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Abstract

Whilst many advances have been made in the field of solution processed solar cells
(SPSCs), there is still much work to be done if they are to fulfil their potential and
reduce the cost of commercial photovoltaic devices. This thesis aims to assist in moving
towards this objective by investigating ways to overcome some of the barriers to the
commercialization of SPSCs. Such barriers include the costly and mechanically brittle
electrode material of indium tin oxide, the use of solution deposition techniques which
are not compatible with large-scale production, and a lack of understanding of the
properties of promising new semiconducting materials such as organometal halide

perovskites.

In this work a novel indium-free multilayer semi-transparent electrode has been
fabricated and incorporated as the anode in polymer solar cells. Whilst molybdenum
oxide is typically used as the ‘seed layer’ material in such trilayer structures, its
replacement with tellurium dioxide has been found to lead to an enhanced
transmittance in the optimised electrodes and to an increased short circuit current

when such electrodes are employed in polymer solar cells.

The roll-to-roll compatible deposition technique of ultrasonic spray-coating has, for the
first time, been successfully used for the fabrication of films of the organometal
trihalide perovskite CH3NH3Pbl;.Clx. Such films were subsequently successfully
employed as the active layer in planar solar cells. This deposition technique is then
extended to hole transporting and electron transporting materials in order to move

towards a fully spray-deposited solar cell.

Finally, a combination of structural investigation techniques have been employed to
monitor the formation of the perovskite CHsNH3Pbl3.4Clx during thermal annealing of a
precursor film. In-situ X-ray scattering measurements are used together with ex-situ
scanning electron microscopy in order to correlate the evolution of the film during
annealing to solar cell performance. In addition, the activation energy for the transition

from precursor to perovskite has been calculated.
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Chapter 1: Introduction

Renewable resources - defined variously as resources which are not depleted when
used or which are replenished on short timescales - are a vital part of the world’s
energy future. Whilst growth in energy generation since the industrial revolution has
largely been driven by the utilization of fossil fuels, there is widespread recognition
that this model is unsustainable. Perhaps the primary consideration in this regard is
that of climate change. The 2014 report from the Intergovernmental Panel on Climate
Change (IPCC) makes for stark reading, concluding that “Continued emission of
greenhouse gases will cause further warming and long-lasting changes in all
components of the climate system, including the likelihood of severe, pervasive and
irreversible impacts for people and ecosystems” [1]. Even setting aside climate change,
concerns around resource depletion and security of energy supply give some
imperative to diversifying energy generation. Despite the moral imperative to reduce
our use of hydrocarbon based energy sources, and despite the likely long-term
necessity of doing so, economic and logistical considerations have thus far limited the
widespread uptake of renewables. Indeed in 2012, excluding hydroelectricity, under
5% of global power production came from renewables (with around another 10%
provided by hydroelectric installations) [2]. In this climate it is thus vital for
researchers to work towards renewable energy solutions which are cheaper, more

versatile and have lower embodied energy than those currently on the market.

Photovoltaic panels are not, at present, the cheapest option amongst the various
players in the sustainable electricity market, being notably more expensive than both
onshore wind and hydroelectricity!. They are, however, likely to be an essential
component in future energy scenarios, being one of the few methods with the realistic
potential to generate electricity on the scale required to achieve significant worldwide
decarbonisation. The solar resource available to us is vast, with around 120 000 TW
incident on the Earth’s surface whilst average world energy usage is around 16 TW [3].

The solar resource is also rather more equitably distributed than known hydrocarbon

! Total system ‘levelized cost of electricity’ (LCOE) for new generation resources due to come online
in the United States of America in 2019 are predicted to be 80, 85, 130 and 204 (2012$/MWh) for
onshore wind, hydroelectric, utility scale solar PV and offshore wind respectively. These LCOE
predictions represent the cost of building, connecting, maintaining and operating a plant over a 30
year time-frame, taking into account likely capacity factors. [8]

1



reserves, and so a transition to an economy driven by solar energy, rather than the
burning of fossil fuels, could also act as a force for promoting an increase in worldwide
equality. Solar PV generation capacity has increased rapidly over the last decade, with
global installed capacity rising from 2.6 GW to 178.4 GW between 2003 and 2014 [4].
Despite this, photovoltaics still cover only slightly over 1% of electricity generation
worldwide [4]. In order for solar power to achieve its potential in the near future, a

significant reduction in the cost of photovoltaic modules is likely to be required.

Silicon panels currently dominate the PV market [5], accounting for around 90% of
global production capacity [6]. Being an indirect band gap semiconductor, however,
silicon has a poor absorption coefficient, requiring active layers hundreds of microns
thick in order to produce an acceptably high optical density. There has thus been
significant interest in the development of thin-film alternatives in order to reduce
materials usage. Indeed, the thin-film market now includes First Solar, one of the
largest PV producers in the world, and accounts for around 10% of global PV
production capacity [7]. Within the thin-film ‘genre’ of devices, solution processed
solar cells (SPSCs) offer a potential route to low cost, lightweight and mechanically
flexible devices. Accordingly, the fields of solution processed organic photovoltaics and,
more recently, perovskite photovoltaics have received extensive attention from the
academic research community, resulting in huge improvements in the efficiency and
lifetime of these devices as well as important advances in our understanding of these
materials. Most research, however, has been undertaken using processing methods and
materials which, whilst excellent for laboratory scale device fabrication, are of limited
applicability when it comes to the commercialization and scale-up of these

technologies.

1.1 Summary and Motivation

This thesis aims to play a role in moving solution processed solar cells towards the
point of commercialization. Initial studies focused on organic solar cells based on
polymer:fullerene bulk heterojunctions. During the course of the work, however,
organometal halide perovskites emerged as an exciting new material in the world of
solution processed solar cell research, and it seemed prudent for our research group to

begin to explore these promising materials. Later studies thus focused on these



perovskite materials, which have seen rapid advances in device performance together

with a vastly improved understanding of material properties over the past 2-3 years.

The requisite background knowledge and state of the current literature is detailed in
Chapter 2 which provides a general introduction to photovoltaics followed by a more
specific discussion of solution processed solar cells, organic solar cells, perovskite solar
cells and transparent electrodes. Chapter 3 details the experimental methods used in

this thesis.

In Chapter 4 a new oxide/metal/oxide multilayer semi-transparent electrode is
fabricated as a replacement for the widely used indium tin oxide (ITO) (the limitations
of which are discussed in Chapter 2). This electrode has a structure TeO,/Ag/Mo03
(TAM) and is compared to an electrode with structure MoO3z/Ag/Mo0O3; (MAM) which
has been studied in a number of papers previously. The transmittance and sheet
resistance measurements performed on these multilayer electrodes point to the
formation of a more continuous silver film when deposited on TeQ; as compared to
MoO3, and this is confirmed by scanning electron microscopy images. This lowering of
the percolation threshold of the silver film leads to an increased transmittance for the
TAM electrode in comparison to the MAM electrode, leading to an enhancement in the
short circuit current and power conversion efficiency of PCDTBT:PCBM bulk

heterojunction solar cells.

