to realise lower band gap perovskite absorbers.2 As illustrated 

in Figure 7.1a, and discussed in more detail in Chapter 2, perovskites are defined as any 

compound which crystallises in the ABX3 structure, consisting of corner-sharing BX6 

octahedra with the A component neutralising 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 most recent interest, has a tetragonal 

perovskite structure arising from a distortion of the perovskite lattice.3 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.4 

Nevertheless, its size is important. A larger or smaller A cation can cause the whole lattice 

to expand or contract, and it causes bending of the X-B-X bond angle.5 Changing the B-X 

bond length has been demonstrated to be important in determination of bandgap.1 

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 between 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.3 If too 

small, the lattice would be too strained to form. A so-called 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 a lower dimensional 2H-type 

structural rearrangement- it was too large to maintain the 3-dimensional ABX3 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 towards 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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of the sun’s spectrum than the methylammonium analogue. High efficiency 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. 

7.3 Replacing the A site cation 

 

 

Figure 7.1: Tuning perovskite bandgap by replacing the A cation. a) The ABX3 

perovskite crystal structure. b) the atomic structure of the three A site cations 

explored. c) UV-Vis spectra for the APbI3 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 (CH3NH3+)(MA) with caesium (Cs+) and formamidinium 
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(HC(NH2)2
+) (FA), illustrated in Figure 7.1b. Caesium has a smaller effective ionic radius 

compared to methylammonium, whereas formamidinium is slightly larger.4 A single 

precursor solution was spin-coated onto substrates; the perovskite 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.7–10 The absorbance spectra of these materials is shown in Figure 

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 CsPbI3 was unstable in air, degrading to a non-perovskite 

phase in a matter of minutes, as discussed further in Chapter 9. Estimations of the 

bandgap from Tauc plots, as detailed 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 red-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 cell.2 Therefore, this material is a likely candidate to be able to produce even 

more efficient solar cells than MAPbI3. 
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7.4 Mixed halide compositions 

 

Figure 7.2: Tunability of the FAPbI3yBr3(1-y) perovskite system. a) UV-Vis absorbance 

of the FAPbI3yBr3(1-y) perovskites with varying y, measured in an integrating sphere. 

b) Corresponding steady-state photoluminescence spectra for the same films. c) 

Photographs of the FAPbI3yBr3(1-y) perovskite films with y increasing from 0 to to 1 

(left to right). d) XRD spectra of FAPbI3yBr3(1-y)  films showing the shift of the 100 

(cubic) perovskite peak to the (111) trigonal peak as y decreases. e) Variation of 

bandgap with pseudocubic lattice parameter as determined from XRD spectra. 

To explore the range of bandgap tunability of the formamidinium lead trihalide system, a 

range of formamidinium lead bromide-iodide mixed halide perovskites (FAPbI3yBr3(1-y)) 

was fabricated by gradually replacing iodide with bromide in the precursor solutions. It 

was possible to form most fractional mixtures, but it was not possible to form crystalline 
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phases, as determined by x-ray diffraction (XRD) data shown in Figure 7.3 for y=0.5, 0.6 

and 0.7, so these are not considered in more detail here. The absorbance and 

photoluminescence from the perovskites in this series are shown in Figure 7.2a and Figure 

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 illustrated in Figure 7.2c. An increase in iodide fraction gradually red-shifts 

the bandgap. Photoluminescence peaks correspond well to the absorption onsets, 

suggesting the observed photoluminescence is predominantly from the bandgap rather 

than trap or sub-band states.11 Similar to the methylammonium lead trihalide system 

previously studied,1 analysis of XRD data (shown in full in Figure 7.3) shows that the 

perovskites transition from a cubic (for y<0.5, Br-rich) to a trigonal (y>0.7, I-rich) crystal 

structure, via a set of mostly amorphous phases. Figure 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 FAPbI3yBr3(1-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 PbX6 octahedra, 

whilst maintaining corner-sharing, as shown in 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 spacing, as previously described in the literature.1,12 
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The pseudocubic lattice parameters are then determined from lattice parameters a and c 

by: 

𝒂 ∗ =  
√𝟐𝒂𝟐

𝟐
  ;  𝒄 ∗ =

𝒄

𝟐
                                                                                                                                 7.1 

For a cubic lattice, a* and c* should be identical, so for the most accurate 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 FAPbI3yBr3(1-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 parameter a* for the trigonal-phase 

perovskites, and cubic lattice parameter a (directly comparable to a*) for the cubic 

perovskites enabled plotting the relation between bandgap and lattice spacing for this 

system. As shown in Figure 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 the formamidinium 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 architecture. In this case, the bandgap of the top cell must be 

tuned to be the optimised value for a particular bandgap of bottom cell.2 For a 1.1eV 

silicon bottom cell, a 1.7eV perovskite top cell would be ideal, for example. 
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7.5 Material properties 
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Figure 7.5: Material properties of FAPbI3 films. Top view scanning electron 

micrograph of the sample morphology of a FAPbI3 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. c) X-ray 

diffraction spectrum for a smooth and continuous FAPbI3 film such as those used in 

quenching films. Peaks labelled with a * are assigned to the fluorine-doped tin oxide 

substrate, those with a # to PbI2 impurities, and other peaks are assigned to the 

labelled reflections from a trigonal perovskite lattice with unit cell parameters 

a=b=8.99Å, c=11.0Å, in good agreement with the previous report on FAPbI3
7. d) 

Absorbance spectrum of a smooth and continuous 400nm thick film of FAPbI3 

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 cell. Previous reports on perovskite solar cells have explored four main 

architectures, as discussed in Chapter 2. Firstly, the ‘sensitizing’ architecture, where the 

perovskite simply acts as an absorber coating mesoporous TiO2, with excited carriers 

injected into hole and electron transporting media for collection at the electrodes.13–16 

Secondly, the meso-superstructured 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.18,19 Finally, bulk thin-film planar heterojunction 

architectures have recently shown high efficiencies, as discussed in Chapter 4; here a bulk 

layer of perovskite is both absorber and long-range transporter of both charge 

species.11,20,21 The thin-film and mesostructured approaches should ultimately provide the 

highest efficiencies, since the interfacial area at the heterojunction 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 absorption depth of a few hundred 

nanometers. To determine the optimum architecture for incorporation of FAPbI3 into 

photovoltaic devices, whether thin-film, mesosuperstructured or sensitizing, time resolved 

photoluminescence quenching experiments were conducted using the technique 

described in detail in previous work, and summarised in Chapter 3, to obtain values for the 

electron and hole effective diffusion lengths.11,22–24. In brief, a hole (Spiro-OMeTAD) or 

electron (PCBM) quenching layer is spin-coated on top 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 time-resolved 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.11  

Notably, it is important to carry out these measurements on very uniform and continuous 

thin films of the material in question. Spin-coating the formamidinium iodide plus PbI2 

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:PbI2 1:1 perovskite precursor solution, 

extremely uniform and continuous films could be formed, with phase purity verified by 

XRD (Figure 7.5c), which is in good agreement with previous reports on single crystals of 

this perovskite.7 We note that in these thin films, post annealing, we do not observe any 

significant presence of the previously reported hexagonal polymorph, a non-perovskite 
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‘yellow phase’.7 Moreover, realising a highly uniform coating is likely to have a beneficial 

effect on device performance, as concluded for the MAPbX3 perovskite in Chapter 4. This 

addition of the acid to the formamidinium perovskite precursor solution provides a simple 

way to form a pinhole-free continuous film using conventional solution-processing. This 

method has not been reported previously. It is proposed that adding acid helps to 

solubilise the inorganic PbI2 component, and so slows down crystallization of the film 

upon spin-coating, enabling a smoother 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 HI 

to a highly concentrated solution of lead iodide in DMF considerably enhanced its 

solubility (and incidentally, allowed the formation of very smooth films of PbI2, which is 

normally challenging to achieve). This simple technique should prove useful as a general 

method for preparing very smooth hybrid organic-inorganic films, or preparing more 

concentrated precursor solutions. 

700 750 800 850
0.0

2.0x10
5

4.0x10
5

6.0x10
5

8.0x10
5

1.0x10
6

1.2x10
6

1.4x10
6

1.6x10
6

 

 

P
L
 c

o
u
n
ts

Wavelength (nm)

 PMMA

 PCBM

 Spiro

a

0 200 400 600 800 1000
0.01

0.1

1

P
h

o
to

lu
m

in
e

s
c
e

n
c
e

 (
n

o
rm

.)

Time (ns)

 No quencher

 PCBM 

 Spiro-OMeTAD 

                 D (cm
2
s

-1
)            L

D
(nm)

Holes:   0.091 0.009       813  72

Electrons: 0.004  0.001   117  20

b

 

Figure 7.6: a) Steady-state photoluminescence spectra of a FAPbI3 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 intensity from 

films with and without electron and hole-quenchers, showing the stretched 

exponential fits to the decay curves. Diffusion coefficients (D) and diffusion lengths 

(LD), extracted from the fitting, are shown in the inset. Errors quoted arise 

predominantly from film thickness variations. 

It was verified that PCBM and Spiro-OMeTAD are effective quenching layers for electrons 

and holes respectively by measuring the steady-state photoluminescence spectra of 

perovskite films with these quenchers on top. As shown in Figure 7.6a, both quenchers are 

effective, however the PCBM does not entirely quench the PL from FAPbI3, in contrast to 
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nearly complete quenching when coated upon MAPbI3.11 As shown in Figure 7.6b, by 

monitoring the time-resolved photoluminescence intensity at the peak wavelength 

(810nm), it was possible to estimate effective diffusion lengths for electrons and holes in 

this material, as 177±20nm and 813±72nm respectively. As shown in Figure 7.5d, films of 

a few hundred nanometers thickness 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 FAPbI3 solar cells. It is noted that both the diffusion length for 

holes and electrons are significantly longer than those found in MAPbI3, but shorter that 

those in the chloride-assisted MAPbI3-xClx perovskite, which are over 1 micron for both 

electrons and holes.11 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 in Figure 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 band structure 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 length 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 FAPbI3, as shown in Figure 7.6a, then the estimation of the 

electron diffusion coefficient and length is a lower limit.  
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7.6 Formamidinium lead halide solar cells 

 

Figure 7.7: Planar heterojunction FAPbI3 solar cells. a) Cross-sectional scanning 

electron micrograph of a representative FAPbI3 device. b) Current-voltage 

characteristics of FAPbI3 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 FAPbI3 solar cell. d) 

Current-voltage charcteristics of FAPbIyBr3-y planar heterojunction solar cells under 

100mWcm-2 AM1.5 illumination, showing devices with y=0.8 and y=0 compared to 

the champion FAPbI3 solar cell. Performance parameters are shown as an inset. 

Thin-film planar heterojunction solar cells with the FAPbI3 perovskite were fabricated and 

optimised, using compact TiO2 and Spiro-OMeTAD as electron- and hole-selective contacts 

respectively. The device architecture is shown in Figure 7.7a. Current-voltage 

characteristics of such devices were measured under simulated AM1.5 100mWcm-2 sun 

light, and these characteristics are shown for the best device fabricated, and for the 

numerical mean of a 24-cell batch, in Figure 7.7b. Full details of device performance for 

the whole batch of such devices is detailed in Table 7.1 and Figure 7.8. Due to the high 
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short-circuit currents of over 23 mAcm-2, power conversion efficiencies of up to 14.2% in 

the best performing devices were observed, which is a new record for solution-processed 

planar heterojunction perovskite solar cells. As shown in the EQE spectrum (Figure 7.7c), 

photocurrent is generated out to ~840nm, rather than only ~780nm achievable with the 

well-known MAPbX3 material, due to the narrower bandgap.15 The integration of the 

measured EQE spectrum over the solar spectrum estimates a short-circuit current density 

of 18.2mAcm-2, 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 

champion device. 