Chapter 5 details work on using ultrasonic spray-coating as a scalable deposition
technique for the photoactive layer of planar perovskite solar cells with an inverted
architecture. This is an important step forward in the replacement of the laboratory
scale technique of spin-coating by roll-to-roll compatible processes. After an
optimisation process in which deposition temperature, casting solvent, film thickness
and thermal annealing protocol were investigated the spray-coated solar cells showed
a maximum power conversion efficiency of over 11%, with an average efficiency equal
to that of spin-coated reference devices. This work is believed to be the first published
example of the fabrication of perovskite solar cells by a roll-to-roll compatible solution
processing technique. In addition, the maximum efficiency achieved is believed to be
the highest reported efficiency to that date for a solar cell employing a spray-coated
photoactive layer. It is then shown that the PEDOT:PSS hole transport layer can also be

successfully deposited using this method with no loss in average efficiency in



comparison to spin-coating. Finally, work on spray-coating of the PCBM electron

transport layer and on ‘two-step’ fabrication of the perovskite films is presented.

Chapter 6 focuses on in-situ investigations of the crystallization of the CH3NH3PblI3+Cl
perovskite from a precursor film during a thermal annealing step. In-situ grazing
incidence X-ray scattering is performed using both wide angle and small angle
experimental arrangements (GIWAXS and GISAXS). These results are presented
together with ex-situ scanning electron microscopy measurements and photovoltaic
device results. The GIWAXS experiments show the formation of the perovskite from an
unidentified precursor phase during the annealing step, followed by its degradation to
products including lead iodide at longer annealing times. In addition, strong
preferential out-of-plane orientation of the (110) plane of the perovskite is observed.
The results also allow for the determination of the effective activation energy of the
precursor to perovskite transition, which is found to be 85 kJ/mol. From the GISAXS
measurements it can be seen that during a thermal anneal at 80°C there is an evolution
of the length scales found in the film, with a large increase in the number of features
with size in the range 30-400 nm and particularly around 100-150 nm. This evolution
in length scales is observable in scanning electron microscopy measurements on ex-
situ samples and is correlated to an increase in surface coverage of the perovskite film,
a property which is known to be crucial for device performance. Results are correlated
with the performance of spin-coated devices and average power conversion

efficiencies of 12.2% are achieved.
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Chapter 2: Solution Processed Solar Cells - Organics
and PerovsKkites

2.1 Introduction

Within this Chapter, relevant background information and underlying physical
principles relating to the topics in this thesis are presented. Section 2.2 introduces
general concepts relating to the energy levels of electrons within atoms, molecules and
crystals before going on to address the basic working principles of photovoltaic devices
and the required background theory for understanding device characterisation
measurements. Section 2.3 then discusses the particular promises and pitfalls of
solution processed solar cells together with a brief introduction to roll-to-roll film
deposition techniques. Section 2.4 and Section 2.5 focus in greater detail on organic
solar cells and perovskite solar cells respectively, whilst Section 2.6 is concerned with
transparent electrodes and in particular the replacement of the widely used indium tin

oxide.

2.2 General Background

2.2.1 Atomic Orbitals

Within an atom, electrons are said to be in orbitals of differing energy. Unlike with the
classical view of orbiting bodies, in which the location and movement of the body are
well defined, the quantum mechanical nature of electrons dictates that these orbitals
should be thought of as reflecting the probability of an electron being found within a
particular region. The shape, properties and occupation of these orbitals are
determined by the quantum numbers n (the principal quantum number, describing the
potential energy of the electron), I (the azimuthal quantum number, describing the

magnitude of the angular momentum of the electron and the shape of the orbital), m;



(the magnetic quantum number, describing the direction of angular momentum of the

electron and thus the orientation of the orbital) and m; (the spin quantum number).

These four quantum numbers may take only specific values: n is an integer where n 2 1,
l is and integer where 0 < [ = n-1, m; is an integer where -1 < m; 2 | and m; is equal to
either +% or -%. The principal quantum number defines the ‘shell’ in which the
electrons reside. In order to avoid confusion, the I value of each orbital is typically
denoted with a letter: ‘s’ for I = 0, ‘p’ for [ = 1, ‘d’ for I = 2, ‘f’ for I = 3 and alphabetically
thence forth. Due to the Pauli exclusion principle, no two electrons can share all four
quantum numbers and this, in combination with the rules for the allowed values of the
four quantum numbers, limits the number of electrons which can reside within each
orbital. Table 2.1 demonstrates this for the first and second shells, which incorporate
the orbitals 1s, 2s and 2p. Clearly, for higher energy shells there exist a larger number
of orbitals. Whilst initially the relative energies of the orbitals are dominated by the
principal quantum number (1s < 2s < 2p < 3s < 3p) beyond this it is found that the 4s
orbital exists at a lower energy than the 3d orbital. At higher energies a pattern
emerges in this regard, with the value of the azimuthal quantum number (I) coming to
dominate over the principal quantum number (n) in determining the relative energy of
orbitals, a situation which arises due to the dependence of the former on electron-
electron interactions whilst the latter depends upon interactions between the electrons

and the nucleus which become somewhat less important at higher orbital energies.

It should be noted that p orbitals can be subdivided into px, py and p. orbitals with
equal energy but differing orientation, with the orbitals considered as being orientated

along x, y and z axes respectively.



n 1 m ms Orbital Total No. of
Name Electrons
ms=1%
1 0 0 1s 2
ms = '1/2
ms=1
0 0 2S
ms = '1/2
ms=1%
-1 2px
ms = '1/2
2 8
1 0 me= e 2 2
p p
ms=-% g
L ms=1 )
pz
ms = ‘1/2

Table 2.1 Quantum numbers, orbital names and the number of electrons which can

occupy each shell. The first two shells only are shown.

(a) z (b)

N

Figure 2.1 Simplified diagram showing the shape and orientation of s (a) and p (b)

atomic orbitals about the nucleus.




2.2.2 Molecular Orbitals

When two atoms are brought close enough together their atomic orbitals will overlap
to form molecular orbitals. These can be bonding orbitals or antibonding orbitals,
respectively relating to constructive and destructive interactions between the atomic
orbitals. Bonding orbitals have high electron density between the two nuclei, shielding
their Coulombic repulsion and thus resulting in a lower energy system than that of the
individual atomic orbitals. Conversely, antibonding orbitals have low electron density
in the region between the nuclei leading to an unstable higher energy state. An example
of these energy levels for 1s atomic orbitals, filled with one electron as in the case of
hydrogen, is shown in Figure 2.2(b) where it can be seen that the electrons will fill the
bonding orbital resulting in a covalent bond holding the atoms together. In the case of
helium atoms, each containing 2 electrons in their 1s orbitals (denoted 1s2), both the
bonding and antibonding orbitals would be filled, resulting in a total energy which is
essentially the same as that of the individual atoms, thus explaining why hydrogen

forms stable H, molecules but helium does not form He;.
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Figure 2.2 Schematic of electron density for bonding and antibonding orbitals when
two hydrogen atoms are brought close together (a). The energy levels of the atomic

and molecular orbitals for this system are shown in (b).