No. cells Jsc (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 conversion efficiency in this system can be explained by two main 

advantages of the FAPbI3 perovskite. Firstly, via solution-processing with the hydroiodic 

acid additive it is possible to form a very uniform and continuous thin film, with very few 

pinholes or defects, which remains a difficult challenge for the MAPbX3 films.20 Uniform 

perovskite coverage is likely to lead to maximising the Voc and FF, as discussed in Chapter 

4. Secondly, the reduced bandgap of 1.48eV compared to ~1.57eV in the MAPbI3-xClx 

perovskite allows absorption of photons over a greater proportion of the solar spectrum, 

and is closer to the ideal bandgap for a single-junction solar cell, which will lead to 

maximising the Jsc. Performing a quick calculation as detailed in Chapter 2, assuming 100% 

EQE, a Jsc of up to 29.2mAcm-2 could be attained with a 1.48eV material, as opposed to 

26.3mAcm-2 for a 1.57eV material. This is a significant difference and shows the greater 

potential for the FAPbI3 system.  A corresponding drop in Voc would be expected to 

accompany a smaller bandgap. However, the Voc attained in the best FAPbI3 planar 

heterojunction solar cells is 0.94V, compared to 0.97V observed in the best MAPbI3-xClx 

solution-processed planar heterojunction solar cells. The reduction in bandgap from 

MAPbI3-xClx to FAPbI3 is ~0.09eV, whereas the Voc only drops by 0.03V, so in these cells a 
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lower voltage loss from optical bandgap to Voc (loss-in-potential) is observed than in the 

MAPbI3-xClx cells – 0.54eV compared with 0.6eV. This implies fewer energetic losses, as a 

result of the highly uniform films or for another reason. 

It is noted that by employing a meso-superstructured approach, even higher voltages of up 

to ~1.1V have been observed in the MAPbI3-xClx system.13 The origin of these higher 

voltages in comparison to the solution processed planar heterojunction devices are yet to 

be understood fully, but the loss-in-potential is only ~0.46eV, even lower than the loss in 

the FAPbI3 cells. If this loss in the FAPbI3 can be mitigated by, for instance, employing a 

mesostructure, a more appropriate choice or energetically tuning of the n- and 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 FAPbI3 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 open-circuit voltages, as previously shown with the 

MAPbX3 system.1,25 To explore this, planar heterojunction solar cells were fabricated in the 

same way with two further compositions of FAPbIyBr3-y perovskites, y=0 (FAPbBr3) and 

y=0.8 (a small replacement of iodide with bromide). Current-voltage characteristics of the 

best devices of these compositions fabricated are shown in Figure 7.7d, as compared to the 

best FAPbI3 device. It is observed that by decreasing the iodide fraction (increasing the 

bromide fraction) from y=1 to y=0.8, we are able to generate slightly higher open-circuit 

voltages of 1.0V, accompanying a drop in photocurrent. This corresponds to a change in 

bandgap from 1.48eV to 1.57eV, so the increase in Voc 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 FAPbBr3, however, the Voc increases only slightly further, to 

1.02V. Here the bandgap is now 2.23eV, so the Voc increase is much less than the bandgap 

increase. Something else must then be limiting the Voc. 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 deeper 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 MAPbI3 and FAPbI3, when bare spin-coated films 

of each perovskite are heated in air at 150oC 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.1,7 Though this is likely to 

be manageable in manufacture, any modifications which enhance 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 more resistant when exposed 

to high temperatures in air than methylammonium lead iodide – it appeared fully stable 

without discolouration at 150oC in air, whereas the methylammonium-based perovskite 

discoloured after ~30 minutes, as shown in Figure 7.9.  

 

Figure 7.10: Films of MAPbI3 (left) and FAPbI3 (right) upon exposure to 80-100% 

relative humidity atmosphere for ~15 minutes 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, as shown in Figure 7.10, 

resulted in degradation of the formamidinium perovskite at a similar rate to the 

methylammonium perovskite. Both films discoloured significantly within 15 minutes. 

However, recent work on long-term 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 to be a significant drawback to 

commercialisation of perovskite solar cells made with these materials.15,26  Furthermore, 

the enhanced temperature stability of the FAPbI3 is an extremely promising property, 

possibly indicative of better long-term 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 MAPbI3 is fundamentally unstable over long times at this temperature; the 

FAPbI3 should be significantly more stable and be able to pass these tests.27 
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Figure 7.11: Hysteresis in FAPbI3 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 from the JV curve are ~14% and ~11% for FB-SC and SC-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 hysteretic current-voltage behaviour is a significant 

one in the methylammonium-based perovskites. In order to test if this issue was still 

present in FA-based devices, cells were scanned in both forwards and reverse voltage 

directions, and a stabilised power output also measured at the determined maximum 



7. FORMAMIDINIUM LEAD HALIDE: A BROADLY TUNABLE PEROVSKITE FOR EFFICIENT PLANAR 

HETEROJUNCTION SOLAR CELLS 

140 
 

power point. Hysteresis data for a typical FAPbI3 device is shown in Figure 7.11. It is 

clearly evident that hysteresis is still present in this material, in this architecture – it is not 

a unique feature of the MAPbI3 material. Hysteresis will be discussed further in Chapter 9; 

here it can be concluded that solving this problem is integral to allowing the PCE of FAPbI3 

devices to stabilise at the highest values. 

7.7 Outlook and conclusion 

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 FAPbIyBr3-y perovskite system between 1.48 and 2.23eV. Since FAPbI3 has an optical 

bandgap of 1.48eV, it is closer to the ‘’ideal’ single-junction solar cell bandgap (between 

1.1-1.4eV). To determine the optimum device configuration, spectroscopic diffusion length 

measurements were carried out, and it was determined that FAPbI3 has 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 coverages necessary for 

the highest PCEs as discovered in previous chapters. Planar heterojunction solar cells 

were fabricated, and due to the reduced bandgap of FAPbI3 very high short-circuit 

currents in excess of 23mAcm-2 were observed, and PCEs up to 14.2% were achieved, 

measured under simulated full sun light. Moreover, it was shown that the FA-based 

materials are more thermally stable than the MA-based materials, of high significance 

when considering commercialisation and real-world usage. These promising results 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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8.1 Context and summary 

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 novel transparent cathode is applied to the devices, enabling the 

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 almost 30%, retaining impressive colour-neutrality. This makes these 

devices the best-performing single junction neutral-coloured semitransparent solar cells 

to date. These microstructured perovskite solar cells are also shown to have a significant 

advantage over silicon solar cells in terms of performance at high incident angles of 

sunlight, making them ideal for building integration. 
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8.2 Introduction 

In Chapter 5, the application of the most commonly studied MAPbI3 perovskite was 

reported in neutral-coloured semitransparent solar cells for building-integrated 

photovoltaics.1 Spontaneous dewetting of an excess-organic containing perovskite 

precursor dissolved in a low vapour pressure solvent enabled the formation of a 

microstructured array of perovskite “islands”, which were able to generate respectable 

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 semi-transparent, 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 first work on semi-transparent perovskite solar cells, it was not 

possible to employ a sufficiently 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 semi-transparent gold cathode, which 

no longer provided neutral colour. It was concluded that the gold cathode was a key 

limiting factor – with a more transparent cathode, better AVTs should be achieved and 

also neutral colouration retained. More recently, others have reported on a 

semitransparent perovskite solar cell also employing a thin gold cathode, with 6.4% PCE 

and 30% full device AVT. However, they employed a thin but continuous layer of 

perovskite, giving a brown-yellow device.2 As previously discussed in Chapter 5, other 

technologies have also achieved high efficiencies 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 perovskite, MAPbI3, in 

Chapter 7 of this thesis it was demonstrated that the methylammonium (CH3NH3+) 

component can be replaced with formamidinium (HC(NH2)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 1.48eV.3–5 Furthermore, it was observed that the 

FAPbI3 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 an issue for the MAPbI3 perovskite.3,5 Therefore, the 

FAPbI3 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 cell are 

reported. MAPbI3 is replaced with the advantageous FAPbI3 in the microstructured 

architecture, which allows significantly higher efficiencies to be achieved for equivalent 
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transparencies. Such devices display very little JV hysteresis, and have high stabilised 

power output. Secondly, a novel ITO and precious metal-free transparent cathode is 

employed in such devices, allowing fully operating, completely neutral coloured 

semitransparent, perovskite solar cells for the first time.  

8.3 Fabrication of microstructured FAPbI3 via sacrificial 
component 

FAPbI3 was fabricated in the microstructured architecture by using a precursor containing 

excess of organic components, and in a low vapour pressure solvent, DMSO. This 

combination was previously found to produce a reasonably regular array of perovskite 

islands for MAPbI3-xClx (see Chapter 5).1 The presence of the excess organic allows 

morphological change during annealing.6,7 Using a low vapour pressure solvent means that 

the perovskite starts to crystallise while the solvent is still present, and the combination of 

slow crystallisation and slow solvent removal results in the perovskite nucleating in a 

discontinuous island-type 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 the MA and I source. It is assumed that the reaction progresses 

thusly:8 

3MAI + PbCl2 -> MAPbI3 + 2MACl                                                                                                        8.1 

The MAPbI3 is the perovskite formed, and the MACl is predominantly removed via 

sublimation or degradation, which is experimentally observed to occur at temperatures 

greater than 80oC8,9. The notation MAPbI3-xClx 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 role.10,11 In the case of the FA however, 

because the FA cation is larger, it is not so easily removed. Attempts 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 morphology – they were very rough, 

discontinuous, and non-uniform. Likewise, using a stoichiometric 1:1 FAI:PbI2 precursor in 

DMSO also produced very rough, non-uniform films. It appeared that the excess organic is 

critical to obtain the microstructuring. Therefore, a new route was taken to obtain 

microstructured films of FAPbI3: MA was incorporated as a sacrificial component. It is 

assumed that the reaction progresses as shown below: 

2MAI + FAI + PbCl2 -> FAPbI3 + 2MACl                                                                                              8.2 
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Since FACl, being a larger molecule than MACl, requires higher temperatures to sublime 

than MACl, the MACl will be preferentially removed on heating at >80oC, leaving FAPbI3 

(or FAPbI3-xClx to 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, spin-coating in a single step, and annealing first at 130oC for 20 

minutes and subsequently at 170oC for 10 minutes. The first step was to remove the 

excess MACl in a similar manner to that used in Chapter 5, and the second step was to 

force the FAPbI3 into its black, rather than yellow, phase, as in Chapter 7.3,5 Films formed in 

this manner did indeed produce a material with a somewhat similar microstructuring as 

was observed in the MAPbI3 material, as shown 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 130oC and then at 170oC. c and d: MA-containing films produced 

from the precursors detailed in Equation 8.1 and annealed at 130oC. 

In order to confirm that the material produced is FAPbI3, X-ray diffraction (XRD) 

measurements were carried out on the films, as shown in Figure 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=8.64Å, c=12.64Å for MAPbI3 and trigonal structure with a=8.99Å, c=11.0Å for 

FAPbI3. b) Zoom of the peaks at ~14o in the XRD spectra showing the shift from MA 

to FA. c) 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 associated with 

the preferred orientation are observed) is observed in the FA material, similar to that 

observed in the MA material. The peaks observed can be assigned to the (110)/(111) and 

(220)/(222) peaks of a tetragonal/trigonal lattice structure (with α=β=γ=90o for the 

tetragonal, α=90o, β=90o, γ=120o for the trigonal structure) respectively; the MA material 

agrees well with previous reports of a tetragonal material with a=8.64Å, c=12.64Å, and an 

obvious shift in 2θ is observed for the FA material (as shown for the peak at ~14o in Figure 

8.2b), giving good agreement to a trigonal material with a=8.99Å, c=11.0Å, as previously 

reported for the black phase of FAPbI3.3,5,12,13 The change in phase between perovskites is 
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due to a very slight distortion of the perovskite lattice. No peaks corresponding to MAPbI3 

are seen in the FA material’s spectrum, allowing it to be assigned unambiguously as almost 

pure black phase FAPbI3. To further confirm the identity of the material, and to quantify 

the transparency, the transmittance of the materials was measured, as shown in Figure 

8.2c). It is noted that since the application here is for semitransparent solar cells, spectra 

were taken of the whole active layer of such a device, which is compact 

TiO2/perovskite/Spiro-OMeTAD. The method used to obtain the active layer 

transmittance is discussed in detail in Chapter 3. It is observed that 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 agreement with the previously demonstrated bandgap of 

~1.48eV.3 it can thus be confirmed that the material is predominantly FAPbI3; 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 colour-neutral to the MA material. Both 

materials formed in this microstructured way display a high transmittance, which is highly 

encouraging for their use in semitransparent solar cells. 