Molecular orbitals between two atoms that are symmetrical around the axis connecting
the two nuclei are known as ¢ bonds and can, as discussed above, be either bonding (o)
or antibonding (0*) in nature. Molecular orbitals which are not symmetrical about this
axis are known as m bonds. Again these can be bonding or antibonding, and due to the
location of their electron density away from the axis joining the two nuclei their

strength is significantly lower than that of o bonds [1].



2.2.3 Band Formation in Crystals

As discussed previously, when atoms are brought close together their electron orbitals
overlap, leading to a splitting into bonding and antibonding molecular orbitals. As
increasing numbers of atoms are brought close to each other, Pauli’'s exclusion
principle forbids all overlapping orbitals from existing at the same energy. The
resulting allowed states thus take slightly different energies, and as increasing
numbers of atoms are brought into close proximity, the density (in energy) of these
allowed states increases. Eventually, with close enough atomic spacing, for example
that found in a crystal structure, the allowed energetic states can be considered to form
a continuum, that is ‘bands’ of allowed energies are formed with energy gaps between

them [2].

2.2.4 A Brief Introduction to Photovoltaics

In a typical inorganic semiconductor, the energy difference between the valence band
(filled) and the conduction band (unfilled) is termed the band gap, denoted E, A
photon with energy E,incident on this material can thus promote an electron from the
valence band into the conduction band providing that E, = E; This process leaves
behind a hole in the valence band, and the resulting electron-hole pair, bound together
by Coulombic attraction, is termed an exciton. (Figure 2.3(a)). Lower energy (longer
wavelength) photons, with energy less than Ej, cannot promote an electron across the
band gap, and thus in a solar cell their energy is wasted (Figure 2.3(b)). For high
energy (short wavelength) photons, with E, > E,, there is enough energy to promote an
electron across the band gap and also to impart additional energy to one or both of the
charge carriers. The carrier(s) with excess energy will then relax to the edge of the
band, giving up their energy primarily by the emission of phonons; the energy in excess
of the band gap energy is thus simply converted into heat in the photoactive material
and not useful electrical work (Figure 2.3(c)). Clearly there is thus a balance to be
struck when considering the optimum band gap for a photoactive material — a low band
gap material will absorb a high number of photons but will not extract the maximum
possible useful energy from each photon. Conversely, a material with a large band gap
will maximise utilisation of the energy carried by the short wavelength photons, but
will not absorb those of longer wavelength. This balance can be thought of in terms of
currents and voltages: in a solar cell the current is highly dependent upon the number

of charge carriers generated whilst the voltage is closely related to the band gap
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energy. This trade-off is reflected by the famous Shockley-Queisser limit, a calculation
of the maximum theoretical efficiency for a single junction solar cell, which under the

AM1.5 spectrum at 1 sun is around 33% for a band gap of just over 1.3 eV [3].

The binding energy of a photogenerated exciton is dependent upon the dielectric
constant of the semiconducting material in which it exists. A small dielectric constant is
indicative of limited screening of charge and will lead to an exciton with a high binding
energy and a small separation between the charges. Depending upon the magnitude of
its binding energy, the charges in an exciton may be separated (‘exciton dissociation’)
either by thermal energy or by some other driving force such as a difference in electron
affinity at an interface between two materials (see Section 2.4.4). If exciton
dissociation does not occur, the electron and hole will recombine. Following successful
charge separation, free carriers are swept from the device by an electric field and can
perform work in an external circuit, allowing solar cells to fulfil their desired role of

generating electrical power.

11



(a) 2k
Ao c

b %
(b) i E.

_

Carrier thermalization

(c) ~ down to bandgap
v ~
E

cC

hv

Figure 2.3 In (a) the incident photon has energy E, = E; and thus can promote an
electron from the valence band to the conduction band. In (b) the incident photon has
energy E, < Eg and thus cannot promote an electron from the valence band to the
conduction band. In (c) the incident photon has energy E, > Eg, the electron is thus
promoted to the conduction band and receives some additional excess energy, this is

given up primarily by non-radiative emission as the electron relaxes to the bottom of

the conduction band.

2.2.5 Device Characterisation and Device Metrics

Photovoltaic devices are typically characterised by measuring their current-voltage

response under illumination. A source-measure unit is used to apply a voltage across
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the device and measure the resulting current flow whilst the device is illuminated with
a known spectrum of light. Analysis of the relationship allows for the extraction of a
number of metrics which give an insight into the workings of the device under test. A

typical current density against voltage curve for a solar cell is shown in Figure 2.4.
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Figure 2.4 Typical current density against voltage characteristics of an illuminated
solar cell showing the open circuit voltage (Voc) and short circuit current density (Jsc)

as well as the voltage and current at the maximum power point (Vup, Jup) .

The Solar Spectrum

The sun emits light with a spectrum approximately equal to that of a black body with a
temperature of 5870 K, meaning that the largest proportion of the energy in the solar
spectrum is in the visible region. Due to atmospheric absorption, however, the ‘raw’
solar spectrum is not used as the reference spectrum when testing photovoltaic
devices. AM (air mass) spectra refer to the mass of air through which solar radiation
has passed, with AM1 corresponding to light incident normal to the Earth’s surface.
The convention for characterising photovoltaics is to use the AM1.5 spectrum, with a
total irradiance of 1000 Wm-2, as shown in Figure 2.5, which corresponds to light
incident at an angle of 48.2° relative to the normal to the Earth’s surface. This spectrum
is representative of the spectrum encountered terrestrially at mid-latitudes, for

example much of Europe and North America.
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Figure 2.5 The AMO and AM1.5 spectra [4].

Power Conversion Efficiency (PCE) & Maximum Power Point (MPP)

PCE is the overall efficiency of the solar cell at converting energy incident on the cell (in
the form of electromagnetic radiation) into outputted electrical energy. Cell efficiency
typically only refers to the efficiency of the active area, and does not take into account,
for example, geometrical and aperture losses due to device design and geometry. These
losses are more typically accounted for when ‘module efficiency’ is quoted. Efficiency is
greatest where the product of voltage and current is maximised, termed the maximum
power point. PCE can be defined as shown in Equation 2.1 by using either the voltage
and current at this maximum power point (Vup, Jup) or by using the short circuit
current (Jsc), open circuit voltage (Voc) and fill factor (FF), metrics which are common

when discussing solar cell performance.