8.4 FAPbI3 microstructured solar cells 

Having confirmed that it is possible to fabricate semitransparent microstructured arrays 

of FAPbI3 islands, planar heterojunction solar cells were fabricated from such films, with 

the device structure shown in Figure 8.3a).  
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Figure 8.3: a) Diagram of the device architecture employed. b) Tilted and c) cross-

sectional SEMs of a full semitransparent FAPbI3 solar cell showing the islands of 

perovskite coated with Spiro-OMeTAD. d) JV characteristics of MAPbI3 and FAPbI3 

solar cells, measured under simulated 100mWcm-2
 AM1.5 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 FAPbI3 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 JV scan. 

As discussed in previous chapters, due to the rectifying nature of the titania-Spiro-

OMeTAD contact, such discontinuous devices are still impressively functional. Cross-

sectional SEM images of such devices are shown in Figure 8.3b and c); the perovskite 

islands of ~ 900nm thickness are clearly observed, covered by a thin layer of Spiro-

OMeTAD. In order to assess comparative performance of the FA films compared to MA 

films, thick gold electrodes were used as the cathode. Although transparency is then 

reduced, this was in order that that device performance was not limited by the electrode 
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initially. The current-voltage characteristics measured under simulated sunlight (AM1.5, 

100mWcm-2) illumination from the best-performing devices fabricated with each material 

are shown in Figure 8.3d), with full device parameters extracted shown in Table 8.1.  

 

 Jsc (mAcm-2) Voc (V) FF η (%) AVT 
(active 
layer) 
(%) 

ηMPP (%) 

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  
(1 pass) 

9.1   4.2   

Table 8.1: Table showing device characteristics of best FAPbI3 and MAPbI3-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. 
devices 

Jsc 

(mAcm-2) 
Voc (V) FF PCE (%) Active 

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 pass of light (the best efficiency possible for such a device if it had a perfect 

transparent cathode, calculated as described in Section 5.8) is shown. The statistics for the 

whole batch fabricated is shown in 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 FAPbI3 

provides absorption over a greater fraction of the solar spectrum due to its reduced 

bandgap. Accordingly, as may be expected, it is observed that the photocurrent generated 

is higher than for the MAPbI3. More surprising is the increase in Voc that is observed with 

the FAPbI3. Due to its reduced bandgap, it would be expected that if anything, the Voc 
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would decrease. It has been experimentally observed that this increased voltage is 

reproducible, and its origin is currently unclear. It is possible that the higher-temperature 

anneal is beneficial to the compact titania, and allows for higher oxygen-doping. This 

would then raise the turn-on voltage of a Spiro-titania diode; as discussed in Chapter 4 any 

contact between Spiro-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 Voc that this normally has. The impact of the increased current and 

voltage in the FAPbI3 compared to the MAPbI3 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 cells is shown in Figure 8.3e). It is observed that the 

FA generates photocurrent up to ~840nm, and the MA up to ~790nm, in good agreement 

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 JV curves, as discussed in Chapter 2.14 This can lead to 

exaggerated PCEs based on fast JV scans; accordingly, it is vital to also measure the 

stabilised power output of such devices. It has been suggested that FAPbI3 might display 

less hysteresis compared to MAPbI3, in which case its stabilised power output should be 

closer to its fast JV PCE.5 To assess this, as shown in Figure 8.3f), the power output over 

time was measured while holding the devices at their maximum power point, as 

determined by the fast JV scan. Both the absolute PCE generated, and PCE as a fraction of 

that determined by the fast JV, are plotted in Figure 8.3f). It is observed that the MAPbI3 

semitransparent cell stabilises quickly, but only at 3.9%, or 80% of its PCE according to 

the fast JV scan. The FAPbI3 cell takes longer to stabilise, but it then generates 6.8% PCE, 

which is 89% of its fast JV scan efficiency. These results are very promising for the FAPbI3; 

they suggest that not only are the stabilised efficiencies significantly higher than a 

similarly transparent MAPbI3, but also they exhibit a less severe hysteretic effect, meaning 

that the PCE extracted from a fast JV scan is closer to the stabilised PCE. 

8.5 Incorporation of transparent laminated cathode 

Having demonstrated that incorporating FAPbI3 into the semitransparent microstructured 

perovksite solar cell architecture can lead to significantly enhanced efficiencies, the 

remaining challenge for semitransparent perovskite solar cells is then tackled; making the 

entire device fully semi-transparent, whilst retaining the neutral colouration. Whilst the 

FTO-coated glass (hereafter just FTO) is a reasonable transparent anode, the cathode is 
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more challenging. Previously, a thin gold contact has 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 mesh has been developed, which can be laminated onto the solar cell via application 

of a PEDOT:PSS-based pressure-activated conductive adhesive. This is described in greater 

detail elsewhere.15 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 pressure-laminated onto the solar cells at 

room temperature, after having spray-coated a thin layer of PEDOT:PSS on top of the 

Spiro-OMeTAD of the solar cells. This transparent laminated cathode (TLC) is applied to 

the FAPbI3 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 FAPbI3 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 FAPbI3 

solar cell before (FTO/AL, where AL = active layer) and after the application of the TLC 

(FTO/AL/TLC), 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 enhanced. It is observed that the TLC on its own attenuates much more 

light than the increased attenuation when applied upon the perovskite cell. This is thought 

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 complete stack. 

The colour-neutrality of the whole device is verified by calculating the colour perception 

indices according to the CIE 1931 xy colour space standard, as described in previous 

chapters. Transmitted light is represented by the product of the AM1.5 spectrum and the 

transmission of the sample in question. In Figure 8.4b), the colour coordinates of the 

active layer only (compact titania/perovskite/Spiro-OMeTAD), the active layer on FTO-

glass, and the whole FTO/AL/TLC device are shown, compared to the reference daylight 

illuminant D65 and the AM1.5 spectrum. It can be observed that the films have excellent 

colour-neutrality, lying well within the central region of the chromacity diagram, close to 

the AM1.5 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 the neutral-coloured FAPbI3 semitransparent solar 

cell. A photograph of a neutral-coloured semitransparent FAPbI3 device with both 

electrodes is shown in Figure 8.4c), exhibiting good visual transparency. Figure 8.4d) 

shows the current-voltage characteristics of the best-performing fully semi-transparent 

FTO/AL/TLC FAPbI3 device fabricated. It displays a lower short-circuit 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. Accordingly, a PCE of 5.2% was 

obtained, for a neutral-coloured semitransparent solar cell with an AVT of 28%, with an 

active area of approximately 0.5 cm-2, masked to 0.0625cm2.  

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/transparency 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 old.16–18 These characteristics in fact make 

this one of the best performing neutral-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 nickel-based mesh, has been shown. Neither 

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 solution-processing 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 itself.19 The limiting 

factors in the cost of the device now become the use of Spiro-OMeTAD as HTM and the 

high-temperature annealing for the titania compact layer. Replacement of Spiro-OMeTAD 

would also be advantageous for the AVT of such devices, as Spiro-OMeTAD absorbs 

strongly below 430nm, affecting the AVT somewhat. The titania compact layer is annealed 

at 500oC, 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 limitations.20–23 

It is observed that the efficiency of the FAPbI3 devices drop upon use of the TLC. This 

mainly stems from a loss in Voc 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 of Spiro-OMeTAD, reducing the possible Voc. 

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 perovskite-

compatible transparent 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 roll-to-roll processable 

semitransparent perovskite solar cell have been taken. If a flexible transparent substrate 

and anode were to be employed, for example ITO on PET, and combined with the TLC, it is 

apparent that such a device could be produced, further enhancing the commercial 

attractiveness of these solar cells for laminatable semitransparent PV foils. 

8.6 Incident light angle dependence 

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 illumination. For the majority of 

the time, a window will be experiencing illumination angles significantly shallower than 

direct. Thererfore the angle-dependent short-circuit current generated by the FAPbI3 and 

MAPbI3 semitransparent solar cells were 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 function of angle to the sun, the data was multiplied 

by cosθ, to account for the reduced projected footprint of the solar cell with increasing 

angle.  Figure 8.5 shows both the current generated from a small spot as a function of 

angle (solid lines) and multiplied by cosθ to represent illumination area larger than the 

cell (dashed lines).   
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Figure 8.5: Angle-dependent photocurrent extracted from FAPbI3 and MAPbI3 semi-

transparent solar cells, compared to that extracted from crystalline silicon (c-Si) 

and polycrystalline silicon (poly-Si) devices. 0o represents light incident at the 

normal; light incident at 90ois 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 power output from a module in operation. 

The semi-transparent FA and MAPbI3 devices performed unprecedentedly well at lower 

light angles. At angles shallower than the normal, and right up to ~70o from normal, the 

MAPbI3 devices generated even more power than they did at the normal. Even more 

impressively, the FAPbI3 devices show a continuous increase in 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, both technologies show a drop-off in current 

at higher angles than either silicon technology tested. c-Si begins to drop in current at 

~60o, and polycrystalline silicon at ~65o, as compared to the MA at 70o and the FA at 80o. It 

is thought that at larger angles of incidence, light will be absorbed by the edges of the 

perovskite’ islands’, and can still be converted to current, as opposed to the smooth and 

flat silicon solar cells. At certain angles, a greater surface area of perovskite will in fact be 

illuminated due to the aspect ratio of the islands, hence the increase above the current 

displayed at 0o. 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 solar cell until it hits the 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 FAPbI3, for building-integrated photovoltaics. If this aspect can be enhanced 

by careful design of the optical properties of each layer, then the semi-transparent 

perovskite cells may be ideal for BIPV in high irradiance locations, where the sun spends a 

large fraction of the day close to perpendicular. 

The final concern when considering building-integration of solar cells, aside from 

efficiency, transparency, aesthetics and cost, is that of long-term stability. The 

methylammonium and formamidinium perovskites suffer from moisture-induced 

degradation, meaning that effective waterproofing or sealing is necessary for real 

operation.3 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 window-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.24 However, it has been shown that when sealed effectively, such 

devices can be stable for hundreds of hours under full spectrum sunlight.25 Additionally, 

recently a water-resistant hole-transporting material replacement has been developed, 

which may be able to fully solve the issue of water-sensitivity.24 Furthermore, others have 

demonstrated a screen-printable carbon back electrode/hole transporter configuration 

that enables long-term moisture stability.26 These developments all point towards the 

possibility of perovskite solar cells that are stable in the long term, even in outdoor 

environments. 

8.7 Outlook and conclusion 

In summary, efficient semi-transparent perovskite solar cells were fabricated by a) 

incorporating the formamidinium cation into the microstructured architecture and b) 

application of a novel transparent cathode. The FA-based 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 transparent cathode, it was possible to fabricate completely 

semitransparent full working devices with impressively neutral-coloured transparency. 

From these, a power conversion efficiency of 5.2% was achieved from a device with an 

AVT of 28%. This is a significant improvement on previous reports, rendering the devices 

very commercially attractive for power-generating window applications. The angular 



8. SEMI-TRANSPARENT NEUTRAL COLOURED SOLAR CELLS BASED ON FORMAMIDINIUM LEAD HALIDE 

PEROVSKITE 

160 
 

dependence of the semitransparent perovskite technologies demonstrated excellent 

performance at non-normal angles, surpassing commercially mature silicon technologies. 