PCE = Pout _ Pyp _ VumpIup _ VoclscFF {2.1}

Pm  Pm P P;

Short Circuit Current (Jsc)

This is the current which flows when there is no applied voltage. Charge is swept out of
the device due to the built-in field which arises due to the difference in work functions
between the electrodes. Jsc is highly dependent on the optical field intensity in the
active layer, the absorbance of the photoactive materials and the efficiency of charge
generation, transport and extraction within the device. Too thin an active layer or poor

absorbance in the photoactive materials can be expected to result in a low Jsc.
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Open Circuit Voltage (Voc)
The open circuit voltage is the applied voltage at which no current flows, that is, the
point at which the applied voltage cancels out the built in voltage of the cell, leaving no

driving force for the extraction of charges generated within the device.

Fill Factor (FF)
The fill factor is given by the ratio of the product of V and J at the maximum power

point (Vup, Jup) to the product of Voc and Jsc as shown in Equation 2.2.

_ Vurup {2.2}

FF =
Voclsc

This is illustrated in Figure 2.4 by the ratio of the yellow rectangle to the grey
rectangle, and it can be seen to quantify the ‘rectangularness’ of the JV curve of the
solar cell. An ideal device should have a high fill factor, indicative of few losses
following charge generation. FF is strongly linked to charge transport and

recombination as well as series and shunt resistances.

Series Resistance (Ry)

Series resistance arises due to resistance within the electrodes, resistance internal to
the active layer itself and resistance at interfaces and contacts. It is a resistance to the
extraction of electrons from the solar cell, and a good device should aim to have a very
low series resistance. In well-functioning solar cells the chief contributor to this form of
resistance is typically the sheet resistance of the semi-transparent window electrode -
an electrode with high sheet resistance causes resistance to the lateral extraction of
electrons to metal contacts, leading to an increased series resistance (see Section 2.6
for a more detailed discussion of transparent electrodes). An estimate of series

resistance can be obtained from the inverse of the slope of the JV curve at V = V¢ [5].

Shunt Resistance (Rs)

Shunt resistance relates to current leakage paths in a device, and unlike series
resistance in an ideal solar cell it should have a very high value. Low shunt resistance is
indicative of pathways within the device which provide an alternative route for charges
to travel through. This might occur if, for example, defects have allowed the hole

transport material and electron transport material to come into contact with one
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another. An estimate of a device’s shunt resistance can be made as the inverse of the
gradient of the JV curve at V = 0. By considering the shape of an ideal JV curve together
with the slope of the curve for a non-ideal device at V=0 and V = Voc we can clearly see
that a high series resistance and/or low shunt resistance will manifest themselves as a

low FF when considering device metrics.

External/Internal Quantum Efficiencies

The external quantum efficiency (EQE) of a solar cell at a particular wavelength is
defined as the ratio of charges extracted from the device to photons of that wavelength
incident on the device, whilst the internal quantum efficiency (IQE) is the ratio of
charges extracted from the device to photons absorbed in the active layer of the device.
IQE thus takes into account only loss mechanisms which occur after absorption of a
photon whilst EQE also takes into account losses due to factors such as insufficient
optical density of the active layer, reflection from the front face of the device and

parasitic absorption by electrodes and interlayers.

Equivalent Circuit Model
A solar cell may be approximately modelled by the equivalent circuit shown in Figure
2.6 in which a current source, a diode and a number of resistors allow reproduction of

the JV behaviour of the device.

Yo Al

Figure 2.6 A basic equivalent circuit for a solar cell where J,» and Jp are the
photocurrent and diode current respectively, R; is series resistance and Ry, is shunt

resistance.

The current-voltage behaviour of an ideal solar cell (R; = 0, Ry, = o, ideal diode) can be

described by the Shockley equation for an ideal photodiode, given by

1= Jon =T = Jon = o [exp () ~ 1] 23)
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When losses due to series resistance, shunt resistance and diode non-ideality are taken

into account this becomes

V +JR, V +JR, 2.4
]=]ph_]0[exp<%>_1]_R—{l 24

where Jpn is the photogenerated current, R, is the series resistance, Ry, is the shunt
resistance, Jp is the diode reverse saturation current density, n is the diode ideality

factor, T is the temperature and k is Boltzmann’s constant.

2.3  Solution Processed Solar Cells (SPSCs)

This class of solar cell has historically been dominated by organic and dye-sensitized
solar cells, which have both risen to have record PCEs of over 11%. More recently
perovskite solar cells have emerged as a major player in this area, achieving an

unprecedented rise in PCE to over 20% [6].

2.3.1 Promises and Pitfalls

Arguably the greatest promise of solution processed solar cells (SPSCs) is in reducing
the material and manufacturing costs of solar cell fabrication. The very low film
thickness used for the photoactive layer of most SPSCs - typically a few tens or
hundreds of nm, as opposed to tens or hundreds of microns for crystalline silicon -
allows for a significant reduction in material usage per unit area, whilst in addition
many of the materials are readily available at low cost. This is particularly the case for
the emerging organometal halide perovskites, where materials synthesis is less
complex than for the polymers typically used in high performance polymer solar cells.
Compatibility with high throughput production methods is also vital in order to realise
the potential for cost reductions offered by SPSCs. Continuous or semi-continuous
processes such as roll-to-roll (R2ZR) processing are considered ideal for achieving these
savings, and a fully roll-to-roll fabricated solar cell with high efficiency and long
lifetime can be seen as the ‘holy grail’ of SPSC research. In roll-to-roll production a

flexible substrate is transferred from an initial reel to a final reel with the solar cell
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being deposited in the intervening space. This may involve numerous steps and a
variety of deposition processes, although clearly the fewer the number of steps and the
fewer different deposition systems required the simpler any production line can be.
Such a high throughput system reduces the capital investment required to set up a
production line with a given capacity, especially if it were to avoid the expense
associated with vacuum systems commonly used for, for example, sputtering and
evaporation. There is a caveat here, however: with the better established thin-film
technologies such as cadmium telluride (CdTe) the majority of the module
manufacturing costs now in fact arise not from the purchase and deposition of the
semiconductor materials, but rather from the glass substrates, transparent electrodes,
encapsulation materials and so forth [7]. In addition, ‘balance of system’ (BOS) costs for
PV systems (mounting materials, installation labour, inverters, wiring and so forth)
currently account for more than the module costs themselves in many markets [8]. In
this economic environment, novel low cost materials and deposition processes for the
semiconductor layers in a solar cell will likely not, in themselves, be enough to give the
edge required to significantly disrupt the PV market. Since BOS costs increase with
increasing area any novel solar cell should thus expect to need to match current
technologies on efficiency and lifetime as well as providing lower material and
processing costs. One hope for SPSCs is that since they should, ideally, allow for simple
processing on flexible, lightweight substrates such as PET [9-12] or even metal foils
[13,14] costs associated with glass substrates and bulky mounting equipment may be

significantly reduced.

If SPSCs cannot reduce the overall cost of solar energy, then compatibility with
lightweight and flexible designs may still ensure that they have a role to play in more
niche applications, for example on clothes, tents or structures which cannot support

the weight of traditional modules and their mounts.

Finally, building integrated photovoltaics (BIPVs) offer a potential application for semi-
transparent polymer or perovskite solar cells. The idea behind BIPVs is to incorporate
solar cells into materials which make up an integral part of a building, for example
roofing materials or windows, thus offsetting many of the costs associated with the
substrate, installation, transportation and so forth, significantly reducing the effective
cost of the PV system. Semi-transparent cells are particularly interesting for
application in windows within the BIPV concept, and have been explored with

inorganic cells by utilising small holes or gaps in arrays of cells [15,16]. The resulting
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modules, however, look quite different to a traditional window and struggle to obtain
the neutral colouring which is desirable for most window applications. Semi-
transparent polymer solar cells have been fabricated with quite some success in terms
of both efficiency and achieving a neutral colour, with single junction cells achieving
4.2% PCE for 32% average visible transmittance (AVT)[17] and tandem cells reaching
an impressive 8% PCE for 44% AVT whilst remaining close to neutral in colour [18].
Single junction neutral-coloured semi-transparent perovskite devices have also been
fabricated with promising efficiencies (5.2% PCE for 28% AVT). In addition, these
devices showed significantly improved performance at high angles of incidence in
comparison to reference silicon devices, a property highly advantageous for BIPV

scenarios, where such angles of incidence can be expected for much of the day [19].

As well as economic factors, it is worth considering the environmental impact of
different solar cell technologies in relation to their energy payback time. Inorganic
photovoltaics often require high temperature processing steps, and moving to low
temperature, solution processed roll-to-roll fabrication methods should allow for
significant reductions in the energy required for cell production. It has been suggested
that a 5% efficient roll-to-roll fabricated organic solar cell (OSC) on a flexible substrate
could have an energy payback time of as little as 0.2 years, around ten times less than

multi-crystalline silicon was calculated to have under the same conditions [20].

2.3.2 Roll-to-Roll Compatible Processing Techniques

Various roll-to-roll (R2R) compatible film deposition techniques are available for
solution processed materials, all having different requirements for ink formulations
(viscosity, surface tension etc.) and all offering their own advantages and
disadvantages. A number of the most common of these techniques are briefly
summarized below; for further details on these and other techniques, interested

readers are directed towards the following references [21-23].

Blade coating (as shown in Figure 2.7(a), also known as doctor blading or knife
coating) involves placing the ink in front of a fixed blade; movement of the substrate
relative to the blade then leads to the spreading of a thin layer with the height of the
blade and the solution concentration determining film thickness. One notable
drawback of this technique is that it is not possible to easily pattern the film during

deposition.
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Slot-die coating (Figure 2.7(b))deposits ink via a slot in a deposition head, with layer
thickness being heavily dependent upon both the ink flow rate and the speed of
movement of the head or substrate. This deposition technique is able to produce 1D
patterns quite simply and has seen extensive development for R2R fabrication of OSCs,

in particular by Frederik Krebs’ research group at the Technical University of Denmark.

Rotary screen printing (Figure 2.7(d)) involves forcing ink through a mesh which is
brought into contact with the substrate surface. This technique is capable of extensive
patterning, however it requires high viscosity and low volatility inks which have
proved difficult for the deposition of polymer solar cell active layers, although they

have been quite successful in the deposition of silver electrodes [24].

Flexographic printing (Figure 2.7(f)) involves the transfer of ink from raised areas on a
printing plate (commonly made of rubber or similar) which is affixed to a rotating
cylinder. Capable of producing patterning, this technique has again been employed

predominantly for the deposition of metal electrodes [25].

Inkjet printing (Figure 2.7(e)) typically employs piezoelectric transducers in order to
force ink out of the nozzle once the pressure in the reservoir exceeds the surface
tension of the ink at the nozzle exit. This technique offers the advantage of being
capable of producing 2D patterns which can be changed without the requirement for
new hardware. Its application in the deposition of large-area uniform films is highly
complex however, requiring inks which are often a blend of up to 8 different solvents

[21].

Spray-coating (Figure 2.7(c)), as has been used in Chapter 5 of this work, is highly
compatible with high throughput production of continuous films with low materials
wastage. Due to the nature of the process, however, patterning is only possible through
the use of masks which introduce both material wastage and the risk of edge effects in
the final film. In all spray nozzles energy is used to break up the liquid bulk into
droplets (‘atomization’); in an airbrush nozzle this is achieved using high velocity gas,
typically air or nitrogen. Spray-coating techniques using these simple airbrush nozzles
have been employed in the deposition of the photoactive layer of OSCs since 2007,
when a PCE of 2.8% was obtained [26]. More recent work has continued the
application of this technology as well as exploring the application of ultrasonic spray-

coating, a technique in which droplets are formed via high frequency vibrations and
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subsequently directed to the substrate by a carrier gas. This technique has since been
successfully employed for the deposition of PEDOT:PSS and molybdenum oxide hole
transport layers, photoactive polymer:fullerene blends and silver electrodes [27-30].
Currently the highest published device efficiency for an OSC incorporating a spray-
coated active layer appears to be 7.3% [31]. Further details on ultrasonic spray-coating

are provided in Chapter 3 Section 3.2.4.
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Figure 2.7 Schematics of printing and coating techniques: blade coating (a), slot-die
coating (b), spray coating (c), rotary screen printing (d), inkjet printing (e),

flexographic printing (f). Taken from Sgndergaard et al. [23].
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The work contained within Chapter 5 is likely the first published demonstration of a
solution processing, roll-to-roll compatible deposition method for the photoactive layer
of a perovskite solar cell [32]. Since the publication of that work a number of other
approaches have been successfully demonstrated for R2R compatible deposition of the

perovskite layer of a solar cell; these are summarized in Table 2.2.

Deposition Deposition Other Layers Efficiency Ref.
Technique Environment & Deposited Using (%)

Architecture R2R Compatible (mean/max)

Solution Processing

Ultrasonic Ambient None 7.8/11.1 [32]
spray-coating | Planar
(Chapter 5)
Airbrush Ambient None 7.4/7.9 [33]
spray-coating | Planar
Airbrush N2 glovebox None 9.2/10.2 [34]
spray-coating | Planar
Inkjet Ambient None 11.2/12.3 [35]
printing Mesoporous
Drop casting | Unclear ZrO, (EBL/ scaffold) | 10.3/12.8 [36]

Mesoporous Carbon (electrode)
Slot-die Ambient ZnO (ETL) 10.1/11.9 [37]
coating* Planar P3HT (HTL)
Slot-die Ambient PEDOT:PSS (HTL) 4.9/ no max. [38]
coating Planar PCBM (ETL) given

Ag (electrode)