These solar cells thus appear to be ideal for all-day operation in a building-integrated 

setting. 
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9.1 Context and summary 

The vast majority of perovskite solar cell research has focused on organic-inorganic lead 

trihalide perovskites. CsPbI3 thin films were presented in Chapter 7, but they proved too 

unstable for fabricate devices from. In this chapter, working inorganic CsPbI3 perovskite 

solar cells are presented for the first time. CsPbI3 normally 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 temperature. Solar cell devices in a variety of architectures have 

been fabricated, with current-voltage curve measured efficiency up to 2.9% for a planar 

heterojunction architecture, and stabilised power conversion efficiency of 1.7%. The 

functioning planar junction devices demonstrate long-range 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 current-voltage 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, CsPbI3 

cannot be a ferroelectric 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. 
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9.2 Introduction 

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 devices.1–5 Whilst the organic cation enables the stabilisation of the ABX3 

perovskite structure, one concern of these hybrid perovskites, when compared to 

conventional thin film compound semiconductors, is the inclusion of the organic cation: as 

shown in Chapter 7, the hybrid perovskites have considerably lower thermal 

decomposition temperatures (between 150 to 200ºC in thin film) than conventional 

inorganic semiconductors. In addition, whilst these materials form high quality thin film 

semiconductors and subsequently 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.6–8 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 efficiency,9–11 or 2) that it is 

due to a ferroelectric polarisation, originating from aligned dipolar organic molecules in 

the lattice.12–16 There is evidence for both theories and thus far no studies have 

conclusively ruled out either possibility. Ferroelectricity of the MAPbI3 perovskite is 

thought to arise from alignment of the MA molecular dipoles throughout the lattice. 

Therefore, replacement of the polar organic molecule with a non-polar component would 

be an ideal test for the ferroelectric theory.  If the polar organic molecule is responsible for 

the hysteretic effect, replacing it with a non-polar component should result in hysteresis-

free devices. There have been reports of all inorganic caesium tin iodide perovskite solar 

cells, which do replace the organic component and also the lead cation.17,18 However, the 

efficiencies are very low and these are fabricated on mesoporous titania, a structure that is 

known to mitigate hysteretic effects.6 Additionally, fabrication of Sn-based devices 

remains challenging due to susceptibility for the Sn2+ ion to oxidize to Sn4+.19 Caesium lead 

iodide, the perovskite formed by substituting the organic cation in MAPbI3 with caesium, 

has not yet been reported in functioning 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.20 The material generally transforms 

to the yellow NH3CdCl3 non-perovskite structure type at room temperature within a 

matter of minutes.21 Solar cells with this yellow phase have been reported, but did not 
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function at more than 0.09% PCE.22 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 current-voltage measurement. It can be 

comprehensively concluded that rotational alignment of the organic polar molecule in 

hybrid perovskite solar cells is not necessary for inducing current-voltage hysteresis. 

Moreover, the respectable starting performance of these inorganic perovskite devices 

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 thin-film planar 

heterojunction architecture, demonstrating that this material has good ambipolar 

transport properties and a significant diffusion length despite the absence of the organic 

dipolar component. 

9.3 Low-temperature fabrication and stabilisation of CsPbI3 

Caesium lead iodide (CsPbI3) has been previously synthesised as single crystals and as 

nanocrystals, and as a dopant in methylammonium lead iodide films in solar cells.20,22–26 It 

can be solution-processed in a similar manner to the hybrid lead halide perovskites; upon 

formation at room temperature it exhibits a yellow orthorhombic phase with wide 

bandgap, unsuitable for solar cell applications.20 Upon heating, it can form a black cubic 

perovskite phase with an optical bandgap of ~1.73eV.26 The phase transition has been 

reported to occur at temperatures of ~310oC.20,25 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 spin-coating a 

thin film of material, heating at temperatures of ≥335oC was necessary to form the black 

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 

film was never exposed to ambient air, it remained ‘frozen’ in the black phase even at 

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 to fabricate thin films and full solar cell 

devices. Smooth and uniform thin films of black phase CsPbI3were formed by spin-coating 

a 1:1 CsI:PbI2 solution in DMF and heating to 335oC. However, 335 oC is still a relatively 

high temperature, rendering the conversion impractical for a number of device 

architectures and substrates, such as temperature-sensitive c-Si solar cells (relevant for 

tandem cell applications). However, it was found that by adding a small amount of 

hydroiodic acid, an additive commonly employed to enhance the solubility of perovskite 
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precursors allowing uniform film formation (as shown in Chapter 7),2,27 to the precursor 

solution prior to spin-coating, it as possible to convert from the yellow to the black phase 

at only 100oC. Using this additive route, it was possible to form uniform and smooth thin 

films of black CsPbI3 by spin-coating the precursor solution plus additive and annealing at 

100oC for 10 minutes. 

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

A
b

s
o
rb

a
n

c
e
 (

a
.u

.)

Wavelength (nm)

 CsPbI
3
 black phase

 CsPbI
3
 yellow phase

E
g
 ~ 1.73eV

b

5 10 15 20 25 30 35 40 45 50
0

500

1000

1500

2000

**

(211)

(220)(110)

(200)

C
o
u
n
ts

2 theta )

c

(100)

*

5 10 15 20 25 30 35 40 45
0.0

0.2

0.4

0.6

0.8

1.0

*

*C
o

u
n

ts
 (

a
u

)

2)

*

d

 

Figure 9.1: Material properties of CsPbI3 a) Diagrammatic structure of CsPbI3 

phases20,23. b) Absorbance spectra of black and yellow phases of CsPbI3 thin films. 

c) X-ray diffraction spectra (XRD) of CsPbI3 thin film in black phase, with peaks 

assigned to a cubic (Pm-3m) lattice with a=6.1769(3)Å. 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 minimise exposure 

to air and inhibit the transformation into the yellow phase. d, XRD of yellow phase 

CsPbI3. 

Figure 9.1 shows the material properties of CsPbI3 yellow and black phase thin films. The 

crystal structures of the yellow and black phases are shown in Figure 9.1a). Absorbance 

spectra (Figure 9.1b) agree with previous observations and indicate a material with 
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bandgap of ~1.73 eV for the black phase, and a material absorbing only below ~440 nm 

(2.82 eV) in the yellow phase. Refinement of x-ray diffraction data for the black phase 

(Figure 9.2c) indicates a cubic perovskite structure with lattice constant a=6.1769(3) Å 

and space group Pm-3m (no. 221).20,23 It is noted that this is not a ferroelectric space 

group, so this material cannot sustain ferroelectricity in the classical manner- by 

distortion of the lattice.  

The addition of HI did not result in any obvious changes to the optical properties of the 

material, as is shown in Figure 9.2; the absorption spectrum is essentially identical for 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 exposed to air 

than the high-temperature processed films – hours rather than minutes. This implies that 

the films processed with HI are producing a material with a more energetically favourable 

black phase – it requires less energy input to form it and it is more 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 in-depth 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 TiO2 

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. c) 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 present due to 

degradation in the film without HI (full spectrum of yellow phase in Figure 9.1). d) 
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Magnification of the (110) and (200) peaks to show peak splitting and shoulder in 

film processed with HI. 

As shown in Figure 9.2b, scanning electron microscope characterisation of the surface of 

black phase films formed 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 – only on the scale of ~100nm, compared to almost microns in the 

film processed without HI. Comparing the X-ray 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 observed) – the film processed with HI has a more 

pronounced orientation. Moreover, looking closely at the (110) and (200) peaks (Figure 

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 spectrum of which is shown in Figure 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 crystal; thus it is 

proposed that the film processed with HI has a slightly strained crystal lattice.28 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 diagram for a material.29–32 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 MAPbI3 or FAPbI3, as detailed in Chapter 

7, but given the replacement of the organic component with Cs, likely totally altering the 

solubility in different solvents, this would not be unprecedented. The evaporation of the HI 

during spin-coating could also be responsible for nucleating the material, providing a 

greater nucleation density and thus a larger 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 the previous report of CsPbI3 nanocrystals, 

Protesescu et 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 observations made here and reinforces this hypothesis, 

suggesting that the grain size is of critical importance for stabilisation of the black phase at 

low temperature.  

9.4 CsPbI3 solar cells 

Having formed CsPbI3 stably in the black cubic phase, and having ascertained that it can be 

maintained in this phase for a long period of time by processing in air-free environments, 

solar cell devices were fabricated. Solar cells were made in both the planar heterojunction 

and infiltrated mesoporous TiO2 architectures, as planar heterojunctions 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 processing route allowed the fabrication of ‘inverted’ 

planar heterojunction devices, based on a PEDOT:PSS  coated substrate with the n-type 

PCBM electron collection layer on top. Figure 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 heterojunctions (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 TiO2, is 

sandwiched between electron-selective and hole-selective contacts of compact TiO2 and 

Spiro-OMeTAD respectively for the ‘regular’ devices and PCBM and PEDOT:PSS for the 

‘inverted’ devices. When not infiltrated, the perovskite was measured to have thickness of 

~220nm. The Spiro-OMeTAD was doped with Spiro(TFSI)2 and tert-butylpyridine; the 

Spiro(TFSI)2 negates the normal requirement for doping via air exposure.33 The current-
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voltage (JV) characteristics, measured under AM1.5 illumination and scanning from 

forward to reverse bias, are shown in Figure 9.3b, c and d. The regular architecture planar 

perovskite solar cells are observed to generate up to 12mAcm-2 short-circuit current 

density, and an open-circuit voltage of ~0.8V. This results in 2.9% PCE for the fast JV scan. 

The mesoporous titania devices do not perform as effectively, generating lower open-

circuit voltage, fill factor, and short-circuit current. This results in only 1.3% PCE. The 

planar inverted devices generate a lower current, but a good fill factor and open-circuit 

voltage, resulting in 1.7% PCE. High-temperature processed CsPbI3 devices in the regular 

planar and mesoporous structures were also fabricated; 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 s-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 high-efficiency solar cells. 

These will likely be enabled by optimising deposition techniques and annealing protocols, 

as has been responsible for the current high efficiencies of the more studied MAPbI3 and 

FAPbI3 devices.27,34,35 

The fact that the planar devices function is integral to the understanding of this material. 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 significant diffusion 

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 mesoporous 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 all-inorganic 

perovskite. 

9.5 Hysteresis in CsPbI3 devices 

As discussed in previous chapters, the issue of current-voltage hysteresis, with different JV 

characteristics exhibited at different scan speeds, is a critical issue in the hybrid organic-

inorganic perovskite solar cells. Typically regular-structured planar devices display most 

hysteresis, with mesoporous titania-based devices and inverted devices mitigating the 

effects of hysteresis. The extent of hysteresis can be ascertained by measuring steady-state 

power output of the cell, which at maximum power point gives the real sustainable 
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efficiency of the device. Comparing this to the current-voltage sweeps allows us to 

quantify to what extent the PCE is artificially inflated in the JV scan due to the hysteretic 

effect.  Accordingly, current-voltage characteristics for these fully inorganic perovskite 

solar cells were measured at different rates, and also the steady-state power output at 

Vmpp measured. 
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Figure 9.4: Hysteresis in inorganic 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 device (Figure 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 (SC-FB) 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 output (Figure 9.4b), it is shown that the 

stabilised value is significantly below that estimated from the JV scans; indeed, it is lower 

than any of the scans, no matter the rate or direction. Therefore, it can be concluded that 

the perovskite device in this architecture does display significant hysteresis, with the JV 

scans overestimating the PCE by a factor 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 notable 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 current-voltage characteristics, it does not critically affect the 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 short-circuit current 

density. The stabilised power output of these devices rises to almost 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 similar degree of hysteresis observed in high- 

and low-temperature processed devices. 