Table 2.2 Roll-to-roll compatible solution processing techniques used to deposit the
perovskite layer of a solar cell. All perovskite layers have been fabricated via a ‘one-
step’ process, apart from that marked with * in which a ‘two-step’ process was used;

see Section 2.5.7 for an explanation of one-step and two step fabrication.
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2.4 Organic Solar Cells

2.4.1 Introduction

Whilst single layer organic solar cells (OSCs) were studied as far back as the 1950s
[39], at that time they were unable to produce high efficiencies. This was largely due to
the fact that absorbed light created a bound exciton in which the charges were far more
likely to recombine than to dissociate and thence be collected at the electrodes. The
solution to this problem lay in incorporating two materials rather than one into the
photoactive layer, and so heterojunction devices consisting of electron donor and
electron acceptor materials were born. The first ‘donor-acceptor’ OSC reported in the
literature was a bi-layer device fabricated by Tang in 1986 which achieved an
efficiency of around 1% [40]. OSCs have typically been divided up into two categories:
polymer solar cells and small molecule solar cells. Whilst Tang’s seminal work involved
the use of small molecules, the first polymer solar cells were reported in the early 90s,
and the now popular concept of ‘bulk heterojunctions’ emerged shortly afterwards
[41,42]. Polymer devices have some innate disadvantages over their small molecule
cousins, for example variations in molecular weight and polydispersity make batch-to-
batch reproducibility a concern [43]. Unlike polymers however, small molecule based
devices have often relied upon thermal evaporation for film deposition, and thus
polymers have attracted the greater proportion of research efforts amongst those
interested in solution processed electronics [44]. Within Chapter 4 only polymer solar
cells have been fabricated, and the following discussion is therefore devoted to this
class of device only; from here onwards the term organic solar cell (0OSC) is used to

refer to this class of solar cell only.

2.4.2 Device Architecture

There are two possible device architectures for OSCs: ‘normal’ and ‘inverted’. The
normal architecture employs a transparent front electrode as the hole collecting anode
with the reflective rear electrode acting as the electron collecting cathode. In the
inverted structure these roles are reversed - the transparent front electrode acts as the
cathode whilst the rear electrode acts as the anode. Appropriate materials selection for
the rear electrode and intermediate layers allows many transparent electrode
materials, such as the ubiquitous indium tin oxide (ITO), to be used as the front

(transparent) electrode in either architecture. Simply exchanging the positions of the
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interlayers can, for example, switch a device from normal to inverted architecture or
vice-versa [45]. There is particular interest in inverted devices with respect to
improving the lifetime of OSCs, since they typically replace low workfunction metals
such as calcium and aluminium with a more stable metal such as silver. In addition they
avoid the use of the hole transport material PEDOT:PSS, commonly used as an
interlayer in devices with normal architecture, with which concerns about the impact
of its hygroscopic and acidic nature on device lifetime have been raised, particularly in

humid environments [46-49].

<+«——Opaque electrode

<+——Intermediate Layer

LOAD <+——Photoactive Layer

«——— Intermediate Layer
<+——Transparent electrode

<+——Substrate, e.g. glass

Light

Figure 2.8 An overview of the typical structure of an organic solar cell, with light

entering from the bottom.

Organic solar cells are typically built on a ‘superstrate’ or ‘bottom illuminated’ design,
as shown in Figure 2.8, in which the device is fabricated on a transparent substrate
(e.g. glass/ITO) but is then turned over in use, with light passing through the glass to
reach the cell. The alternative is to build the device as it will be used, depositing the
transparent electrode as the final layer in a ‘substrate’ (‘top illuminated’) design. This
architecture offers the advantage of facilitating the production of devices on metal foil
substrates which offer low cost, high mechanical flexibility and good thermal stability
as well as providing a good barrier against moisture and oxygen ingress [14,50,51].
Building devices in this architecture, however, poses other challenges with regards to
the roughness of the substrate, deposition of a conductive electrode without causing
damage to underlying photoactive layers and requirements for encapsulation on the
illuminated side. The traditional bottom illuminated design thus currently remains by

far the most common architecture within academic research.
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The intermediate charge extraction/blocking layers play a number of important roles
in OSCs. Firstly they play a role in determining the polarity of the device, by
determining the selectivity of the contact - whether holes or electrons will be able to
reach the adjacent electrode. In this context they provide a ‘blocking layer’ to inhibit
transfer of the undesired charges to the electrode. In addition they can assist in charge
extraction for the charges which are to be collected at that electrode by providing an
intermediate energy level between the relevant active layer material and the electrode.
Charge extraction may also be enhanced by the formation of an interfacial dipole. This
is believed to occur for certain interlayers such as the polymer PFN (poly [9,9-bis(3’-
N,N-diethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]), with the dipole
aligning with the built-in potential which arises from the work function difference
between the electrodes [52]. Finally, in OSCs intermediate layers often also act as an
optical spacer in order to optimise light intensity within the active layer. By tuning the
interference effects that occur due to reflection from the rear electrode it is possible to

maximise the optical field intensity within the photoactive layer of the device [53].

2.4.3 Orbital Hybridization and Conjugation in Organic Semiconductors

Carbon provides the building block of organic molecules and is thus crucial in
determining their optoelectronic properties. A neutral carbon atom contains 6
electrons in the orbitals 1s22s522p2, or more precisely 1s22s22p,'2p,!. Looking at this
electronic structure it seems that carbon should form two covalent bonds since it has
two electrons in unfilled orbitals. In fact, a process known as orbital hybridization
allows for the electrons in the 2s orbital to play a role and explains why carbon is
observed to form 4 bonds. This process occurs over two steps: firstly an electron is
promoted from the 2s orbital to give the configuration 1s22s12p,12p,!2p,! (a process
which can occur due to electrostatic attraction from another atom being brought close
to the carbon). Secondly the 2s orbital may combine with a number of the 2p orbitals in
order to form ‘hybrid’ sp orbitals. This may occur with 1, 2 or all 3 of the p orbitals to

form respectively two sp! orbitals, three sp2 orbitals or four sp3 orbitals [1].
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Figure 2.9 Chemical structures of polyethylene (a) and polyacetylene (b).

An example of sp3 hybridisation in action is polyethylene where each carbon atom
bonds to two other carbons and two hydrogens (Figure 2.9(a)). Here all outer
electrons are strongly bound in ¢ bonds, resulting in an insulating material. In contrast,
the formation of a double bond between two carbon atoms involves sp? hybridization.
Whilst one of the sp? orbitals forms a ¢ bond between the two carbon atoms, the
unhybridized 2p, orbital from each atom will overlap with its counterpart resulting in
the formation of a m bond. Here the highest occupied molecular orbital (HOMO)
corresponds to the m-bonding orbital as shown in Figure 2.10 which depicts bond
structure and energy levels for a C=C double bond structure. The energy level
immediately above this is the lowest unoccupied molecular orbital (LUMO),
corresponding to the m-antibonding orbital, denoted m*, and the difference between

these two energy levels is the band gap of the material.
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Figure 2.10 Bond structure (a) and energy levels (b) for a C=C double bond.
Hybridized sp? orbitals (shown in yellow) will also form a ¢ bond between the carbon

atoms (purple), whilst the unhybridized p. orbital forms a ™ bond between the atoms

(green).