From these measurements several things can be concluded. Firstly, current-voltage 

hysteresis is present in CsPbI3 devices. This effect is therefore not unique to the hybrid 

materials with a dipolar organic molecule. CsPbI3 cannot 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 the JV 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 MAPbI3 devices.6,7 It is now generally thought that the hysteresis arises due 

to compensation of an applied bias with an internal built-in field, as shown 

diagrammatically in Chapter 2, Section 2.5.3.9,36,37 This built-in field acts to reduce 
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recombination after the device has been held at forward bias (i.e. scanning FB-SC); it can 

allow even devices with poorly selective contacts to function well temporarily by biasing.9 

This allows carriers to be extracted before recombination, making the solar cell ‘better’ – 

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 inverted devices. 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 gained by the device 

previously being at open-circuit conditions to function well (FB-SC in Figure 9.4a). Upon 

going back to short circuit, or holding at the maximum power point, the device behaves 

poorly again (SC-FB in Figure 9.4a). The hysteretic effect can be seen as changing the 

balance between recombination 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. Pre-biasing temporarily reduces 

recombination by setting 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 hysteresis-inducing process. If the JV scan occurs on a timescale faster than 

the hysteretic effect, little difference will be observed in forward and reverse scans as the 

effect will not have had time to make a difference – the device is in the same ‘beneficial 

state’ throughout. If it occurs on a timescale slower than the hysteretic effect, little 

difference will also be observed, as the process 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 scans – in the forward scan the device is in the poor or ‘un-assisted 

state’ and in the reverse scan it is in the temporary ‘beneficial state’.  Figure 9.4a) shows 

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 the SPO measurement it 

can be assumed that it would take 10s of seconds at each point to reach steady state. From 



9. INORGANIC CAESIUM LEAD IODIDE PEROVSKITE SOLAR CELLS WITH CURRENT-VOLTAGE HYSTERESIS 

176 
 

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 main 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 interfaces 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.9,10,37 The results presented here agree well with this 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 organic-inorganic 

materials. The fact that working CsPbI3 devices have been fabricated suggests that there is 

no fundamental property of the hybrid organic-inorganic materials that allows them to 

work as efficient solar cells. It should be noted however that the maximum open-circuit 

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 voltage-deficit, i.e. the 

difference in energy between the band gap and the open-circuit voltage, is relatively large 

at 0.88 eV. It remains to be seen if similarly small voltage deficits can be achieved as with 

the organic-inorganic perovskites (<0.4eV), at which point it could 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 CsPbI3 is much greater than that of the organic containing 

materials, where the organic component becomes volatile and easily removed at elevated 

temperatures. Whilst MAPbI3 is known to degrade even when held at 85°C for long periods 

of time,39 rendering it ultimately unsuitable for commercialisation, the black phase of 

CsPbI3 is stable up to over 300°C – 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 more generally stable material allowing long-term 

efficient operation. Moreover, incorporating CsPbI3 into high efficiency MAPbI3 devices 

could lead to the optimum combination of high efficiency and good thermal stability. 

Significant 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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9.6 Outlook and conclusion 

To summarise the work described in this chapter, working inorganic CsPbI3 solar cells 

have been fabricated for 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 CsPbI3 films in the black phase at room temperature, and fabricate 

solar cells in a variety 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 current-voltage 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 cells – it may be necessary to employ inorganic 

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 stable devices than the 

hybrid materials currently displaying the highest efficiencies. 
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10.1 Context and summary 

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 chapter, a 

comprehensive and well-controlled 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 morphology 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 improved open-circuit 

voltages and hence overall device performance. It is then found that by post-treating dry 

films with moisture exposure, photovoltaic performance and photoluminescence can be 

enhanced in a similar way. The enhanced photoluminescence and open-circuit 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 of the methylammonium component 

and ‘self-healing’ of the perovskite lattice. The work carried out in this chapter highlights 

the importance of controlled moisture exposure when fabricating high-performance 

perovskite devices, and provides guidelines for the optimum 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 dry environment will lead to lower-

performing devices.  
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10.2 Introduction 

Most work on perovksite solar cells has focused on optimising the solar cell constituents, 

namely the absorber material and charge-collection 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 high-quality absorber films required 

for the most efficient devices.1,2 Indeed, there is a wide variation 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 in ambient 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, so it is likely that a controlled humidity environment is  a 

requirement for optimising device fabrication.2–5  

Thus far there is only a fragmented understanding of the role of humidity with regards to 

device fabrication and performance due to a lack of thorough 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 atmosphere. In 

this chapter the fragmented understanding is remedied, by investigating in great detail the 

impact of moisture on perovskite film properties and photovoltaic performance. It is 

concluded that 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.  

10.3 Dry versus hydrated methylammonium iodide 

When considering the role of moisture, it is important to distinguish between formation 

and degradation of the perovskite film. It appears that the presence of moisture influences 

the formation of the perovskite film during the crystallization phase but also has a 

deleterious effect on a fully crystallized film, leading to its degradation. It has been 

reported that prolonged exposure to moist air will degrade a methylammonium lead 

iodide perovskite film, and it was shown in Chapter 7 that a formamidinium lead iodide 

film discolours in very humid air too.6–9 The mechanism of degradation is thought to 

involve the formation of hydrated intermediate structures (MAPbI3∙H2O and 
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MA4PbI6∙2H2O), 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. However, during fabrication the impact of moisture has also been 

reported to have a critical impact on the crystallization of perovskites. Ko et al, Raga et al 

and Pathak et al have reported that air-annealed perovskite films display higher 

efficiencies as compared to those annealed in nitrogen, although in these reports the 

humidity is not controlled, and it can therefore not unambiguously be determined whether 

oxygen or moisture are responsible for the improved performances.3–5 The reason for 

these improvements is concluded to mainly stem from an increase in crystal size. You et al 

have reported that films annealed in controlled levels of humidity (though spin-coated in 

dry nitrogen) show a maximum performance at 20-40% 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.10 In this chapter, the 

impact of moisture during the preparation of perovskite films and devices is further 

explored, and it is demonstrated that it plays an important role for device performances. 

To carry out the experiments detailed herein, a humidity-controlled chamber was built, in 

which humidity can be regulated with a flow of dry nitrogen that passes through a water 

bubbler. A schematic of the humidity-controlled chamber is shown in Section 10.9. 

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 the as-formed 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 salts,11 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, here a precursor solution prepared from MAI that has been 

dried overnight in a vacuum oven and subsequently stored in a moisture-free glovebox 

was used, so it should be free of most absorbed moisture. It was found that MAI could be 

reversibly hydrated by exposure to air for a day or more, then vacuum dried at 40-50oC to 

dehydrate. Approximately 7% by moles of MAI became hydrated quickly, corresponding to 

a ~1% weight increase. It is noted that in this report the chloride-assisted non-

stoichiometric mixed halide precursor is used to form MAPbI3 perovskite films, namely a 

precursor solution of 3:1 MAI to lead chloride by moles, normally termed MAPbI3-xClx. 

During annealing, it is expected that the excess organic and chloride will be removed.12–15 

This fabrication route is likely to be especially sensitive to 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 MAPbI3 formed via the myriad of other processing techniques.16 

Initially, the properties of perovskite films prepared with dried and hydrated (‘standard’) 

MAI powders were compared. The standard MAI is the material normally used in our lab; 

it is purified after synthesis but not vacuum-dried, and stored in ambient air where it will 

readily absorb moisture. Films were 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. In Figure 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 respectively. Despite this, the 

photophysical properties of the films appear to be very different. In Figure 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 time-resolved photoluminescence is 

significantly shorter. 
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Figure 10.1: a) Scanning electron micrograph of the morphology of MAPbI3 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, 3µJcm-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 in macroscopic 

morphology of the perovskite film. Previously, all differences observed in atmospheres 

with different relative humidities have been attributed to morphological considerations.  

10.4 Annealing in different humidities 

In order to pinpoint exactly how moisture affects the photophysical properties of a 

perovskite film, subsequently only the dry precursor solution was used for all further 

experiments. It is thus possible to explore the effect of exposing perovskite films, which 

have not already been exposed to 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 films.1,2,17,18 
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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 MAPbI3 

perovskite structure. This was quantified by measuring the in-situ 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 spin-coated in a dry nitrogen-

filled glovebox to exclude effects during the spin-coating process. It 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 (Figure 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 observed in the initial stage via Raman 

studies,14 and possibly a layered-type perovskite, forming due to the large MA excess, 

could provide the absorbance with onset ~600nm.This is likely to be the “precursor 

phase” that has been previously assigned through in-situ x-ray scattering experiments.19 

Upon annealing, the absorbance increases steadily and the characteristic tetragonal 

MAPbI3 perovskite absorbance spectrum, with onset at ~780nm, is formed (feature 1 

marked on Figure 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 increases again until about 30 minutes, after which 

time the absorbance remains unchanged up to 180 minutes of annealing (feature 2 

marked on Figure 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 re-increase (10 < t < 30 min) are clearly seen.  

Considering the film annealed in 30%RH (Figure 10.2b), several differences are noticed. 

Firstly, as soon as the film is exposed to the moist atmosphere, the characteristic 

perovskite spectrum appears very rapidly (see inset of Figure 10.2c). Upon annealing, this 

decreases quickly before rising again (feature 1 marked on Figure 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 30%RH 

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 of the hydrated 

intermediate structure observed by Yang et al.8  

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 transferred into ambient air, films that are annealed at 90oC 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 component remaining; this observed 

degradation product is in keeping with the hydrated phase observed by Christians et al 

and Yang et al, and can be reversed on heating.6,8 Additionally, it is noted that while the 

quick initial appearance of perovskite absorbance in the humid atmosphere, and 

subsequent decrease, and the possibly related ‘spike’ in perovskite absorbance in the 0% 

RH annealed film, are likely important, the significance of this feature is not fully 

understand, and further research on this is necessary. There is significant evidence that 



10. THE IMPORTANCE OF MOISTURE IN HYBRID LEAD HALIDE PEROVSKITE THIN FILM FABRICATION 

188 
 

intermediate or “precursor” phases are present in many different routes to process high 

quality perovskite films. 20–23 

The key conclusion of this experiment is that the final tetragonal MAPbI3 perovskite phase 

forms faster in a more humid atmosphere. Firstly, 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 water. Therefore water acts as a 

partial solvent for the perovskite precursor – it can solubilise the organic 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 chloride lost, which is 

likely driven off as methylamine and hydrochloric acid.24,25 Hence the reaction would be 

expected to be accelerated in the presence of moisture, due to the fact that methylamine 

and hydrochloric acid will form more readily via acid-base interaction 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 furthermore the 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 perovskite powder upon exposure to moisture –

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, 3µJcm-2 per 

pulse, at 1MHz, for films prepared in different humidity conditions. d) X-ray 
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diffraction data for perovskite films prepared in different humidity atmospheres. 

Films were annealed for 2.5 hours at 90°C. 

The impact of a range of humidity levels on the final morphology of the perovskite films 

was then investigated, spin-coating and annealing using the dry precursor in different 

levels of RH. To investigate the morphology, films were fabricated on compact TiO2-coated 

FTO glass substrates, as used in planar solar cell devices. Different to the inclusion of 

moisture in the MAI precursor, a significant change in morphology is observed on varying 

the atmospheric humidity, as shown in the optical microscope images in Figure 10.3a. It is 

observed that the best substrate coverage is attained at 30%RH and below, and it worsens 

with increasing humidity above this level.  

Regarding the worsened coverage at higher humidities, there are a number of factors 

which could be influential. It can be envisaged that during the spin coating process, as the 

solvent (DMF) evaporates, the salts or complexes within the solution will start to crash out 

or precipitate onto the substrate. If the thin wet film is absorbing water as it is losing DMF, 

then the PbI2 (or PbCl2) will become increasingly insolubilized and likely to crash out at a 

faster rate than the MAI. This is likely to induce increased morphological inhomogeneity in 

the as cast film. It is known from the work in Chapter 4 that dewetting of the perovskite 

film into islands occurs due to the growth of large pinholes already present in the as cast 

films prior to crystallisation.17,26 Hence, it can be inferred that the films cast in humid 

environments are likely to already have larger pinholes present directly after 

crystallization. If the inhomogeneity of the as-cast film is so extreme that there are regions 

of neat MACl (or MAI), then these regions could induce de-wetting of the perovskite film 

from the surrounding areas during crystallization. In addition, the rate of growth and 

extent of growth of pinholes will be dependent upon how kinetically mobile the 

components within the perovskite film are during crystallisation.27 If hydration of the 

material increases the mobility of the ions within the crystalizing film, then this could 

enable more rapid growth of pinholes.  A final consideration is the forces driving de-

wetting; de-wetting occurs due to it being energetically favourable for the perovskite film 

to reduce its contact area with the substrate, at the expense of increasing its contact area 

with the environment within which casting is taking place. Having a humid environment is 

likely to alter both the surface energy of the compact TiO2 substrate (it is noted that the 

same trend is observed on glass) and the perovskite/atmosphere interaction energy. 

Beyond looking at the morphological influence of humidity, the photophysical properties 

were also measured, with films formed on glass immediately encapsulated with 

polymethylmethacrylate (PMMA) to inhibit contact between ambient moisture and the 
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films. Most striking is the effect of increasing humidity on photoluminescence quantum 

yield (Figure 10.3b). It is observed that films fabricated in higher humidity show 

increasingly higher PLQE. Films fabricated in a nitrogen-filled glovebox, never exposed to 

air or humidity, show almost no PLQE, which increases to over 14% for those fabricated in 

higher humidities. Furthermore, increasingly longer-lived photoluminescence decays were 

observed, meaning that the recombination lifetime of photogenerated charges increases 

upon an increase in humidity during fabrication (Figure 10.3c). Additionally, it is noted 

that the shape of the decay curves appears to change, which could either indicate a change 

in the dominating recombination process occurring in films fabricated in the different 

conditions, or change in the distribution of defects throughout the film.28,29 It is also noted 

that morphology, in particular crystal size, does play a role in determining 

photoluminescence decay rates for these films, so this is likely to be relevant in addition to 

the atmosphere-induced changes in the absolute quality of the perovskite material.30 

Previously it has been shown that larger crystallites display slower recombination rates, 

however here it is not possible to accurately extract crystal size.  X-ray diffraction spectra, 

shown in Figure 10.3d, for these films show that the highly oriented MAPbI3 phase typical 

of the mixed halide precursor is formed for all of the humidities, with no significant 

impurities present. The enhanced photophysical properties can thus not be ascribed to the 

measurable formation of lead iodide, previously reported to cause a ‘self-passivation’ of 

perovskite crystallites when formed by over-annealing.31 Furthermore, no formation of 

detectable crystalline hydrated intermediates is observed at these conditions.9 

The strong increase in PLQE and radiative lifetime suggests that the material is suffering 

from fewer non-radiative losses when formed in higher humidity – implying that the 

material may be of higher quality i.e. having fewer defects. Superior performance may 

therefore be expected from a solar cell made from such a material with higher PLQE. 

10.5 Device performance after humidity exposure 

The most common device architecture employed in perovskite solar cells relies on a hole-

transporting layer of Spiro-OMeTAD, doped with Li-TFSI, coating the perovskite. The 

doping is achieved by letting Li-TFSI oxidise Spiro-OMeTAD by being in contact with air 

for several hours, usually overnight.32 However, it has previously been shown that Spiro-

OMeTAD is permeable to water, and does not constitute a good moisture barrier.7 

Therefore, coating solar cells fabricated in carefully controlled humidity levels with Spiro-

OMeTAD and subsequently leaving them overnight in air will likely result in ambient 

moisture permeating through the Spiro-OMeTAD layer and thus coming into contact with 
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the perovskite film, leading to uncontrolled effects of moisture on the perovskite absorber 

and thus invalidating the usefulness of the experiment.  

As a means to prevent this uncontrolled exposure of the perovskite to moisture, a 

moisture-resistant hole-transporting layer was employed, comprising a composite of 

single-walled carbon nanotubes and PMMA or polycarbonate (PC). As previously 

demonstrated, the polymer matrix can block moisture ingress and subsequent 

degradation of MAPbI3 perovskites. This makes it the ideal hole-transporting layer to 

prevent any ambient moisture ingress that may occur after the perovskite layer 

fabrication. From here, this layer, henceforth referred to as SWCNT-HTL, is employed, 

deposited immediately after perovskite annealing, in the relevant humidity atmosphere. In 

this way, the utmost care is taken to never unintentionally expose perovskite films to 

moisture at any stage of the fabrication process.  

To determine whether the previous observation of enhanced PLQE when preparing 

perovskite films in a more humid environment, or with a moist (i.e. non-dried) precursor 

corresponds to improved device performance, perovskite solar cells were fabricated in 

carefully controlled conditions, immediately sealing with the SWCNT-HTL. Cells were 

fabricated with the dry precursor in a dry atmosphere, the dry precursor in a moist 

atmosphere (30±3% RH) and with the standard (moist) precursor in a dry atmosphere. 

Solar cells were also fabricated with the dry precursor in a dry atmosphere, with Spiro-

OMeTAD as the hole-transporter, and left in ambient air overnight to test the hypothesis 

that moisture ingress through the Spiro-OMeTAD may have an effect. It is noted that cells 

fabricated with the SWCNT-HTL and a standard (not dried) perovskite precursor have 

shown open-circuit voltages and performances very similar to those fabricated with Spiro-

OMeTAD, so it is plausible to compare devices made with the two hole transporters.7,33 It is 

also noted that all solar cells discussed here are alumina-based meso-superstructured 

devices, with the device structure shown in Figure 10.4a. The alumina scaffold negates the 

detrimental effect of the worsened morphology at higher humidities – it acts to hold the 

perovskite precursor in place and so there is less unwanted contribution from pinholes 

reducing voltage, as has been discussed previously in Chapter 3.17  
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Figure 10.4: a) Schematic of the meso-superstructured solar cell architecture 

investigated. b) Current-voltage characteristics of meso-superstructured perovskite 

solar cell devices with and without exposure to moisture in a number of ways, 

measured under 100mWcm-2 AM1.5 simulated sunlight. 

 Jsc (mAcm-2) PCE from 
fast scan  
(%) 

Voc (V) FF SPO 
(%) 

Dry MAI in 0% RH 
/ SWCNT-HTL 

17.7±0.9 8.5±1.2 0.87±0.02 0.54±0.04 5.7±0.2 

Dry MAI in 0% 
RH/ Spiro-
OMeTAD 

17.5±1.5 11.7±1.5 0.98±0.05 0.67±0.03 7.2±2.1 

Standard MAI in 
0% RHF/ SWCNT-
HTL 

20.2±1.8 11.8±1.8 0.99±0.03 0.58±0.05 6.5±0.7
* 

Dry MAI in 30% 
RH / SWCNT-HTL 

16.0±1.5 8.7±1.6 0.95±0.03 0.56±0.05 4.0±0.3 

Table 10.1: Average device performance data from at least 14 devices with 

perovskite films prepared with and without possible exposure to moisture in 

different ways – via exposure in the MAI, exposure during Spiro-OMeTAD doping, 

and exposure during annealing. SPO measurements taken from at least 4 stabilised 

devices.*this SPO was taken from a different set of devices with similar 

performance. 

Figure 10.4b) shows current-voltage characteristics from champion cells made in each of 

these conditions. As these cells displayed hysteresis in the current-voltage characteristics, 

stabilised power output was also measured, which along with average device data is given 

in Table 10.1. Immediately, it is obvious that the impact of moisture is quite significant, 

especially with respect to the open-circuit voltage. Cells made without any exposure to 



10. THE IMPORTANCE OF MOISTURE IN HYBRID LEAD HALIDE PEROVSKITE THIN FILM FABRICATION 

194 
 

moisture show an open-circuit voltage of ~0.9V at best. In contrast, when employing the 

‘wet’ standard precursor, annealing in a humid environment, or exposing to air with only 

Spiro-OMeTAD protecting them overnight, a large and significant increase in the open-

circuit voltage is seen in all these cases. This corresponds to higher power conversion 

efficiency in most cases, both when measured in a fast current-voltage sweep and in terms 

of stabilised power output.  

From these results, it can be concluded that exposure to moisture, which leads to a higher 

PLQE, also results in devices with a higher open-circuit voltage.  This points towards 

humidity being correlated to a higher material quality. Improved PLQE indicates a 

reduction in non-radiative recombination; the improved Voc correlates well with this 

observation, as a higher Voc can be related directly to a higher PLQE. This stems from the 

reciprocity relation described by Rau et al, connecting Voc and electroluminescence 

quantum efficiency, as discussed in Chapter 2, Section 2.6.3,34,35 The latter in turn is 

correlated with the PLQE of the material.   

It is noted that there is a previous report in which air exposure is shown to enhance the 

performance of a pre-doped Spiro-OMeTAD based device (so the oxygen-doping via 

ambient exposure was not required).36 Therein, the authors propose that oxygen may 

passivate the perovskite surface. These results in contrast indicate that it is more likely 

that the observed improvements can be attributed to the contact with ambient moisture. 

You et al. have previously shown that oxygen does not have the same beneficial effect on 

photoluminescence properties as moisture;2 to thoroughly test this possibility here, 

devices annealed in dry oxygen were also fabricated; these did not show the same 

enhancement in Voc or PCE as the moisture-exposed films (see Table 10.2 for device data). 

 

 Jsc (mAcm-2) PCE from 
fast scan  
(%) 

Voc (V) FF SPO (%) 

0%RH 
anneal 

18.3±0.5 9.0±1.4 0.87±0.04 0.56±0.06 5.8±1.3 

Oxygen 
anneal 
(0%RH) 

17.6±1.1 8.6±1.2 0.87±0.03 0.56±0.04 4.6±0.23 

Table 10.2: Average device performance data from at least 14 devices with 

perovskite films prepared with and without annealing in pure oxygen or nitrogen. 

SPO measurements taken from at least 4 stabilised devices. 
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Figure 10.5: Average device data for Spiro-OMeTAD-based perovskite solar cells 

fabricated at different humidity levels. Stabilised power output (SPO) (black) and 

fast JV-scanned PCE (red) are shown a) for planar perovskite devices and b) for 

mesosuperstructured alumina-based devices. Error bars are given by standard 

deviation; each point for the fast JV PCEs represents at least 15 devices and for the 

SPO measurement at least 6 devices were held until steady-state efficiency was 

reached. 

In order to understand how detrimental the morphological changes are, regardless of 

material quality, devices were also fabricated on both planar and mesostructured 

architectures in a range of humidities, using Spiro-OMeTAD as the HTL and leaving the 

devices to oxidise Spiro-OMeTAD in ambient atmosphere overnight, in the protocol typical 

for perovskite solar cell fabrication. Therefore they are likely to be affected by moisture 

exposure. Device data is shown in Figure 10.5; it is observed that planar devices function 

gradually worse when fabricated in higher humidity, with the lowest humidity being the 

best, whereas for mesostructured alumina cells, between 0% and 50%RH device 

performance is effectively constant, only dropping at humidities above this. This is an 

important observation for practical reasons: it means that planar devices are dominated 

by the worsened perovskite morphology, whereas for the mesostructured devices, 

fabrication is possible without deleterious impact at humidities of up to 50%, likely 

because the mesostructure holds the perovskite in place, preventing material de-wetting 

during spin-coating, and physically prevents shunt diode pathways. 
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Figure 10.6: a) Photoluminescence and photoluminescence quantum efficiency, 

measured using an integrating sphere, for untreated and moisture-treated 

perovskite films. PLQE values averaged over at least 3 measurements are shown in 

the inset. b) Time-resolved photoluminescence of untreated and moisture-treated 

perovskite films, measured at 785nm, with excitation at 510nm, 3µJcm-2 per pulse, 

at 1MHz.c) Current-voltage characteristics of champion devices (bold lines) and 

average performance (pale lines) for perovskite mesostructured solar cells made 
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with moisture-treated and untreated perovskite films, made with a SWCNT-HTL. d) 

Stabilised power output measurements for representative 0%RH annealed and 

moisture post-treated devices. e) Steady-state voltage output under 1 sun 

illumination for moisture treated and untreated devices (average of 5 devices each). 

 

Treatment Jsc (mAcm-

2) 
PCE from JV  
(%) 

Voc (V) FF 

0%RH anneal 17.5±0.8  7.9±1.9  0.85±0.05   0.55±0.07 

0%RH anneal + 65%RH 
30m post-treatment   

17.8±0.9  9.1±1.9  0.92±0.07   0.55±0.08 

0%RH anneal + 35%RH 4h 
post-treatment      

18.5±0.6 9.4±1.9  0.90±0.06    0.57±0.09 

Table 10.3: Average device characteristics extracted from current-voltage 

characteristics measured under AM1.5 100mWcm-2 illumination for the devices 

described in Fig.5. Averages taken for at least 20 devices per treatment. 