In contrast to the tightly bound electrons in o bonds, electrons in m bonds can be
delocalised across a number of adjacent molecular units. Systems featuring alternating
single-double (or single-triple) bonds along a carbon chain are referred to as being
‘conjugated’; a common example of such a system is polyacetylene as shown in Figure
2.9(b). If the carbon atoms in this structure were all equidistant from one another, the
1 bonds would become delocalised along the entire chain. This would result in the ©
and * states being indistinguishable and such equivalence would lead to the absence
of an energy gap, leading the material to behave as a metal since it would exhibit a half
filled energy band. As it is, an effect known as Peierls’ instability leads to alternating
bond lengths and the formation of a band gap (i.e. m and ©* are distinguishable and at
different energies) [54,55]. The resulting electronic states are delocalised only over the
space of a few atoms, an effect which leads to a requirement for electrons and holes to
transfer between these states via a ‘hopping’ process in order for charge transport

along the length of the chain to occur.

Fullerenes are currently the ubiquitous electron accepting material utilised in donor-
acceptor polymer solar cells. Although they exhibit a caged structure rather than a

chain as such, the bonding between their carbon atoms still occurs via sp2
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hybridization, and thus they can be considered to be conjugated materials as described

above.

In Chapter 4 the electron donating polymer PCDTBT (poly[[9-(1-octylnonyl)-9H-
carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-

thiophenediyl]) and the electron accepting fullerene PC70BM ([6,6]-phenyl-C71-butyric
acid methyl ester) have been used for the fabrication of organic solar cells. Their
structures are shown in Figure 2.11. PCDTBT is an example of a donor-acceptor
copolymer, a group of polymers consisting of alternating electron rich (donor) and
electron deficient (acceptor) moieties along the conjugated backbone. In these
materials the HOMO is typically located on the donor unit whilst the LUMO is located
on the acceptor unit, thus allowing for extensive manipulation of the bandgap of the
material without unwanted knock on effects which may occur using other strategies for

band gap engineering [56].

(a)

(b)

Figure 2.11 The chemical structures of the materials PCDTBT (a) and PC;BM (b),
both of which have been used in the photoactive layer of the OSCs fabricated in this

work.
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2.4.4 Operational Principles

Due to the low dielectric constant of organic semiconductors (typically &, = 3-4 [57])
excitons in these materials have a strong Coulombic attraction and thus a high binding
energy - around 0.3 eV as opposed to only a few meV for inorganic semiconductors
[58,59]. Excitons of this tightly bound type are typically referred to as Frenkel excitons,
and unlike in their more weakly bound counterparts in inorganic semiconductors, they
will not dissociate simply due to thermal energy (~26 meV) meaning that a driving
force is needed in order to separate the bound charges. Solar cells of this type, in which
exciton dissociation is not a spontaneous process at room temperature, are thus known
as ‘excitonic solar cells’. In donor-acceptor OSCs this driving force comes from the
difference in electron affinity between the electron donating and electron accepting
materials, typically a polymer and a fullerene respectively. Photocurrent generation in
an illuminated organic solar cell involves five key stages: absorption of light to create
an exciton, diffusion of the exciton to a donor/acceptor interface, separation of the
exciton into free charges, transport of those free charges to the contacts of the device
and finally charge extraction into the electrode materials and the external circuit. Each

of these stages and their associated losses are covered in more detail below.

The morphology of the photoactive layer in high performance OSCs is nowadays that of
a bulk heterojunction (BHJ]). Here, donor and acceptor materials form an inter-
penetrating mixture of domains which may be a pure donor phase, a pure acceptor
phase or a mixed phase featuring both materials, as shown in Figure 2.12. In addition,
within each of the pure phases there may be regions with varying levels of crystallinity
[60]. In comparison to a bilayer structure, a BH] offers a vastly increased interfacial
area between donor and acceptor regions. The exact morphology of a BH] can be tuned
by altering parameters such as casting solvent, polymer:fullerene blend ratio, donor
and acceptor material choice and post-deposition thermal and solvent annealing

processes [61].
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Figure 2.12 A schematic of the photoactive layer morphology of an OSC with bulk
heterojunction design for a semi-crystalline polymer (a) and an amorphous polymer
(b). Red lines represent the donor polymer whilst black circles represent the acceptor

fullerene. Taken from Wang et al. [60].

Absorption & Exciton Generation

A photon with energy greater than the bandgap energy, Eg, of the conjugated polymer
in the photoactive layer of the device may be absorbed, resulting in the promotion of an
electron from the HOMO level to LUMO level of the polymer and thus creating an
exciton (Figure 2.13(a)). Whilst absorption occurs primarily in the donor polymer,
which should thus be strongly absorbing, some absorption will also occur in the
electron acceptor regions. In this case charge transfer would subsequently occur with
the hole transferring to the ‘donor’ polymer, rather than the electron transferring from
the ‘donor’ polymer. The use of PC70BM rather than PCsBM has been found to increase

absorption in the electron accepting regions of the active layer [62].

Exciton Diffusion

A photogenerated exciton will undergo diffusion until it either reaches a
donor/acceptor interface or the constituent electron and hole recombine via mono-
molecular (‘geminate’) recombination. Exciton diffusion in OSCs is typically described
as being a hopping process, both along individual molecular chains and between
adjacent chains. For the majority of organic semiconductors the exciton diffusion
length, Lp, is no more than around 10 nm [58,63] and therefore most excitons
generated at a distance greater than this from a donor-acceptor interface will simply
recombine. It is here that a bulk heterojunction (BH]J) morphology gives a great
advantage over a bilayer structure: with suitable control of the morphology, the
domains of donor/acceptor material can be engineered to be on a length scale similar
to that of the exciton diffusion length, meaning that a large proportion of the excitons

generated in a device will reach an interface and produce free charges. This is in
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contrast to the bilayer device where only around a thin layer of the donor material
close to the interface between the layers would be expected to generate excitons which
will successfully dissociate. Here the intermixed phase in a BHJ] is of particular

importance in allowing excitons to easily reach a donor-acceptor interface.

Exciton Dissociation (Charge Separation)

When an exciton diffusing in a polymer domain reaches an interface with a fullerene
domain, exciton dissociation will occur if it is energetically favourable for the bound
electron to transfer to the fullerene due to its higher electron affinity, as shown in
Figure 2.13(c). In other words, if the energy offset between the higher lying LUMO of
the polymer and lower lying LUMO of the fullerene is greater than the binding energy
of the exciton then dissociation will occur. Note that for excitons generated within the
fullerene, the charge transfer occurs via transfer of the hole in the exciton from the
lower lying HOMO of the fullerene to the higher lying HOMO of the polymer. In a well-
functioning OSC, once an exciton has reached a donor-acceptor interface this
separation of the exciton into free charges occurs on a timescale of a few tens of
femtoseconds and with a very high probability, since major loss mechanisms happen
on slower timescales [59]. Once charge transfer has occurred the electron and hole are
still bound in a so called charge transfer state and further separation is required to
avoid geminate recombination. In OSCs the driving force for this separation arises due
to the difference in work function between the electrodes/intermediate layers on
either side of the device. This difference causes a built in electric field across the

photoactive layer which causes free charges to move to opposite electrodes.