Based on the results of moisture exposure, in particular the enhancement of Voc for the 

Spiro-OMeTAD-based devices, it was realised that it may be possible to enhance the 

properties of a perovskite film with a moisture post-treatment. Perovskite films were 

made in an inert atmosphere, taking the utmost care never to expose them to water, and 

post-treated with water in different ways, subsequently sealing the films with PMMA 

immediately. It was found that the PLQE and photoluminescence lifetime of a film 

annealed in a dry atmosphere could intentionally be enhanced substantially by heating at 

90°C in a 65±5% RH atmosphere for 30 minutes, or by simply leaving the film in 

35±5%RH ambient air for 4 hours. The increases in PLQE and lifetime are shown in Figure 

10.6a) and b) respectively. In particular, the enhancement in PLQE from 0.6% to 3-5% is 

notable. Photovoltaic devices were then made in 0%RH atmosphere, some were moisture 

post-treated in both ways, and immediately sealed with the SWCNT-HTL to test whether 

the PLQE enhancement did indeed correspond to better performance. The current-voltage 

characteristics of champion devices are shown in Figure 10.6c), and the average 

performances for the batch presented in Table 10.3. A significant increase in open-circuit 

voltage is observed with the moisture post-treatments, showing that the effect of 

fabricating films with unintentional moisture exposure has indeed been successfully 

replicated. PCE also increased correspondingly with the moisture treatments. Since these 

devices did display current-voltage hysteresis, stabilised power measurements are shown 

in Figure 10.6d), demonstrating that the moisture post-treatment does result in better 

stabilised power output than the control samples.  
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Because the most significant improvement is shown in the open-circuit voltage, to 

comprehensively demonstrate that voltages measured from current-voltage scans show 

reliable trends despite the current-voltage hysteresis, steady-state open-circuit voltages 

were measured for a number of devices under 1 sun illumination, as shown in Figure 

10.6e). Devices were held at open circuit until the voltage stabilised (typically within 10-

30 seconds). It was observed that the measured voltages are somewhat lower than the 

fast-scanned open-circuit voltage, but not significantly, and most importantly the trend 

still holds, showing that the moisture-treated devices do have a significantly better open-

circuit voltage than the untreated ones. Taking all results into account, the 65%RH 

treatment seems somewhat more effective than the 35%RH treatment – open-circuit 

voltages are higher, stabilised PCEs are higher, and photoluminescent lifetimes and 

quantum efficiencies are somewhat higher. It is noted, however, that this treatment 

required the use of a specialised humidity chamber; the 4h 35%RH exposure can simply 

be done in normal lab conditions in many laboratories, and it provides a significant 

enhancement over the untreated samples.   

It can thus confidently be concluded that some exposure to moisture enhances the PLQE of 

a MAPbI3 perovskite film that has not previously been exposed to water. This can either 

happen unintentionally, as discussed in Figure 10.4, or intentionally as a post-treatment 

(see Figure 10.6). This PLQE enhancement correlates with an improved device 

performance, stemming mainly from an increased Voc. The improved PLQE indicates a 

reduction in non-radiative recombination, which correlates with an improved Voc as 

discussed earlier. Devices perform better when they have been exposed to some moisture, 

which highlights a clear conclusion of the work in this chapter: some moisture exposure 

(at some stage of the fabrication process) is important for attaining the highest performing 

perovskite solar cells. While only films produced from the non-stoichiometric precursor 

route have been measured, it is expected that this should generalise to perovskite films 

formed in other ways too. It is noted once more that the precise conditions in which the 

cells are processed, stored and tested are not diligently reported in the literature, and the 

study presented in this chapter suggests that all the highest efficiency cells reported thus 

far may indeed have a step in the process which involves exposure to an environment 

containing moisture.   
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10.7 Understanding the mechanism of moisture exposure 

 

 

Figure 10.7: Photoluminescence intensity mapping on 0%RH annealed and 4h 35% 

RH post-treated perovskite films. Excitation intensity increases going from top to 

bottom. Photoluminescence intensity spatial maps are shown on left; scale is from 

black (no PL), through red, to yellow (high PL intensity). PL intensity distributions 

are shown on the right hand side. In all cases the field is 100x100µm. This data was 

collected by Tomas Leijtens of the Italian Institute of Technology, Milan. 

It has recently become apparent that there is often significant inhomogeneity in the 

perovskite films.29  In order to further investigate the role of the moisture treatments on 

film quality, photoluminescence mapping was carried out on treated and untreated films 

to establish whether there was a relation between low or high photoluminescence in 

particular regions of the film. The spatial photoluminescence intensity distribution was 

measured at three excitation powers (ranging from approximately 1015 – 1017 cm-3 steady 

state charge densities), which is shown in Figure 10.7. Under the lowest intensity, many 

‘dark’ regions are observed in the 0%RH annealed sample. These are regions where there 

is likely to be more non-radiative than radiative recombination, which could be an 
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indication of a higher trap density in these regions.29 In the 4h 35% RH treated sample, 

fewer dark regions are observed. To quantify this, photoluminescence intensity 

distributions were plotted (note that these are normalised to the maximum 

photoluminescence intensity). The 4h 35% treated sample is observed to have a 

distribution tending more towards the highest intensities than the 0%RH annealed 

sample, confirming the visual analysis that there are fewer ‘dark’ i.e. trap-dominated 

regions. To confirm whether the dark regions have a higher trap density, the excitation 

intensity can be varied.29 If these regions are trap dominated because they contain a 

higher density of traps, an increase in excitation intensity will ‘fill in’ these traps, and the 

photoluminescence will increase and become more uniformly distributed towards the 

higher intensities.28 For both samples, an increase in intensity is observed to reduce the 

number of dark regions and push the photoluminescence intensity distribution towards 

the higher end of the scale, with the moisture-treated sample having fewer darker regions 

in all cases. The shifts in distribution to the right with increasing intensity, which imply an 

increase in uniformity around higher PL, come from the fact that radiative recombination 

is expected to be bimolecular and should not depend strongly on location,28,37 while the 

non-radiative decay is trap limited and  will hence depend strongly on local trap 

densities.29 This indicates that the higher excitation intensity is indeed allowing additional 

photoexcited carriers to fill in traps, and is good evidence that the enhancement in 

material quality that arises when the perovskite film is exposed to moisture is related to a 

reduction of trap density in the perovskite film. 

Having demonstrated that there is an improvement in perovskite material quality with 

exposure to moisture, it now must be considered how such an improvement may arise. 

Firstly, it is important to consider if the improvement is related to the continued presence 

of moisture adsorbed onto or within the film, or as the hydrated phase, or if it is a 

permanent change in the material induced by a moist atmosphere. Previously it has been 

shown that the fully hydrated phases can revert to dehydrated perovskite simply by 

exposing to dry nitrogen at room temperature.9 In order to test if the change observed is a 

permanent or reversible change, moisture post-treatments were carried out on perovskite 

films prepared in a fully dry atmosphere, and then dried some of them out again by 

heating at 65oC in a dry nitrogen atmosphere before sealing. In Figure 10.8, the time-

resolved photoluminescence and PLQE of untreated films, moisture-treated films, and 

those that have been moisture-treated and then dried are compared. It is observed that 

the increased PL lifetime of films that arises upon moisture treatment is sustained after a 

post-drying step. The PLQE, increased by the moisture treatment, also does not return to 

the very low values of the films never exposed to moisture; within the error margins it 
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remains unchanged. It is thus concluded that the effect is not simply related to the 

formation of a layer of hydrated phase perovskite on the surface nor the continued 

presence of moisture within the film. Furthermore, it is a permanent change – moisture in 

some way affects the film in a way that is maintained even when moisture is removed. This 

implies that processing in a humid environment could be a commercially relevant method 

for improving the quality of perovskite films and not simply an academic curiosity. 
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Figure 10.8: a) Time-resolved photoluminescence of untreated, moisture-treated, 

and moisture-treated and subsequently dried perovskite films, measured at 785nm, 

with excitation at 510nm, 3µJcm-2 per pulse, at 1MHz. b) PLQE of films treated in 

the same ways. PLQE measurements are averaged over 6 measurements for each 

treatment, error bars determined from standard deviation. Films were dried in 

nitrogen atmosphere under heating at 65°C for 1 hour. 

Having established that moisture exposure irreversibly improves the perovskite film 

quality, which is inferred to be due to reducing trap state density, the question arises of 

how this occurs. Traps in the film can be caused by imperfections in the stoichiometry, 

such as excess (interstitial) or deficit (vacancy) methylammonium, iodide or lead atoms, 

or by other lattice defects. It could be suggested that the faster annealing means that the 

films made in the presence of moisture are subject to more annealing after the perovskite 

has finished forming, and that this enhances the material quality. In order to test this, 

experiments were carried out to show that annealing beyond a certain point, either by 

increasing temperature or annealing time, has no beneficial effect on the PLQE of the 

perovskite film (and is generally detrimental), so this hypothesis can be discarded (as 

shown in Figure 10.9). At high enough temperature, the films begin to turn yellow, 

indicating formation of lead iodide as the perovskite degrades by thermal sublimation of 

the methylammonium. The increase in PLQE is only observed when the film is exposed to 

moisture in some way. It is proposed that the presence of moisture affords the reactants 
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greater mobility, as also seen in the rate of formation of the perovskite film, allowing a 

higher quality film to result at a fixed temperature.  
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Figure 10.9: Investigation of whether further annealing can increase PLQE, 

replacing water treatment. a) PLQE as a function of temperature for a 15-minute 

post-anneal in nitrogen atmosphere. b) PLQE as a function of annealing time at 90°C. 

It is observed that neither increasing the annealing time nor the annealing 

temperature increase PLQE in the same way as the moisture treatments. 

XRD spectra, shown in Figure 10.10, do not indicate any detectable presence of any 

crystalline material except MAPbI3, so the changes cannot be ascribed to formation of 

significant hydrate phase or lead iodide at the surface. Furthermore, a significant change 

in the large-scale morphology or grain sizes is not observed upon post-treatments with 

water, as shown via scanning electron microscopy in Figure 10.10. The improvements 

cannot be ascribed to an improvement in large-scale crystal size or a macroscopic ‘solvent-

annealing’ effect allowing whole grains to fuse.2,38  
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Figure 10.10: a) XRD spectra for films fabricated fully in nitrogen (0%RH) and post-

treated at 35%RH for 4h at room temperature, or at 65%RH for 30 minutes at 90oC. 

The control film is never exposed to moisture. Bottom: Morphology after moisture 

treating perovskite films with 35%RH for 4h. b) Untreated films and c) treated 

films. 

Therefore, having ruled out these options, the following hypothesis is proposed. The 

experiments performed show that moisture is able to solubilise and remove 

methylammonium from the perovksite lattice, and that a film annealed in the presence of 

moisture forms the perovskite structure faster, implying that water can facilitate the 

removal of the excess methylammonium in the precursor by partially solubilising it. 

Additionally, the reversible formation of a hydrated phase, with water weakly bound to 

b c 
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the methylammonium molecules, has been shown by others.6 It is therefore proposed that 

water can solubilise the methylammonium (and possibly other components), affording it 

mobility within the crystal, and allowing any excesses to be removed and any deficits to be 

filled in, effectively ‘healing’ the perovskite structure and filling any trap states caused in 

this way. A reduction of these trap states results in less non-radiative trap-mediated 

recombination, and more radiative recombination. The material quality is improved, PLQE 

and photoluminescence lifetime increases, and the Voc and thus PCE attainable in a 

perovskite solar cell increases.34 This explanation builds upon that proposed by You et al, 

who suggested that the enhanced mobility of constituent ions in a moist atmosphere could 

lead to crystal reconstruction during annealing.2 They however ascribe all observed 

benefits to the improved morphology; here it is clearly identified that there are more 

effects at play.  

The next question is then whether the effects of the moisture post-treatment could be 

replicated with other polar solvents, for example isopropanol or ethanol, to allow use of a 

similar post-treatment within moisture-free atmospheres typically used for perovskite 

processing. In theory this should work in a similar manner, and this is currently under 

investigation. 

It is noted that the perovskites incorporated into the standard solar cells made in our lab, 

and likely the labs of others, already either contain water from non-dried MAI or are 

unintentionally exposed to water via an overnight air exposure with only water-

permeable Spiro-OMeTAD on top. Therefore, these cells do not suffer from the Voc 

limitation and low PLQE that is observed when carefully avoiding water exposure. 

However, this may not be the case for all perovskite solar cells fabricated in all labs. 

Somewhat counter-intuitively, it is in fact the most carefully made solar cells, made in a 

glovebox, with purified and dried MAI, that will suffer from the lack of water exposure. 

Thus it is believed that the findings presented in this chapter will provide an extremely 

important route to improving the performance of such cells, and open the way for further 

studies of the exact mechanism for the improvement upon water exposure. 

Furthermore, it is noted that, although an improvement is observed in device and film 

performance with the moisture treatments, they are far from perfect. Voc is not improved 

to the extent that it is by using our ‘standard’ moist perovskite precursor, and PLQE 

remains far from the highest reported values. It is therefore concluded that other 

additional treatments are probably necessary for a perovskite film to achieve its full 

potential in a controlled manner. Some work has already been carried out to investigate 

what role additives, in the broadest sense, can have on the crystallisation and quality of 
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perovskite films, which is likely to be a promising avenue for increasing the PCE to the 

highest values possible.39,40 As an aside, it is noted that Sn based perovskites, such as 

MASnI3, degrade very rapidly when exposed to any atmosphere, and thus cannot benefit 

easily from this advantageous moisture exposure. Fully understanding the mechanism and 

replicating it with alternative less degrading solvents may thus prove to be critical to the 

advance of the Sn based perovskite. 

10.8 Outlook and conclusion 

In this chapter, the critical role of moisture exposure during metal halide perovskite thin 

film fabrication on the material quality has been demonstrated. Moisture exposure results 

in higher open-circuit voltage in photovoltaic devices, higher photoluminescence and 

longer photoluminescence lifetimes. It has been determined that this likely stems from a 

reduction in trap state density, which is postulated to be enabled by the partial solvation 

and enhanced mobility of the methylammonium component. It is noted that often 

moisture exposure can be unintentional, occurring during the Spiro-OMeTAD doping 

stage, or residually in the precursor solution. However, careful synthesis and fabrication in 

a dry environment will result in lower material quality and worse performing films. 

Guidelines for the optimum environment for film fabrication are provided, and it has been 

shown that a moisture treatment after film fabrication can improve film quality in the 

same way. These results are crucial for the understanding of the field in general and 

enabling the community to understand the best way in which to produce a perovskite film, 

and should pave the way for fabrication of high performing devices and further studies on 

the exact mechanism of improvement upon moisture exposure. 

10.9 Additional methods: perovskite film and solar cell 
fabrication 

To form perovskite films, initially glass slides were cleaned sequentially with acetone and 

isopropanol, and then treated with oxygen plasma for 5 minutes. The perovskite 

precursors were then spin-coated in the relevant atmosphere (either in a nitrogen-filled 

glovebox, for the 0%RH samples, or the home-made humidity controlled chamber in 

ambient air with humidity regulated by nitrogen flow through a deionised water bubbler) 

at 2000rpm for 60 seconds. The films were then immediately transferred to a hotplate at 

90°C and annealed for 150 minutes followed by 120°C for 15 minutes.  
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Figure 10.11: Schematic of the humidity-controlled chamber, with spincoater and 

hotplate inside. Humidity and temperature are measured on 3 separate accurate 

humidity sensors and averaged for readings. For dry atmospheres, N2 or dry air is 

piped straight into the drybox without going through the bubbling system. To 

achieve very high humidities, it was found to be necessary to heat the water bubbler 

to encourage evaporation. The chamber does allow some escape of gas through the 

arm-holes so does not build up pressure above room pressure. 

At this point any post-treatments were carried out: moisture post-treatments were carried 

out by heating at 90°C in an atmosphere of 60±5%RH for 30 minutes or by leaving at room 

temperature in a 35±5%RH atmosphere for 4 hours. Oxygen post-treatment was carried 

out by heating at 90°C within a sealed chamber that had been purged with oxygen. 

Immediately after treatment, or annealing if untreated, films were spin-coated with PMMA 

in the relevant humidity atmosphere (nitrogen-filled glovebox for untreated, post-treated, 

and 0%RH films, and humidity controlled chamber for films annealed in different RH). 

This forms an effective moisture barrier whilst measuring – all measurements were 

carried out in air, and then films stored subsequently in a nitrogen-filled glovebox. Little 

change was observed during repeat measurements over a number of days of measuring 

and storage, indicating that the PMMA barrier is effective for protection during measuring. 

PMMA was dissolved in chlorobenzene at 50mg/ml and spin-coated at 1000rpm for 45s. 

For mesosuperstructured device fabrication, substrates, TiO2 compact layer and alumina 

scaffold were deposited as reported in Chapter 3. Devices were then transferred into the 
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relevant atmosphere (nitrogen-filled glovebox or humidity controlled chamber). The 

perovskite layer was then spin-coated (2000rpm for 45s) and annealed at 100°C for 120 

minutes. After annealing, any post-treatments were carried out as previously described. 

Immediately after any treatments, the hole transport layer was deposited by spin-coating 

in a nitrogen-filled glovebox. For the moisture-blocking SWCNT-HTL, first the SWNT layer 

was deposited dynamically by slow drop-by-drop spin-coating (3000 rpm for 90 s), using 

200µl of solution. The SWCNTs were functionalised previously with P3HT as described 

previously, and sonicated and purged with nitrogen before use.7,33 This layer was followed 

immediately by the deposition of the PMMA or PC layer (30mg/ml in chlorobenzene), 

which was of thickness ~300nm. Spiro-OMeTAD layers and electrode evaporation were 

carried out as described in Chapter 3. 
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11. CONCLUSIONS AND 

OUTLOOK 

 

The work presented in this thesis has been concerned with, in the broadest sense, 

controlling the physical, chemical and material properties of the perovskite active layer. It 

has focussed on pushing the boundaries of perovskite solar cell research further by 

tackling several challenges critical to the field. It has provided a new solar cell 

architecture, potential incarnations of the perovskite device suitable for building-

integrated purposes, new absorber materials and insight into atmospheric interactions. 

In Chapter 4, the role of the mesoporous layer typically employed in perovskite devices 

was understood, and the problems with planar devices, namely pinhole growth during 

annealing, realised. Because this should ultimately be a more efficient architecture, an 

investigation was carried out to understand how to control and prevent this dewetting 

behaviour, and using the results of this it was possible to attain uniform, high coverage 

perovskite films with efficiencies above 10%. Since the publication of the work in this 

chapter, a huge number of others have replicated these results and built upon them, 

propelling the efficiencies achieved with this perovskite in a planar device architecture to 

over 19% PCE.1–6 This clearly highlights the importance of the work carried out; 

previously it was unknown whether the perovskites could function well in a thin-film 

architecture at all. 

The perovskite solar cells are not yet as efficient as silicon modules, currently on the 

market, so other applications rather than simply competing for stand-alone high efficiency 
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modules were considered. The flexibility of solution-processing affords many more 

options than for high-temperature wafer processes. In Chapter 5, this problem was 

addressed. Building-integrated photovoltaics would be an ideal market for a low-cost 

flexible technology – but the most desired application here is as neutral-coloured 

semitransparent photovoltaic windows. In light of this, the dewetting that was minimised 

in Chapter 4 was then maximised, providing the ability to create a film of microstructured 

perovskite solar cell islands. Such films were neutral-coloured and with tuneable 

transparency. Furthermore, it was shown that even such discontinuous films were able to 

form respectably performing solar cells, and that additional aesthetic flexibility was 

available by incorporating a colour-tinting dye into the hole-transporting layer. This 

technology should prove important in the commercialisation of perovskite modules. 

In Chapter 6, this concept was taken one step further; in order to allow in-situ switchable 

transparency levels of such a device, for controlling temperature and light levels in a 

building, cells such as this were sandwiched together with an electrochromic component – 

this allows tinting of glass from transparent to dark by application of an electric field. The 

photovoltaic component provides the electric component. Such devices then comprise a 

power-generating window with switchable tinting; after tinting has been switched, the 

solar cell part can continue to supply power to an external circuit, making this a powerful 

device, highly suited to building-integration. 

In Chapter 7, the chemical composition of the perovskite was considered. The challenge 

here was that the methylammonium lead halide perovksite used thus far by the 

community has a bandgap of 1.57eV, whereas the optimum for solar energy conversion is 

between 1.1 and 1.4eV. By replacing components of the lattice, a new perovskite, 

formamidinium lead halide, was developed, with a bandgap tuneable between 2.23 and 

1.48eV. Thus, the minimum bandgap is shifted closer to the solar cell optimum. 

Photophysical measurements on this material suggested it should perform effectively in 

thin-film architectures; devices were accordingly made in this architecture, which showed 

up to 14% PCE. This was the highest planar perovskite device performance at the time; 

since the publication of this work, formamidinium lead halide perovskites have shown up 

to an impressive 20.1% PCE, making it the world-leading perovskite material.7 Following 

on from this development, and incorporating it into the semi-transparent device 

architecture, in Chapter 8 further advances in the efficiency of the semi-transparent device 

were reported. Furthermore, a novel transparent laminated electrode was employed, 

resulting in fully see-through devices retaining neutral colouration and reasonable 

efficiency. 
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The next challenge tackled was regarding the role of the organic cation in the hybrid 

perovskites, especially its relevance to device hysteresis. In Chapter 9, a novel deposition 

method for a fully inorganic CsPbI3 perovskite was described, enabling for the first time 

working solar cells to be made with this material. They were demonstrated to still show 

respectable currents and current-voltage hysteresis in planar devices, meaning that the 

organic part of the typical perovskites is not solely responsible for a) allowing good 

transport and generation properties, or b) the appearance of current-voltage hysteresis, 

an ongoing question in the field. Although initial efficiencies are low, at around 3%, this 

perovskite is much more thermally stable than the hybrid materials; in order to pass the 

required international certification tests, cells must be operated for a long time at elevated 

temperature, and to pass this the organic component of the hybrid perovskites may need 

to be replaced. The inorganic perovskites may thus be the eventual future of the 

perovskite technology. 

Finally, a critical issue which has so far not been well understood was tackled in Chapter 

10. Atmospheric moisture is known to interact with the perovskite both during and after 

formation, but its effect has not been well understood. In this chapter, a well-controlled 

investigation into the morphological and photophysical properties of films exposed to 

moisture in a number of ways was undertaken. It was concluded that moisture can play a 

critical role during film formation, with a small amount of moisture providing mobility for 

the A site cation to move in the film, effectively self-healing any traps or defects as 

necessary. This was shown to result in superior optical properties and device 

performance. Most importantly, moisture in precursors or during fabrication is often not 

well controlled by groups working in the field – this work demonstrates that it is of crucial 

importance to do so. 

Bringing all this work together, this thesis has presented several conclusions critical to 

advancing the future development of perovskite solar cells. The planar architecture and 

new materials should pave the way towards reaching the highest efficiencies, and the 

semi-transparent and photovoltachromic devices described present an ideal incarnation 

in which the current efficiency perovskite solar cells could be commercialised. Perovskites 

are cheap, easy to process, and certainly have high enough efficiency to be put into mass 

production. This leads to the next big challenge in perovskite solar cell research – stability. 

While the work in this thesis has briefly considered some aspects of long-term stability 

(better thermal stability with inorganic perovskites and formamidinium perovskites, 

better black-phase stability in CsPbI3), this is a big problem to tackle, and one that will 

make or destroy the future of perovskite solar cells as useful in the real world. Work 
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published by the author of this thesis and others, during the production of this thesis, has 

demonstrated that to some extent the perovskite cells are capable of operating for 

hundreds of hours under load, but there is still a large efficiency drop over time.8–12 The 

problem of fabricating cells which operate at high efficiencies for a long time will, in the 

author’s opinion, be the next big push in the field of perovskite solar cells; once this is 

overcome, there is nothing stopping the technology from becoming widespread and 

helping to solve the world’s energy crisis. 
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