Whilst the offset between the energy levels of the acceptor and donor materials must
be great enough to drive charge separation, it is worth noting that energy is lost in this
process and that an excessive offset will result in a reduced Voc in the solar cell. The
exact reported HOMO and LUMO levels for PCDTBT and PCBM vary slightly in the
literature, however the offset between the LUMO levels of these materials is around
0.6-0.8 eV, notably more than the ~0.3 eV required to drive exciton dissociation
[59,64-66]. Due to the requirement for exciton dissociation, in a polymer solar cell
utilising PCBM as the electron acceptor the optimum band gap for the donor polymer is

slightly larger than in a traditional (non-excitonic) solar cell, being around 1.5 eV [67].
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Charge Transport

Driven by the inbuilt field arising from the difference in work function between the
cathode and the anode, free electrons travel through the acceptor domains to the
cathode whilst free holes travel through the donor domains to the anode. (In fact,
electrons in the LUMO level and holes in the HOMO level of an organic semiconductor
will lead to some deformation of the molecule. The free charge carriers in organic
semiconductors are thus not electrons and holes but rather electron polarons and hole
polarons, these quasiparticles being the combination of the charge carrier and the
deformation resulting from its presence. This deformation leads to a slight reduction in
the energy of the LUMO level or slight increase in the energy of the HOMO level
respectively in the case of electron and hole polarons.) In order for this process to
occur successfully, continuous pathways are required in both the acceptor and donor
materials to the respective electrodes, requiring an appropriate morphology of the
bulk heterojunction. It is for this charge transport process that pure donor and
acceptor domains are important in the morphology of a bulk heterojunction design. In
organic semiconductor materials, electronic states are localised on polymer chains (as
discussed in Section 2.4.3) and charge transport must thus occur via hopping between
these states, rather than by transport within a conduction band as for inorganic
semiconductors [58]. As a result of this, mobilities of free charges in the photoactive
layer are generally poor: hole mobility in donor polymers is often of the order of 10-3
cm?V-1s-1 or lower, whilst PCBM has electron mobility of a similar order of magnitude
[64,68]. In comparison, silicon has charge carrier mobilities of the order of 102-103
cm2V-1s-1, Drift length (Larg), the average length which a charge carrier will drift under

an electric field before it recombines, is given by

Larife = UTE {2.5}

where pu is the carrier mobility, 7 is the carrier lifetime and E is the electric field
strength. It is thus clear that the low carrier mobilities typically found in organic
semiconductors mean that the photoactive layer thickness must be very low in order to
minimise bi-molecular recombination. For many material systems, including the
PCDTBT:PC70BM blend used in this work, optimised active layer thickness is in the
range of only 50-100 nm, and thus only a small proportion of incident light is absorbed
on one pass through this layer. A reflective rear electrode is therefore important since
reflection from this layer leads to the formation of standing waves within the device,

meaning that layer thicknesses can be optimised in order to maximise the optical field
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intensity within the active layer and thus ensure that light absorption in this layer is
maximised. In this context, optical modelling techniques based upon the transfer
matrix method, as utilised in Chapter 4, can be of assistance. In addition to the drift of
charges due to the inbuilt field discussed above, there will also be a diffusion of carriers
arising due to concentration gradients which arise as a result of the charge selective

nature of the contacts.

(a) Polymer (b)

Polymer Fullerene
LUMO
HOMO
() (d)
Polymer Fullerene Polymer Fullerene
L e
[ )
( _____________
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Figure 2.13 A basic schematic of the process of photocurrent generation in an organic
solar cell. An incident photon of sufficient energy is absorbed by the polymer,
generating an exciton (a), which then diffuses until meeting a donor-acceptor interface
(b) or recombining (not shown). At this interface the electron is transferred to the
fullerene (c) and the resulting free charges are then separated by the inbuilt electric

field (d).

Charge Extraction

Charge extraction can occur once free carriers have successfully reached their
respective electrodes. In order to ensure the high efficiency of this process it is
important that the appropriate energy levels are well matched, that is, the work

function of the anode to the HOMO level of the donor (for hole extraction) and the work
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function of the cathode to the LUMO level of the acceptor (for electron extraction). In
situations where this occurs, the contacts between the semiconductor and the
electrodes have low resistance and are known as Ohmic contacts. Conversely, a
mismatch in these energy levels will lead to poor charge transport across the interface
which results in a charge build up and subsequent band banding, resulting in a further
barrier to charge extraction. In the case of these non-Ohmic contacts, charge extraction
can still take place but with significant losses due to the high resistance of this Schottky

barrier.

For Ohmic contacts and efficient charge extraction to occur, Fermi level alignment,
where the Fermi levels of the two materials equalize, is typically required at the metal-
semiconductor interface. At a simple metal-metal interface, electrons will flow from the
material with the higher Fermi energy to that with the lower Fermi energy, leading to
Fermi level alignment as well as the establishment of an interfacial dipole (Figure

2.14(a)).

Similar alignment can occur at the interface between a metal contact and an organic
semiconductor. If the work function of the metal is shallower than the LUMO of the
organic material or is deeper than its HOMO then Fermi level alignment can be
expected to occur due to the resulting charge transfer. In fact, states just within the
band gap can exist due to the occurrence of structural as well as electronic relaxation
when electrons are added to or removed from an organic semiconductor. It is between
these states and the Fermi level of the metal that charge transfer and alignment occurs
[69,70]. This process is shown in Figure 2.14 parts (b) and (c) for LUMO and HOMO
alignment respectively. Whilst interfaces between metal oxides and organic
semiconductors might be expected to behave differently to this due to the band gap in
the oxide, HOMO alignment has been found to occur in a remarkably similar manner

[71].

In organic solar cells the factors determining the Vo vary depending upon the type of
contact formed at the electrodes. For ohmic contacts the V¢ is dependent on (but
somewhat less than) the difference between the energy of the HOMO level of the donor
material and the LUMO level of the acceptor material [69]. For non-ohmic contacts the
Voc is dependent on the difference between the work functions of the two electrodes.
Recombination losses, and in particular non-radiative recombination losses, may

further reduce the Voc of a solar cell from its maximum potential value [72].
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Figure 2.14 Energy level alignment before and after materials are brought into contact

with each other for different interfaces:

semiconductor with LUMO alignment and (c) metal-organic semiconductor with HOMO
alignment. ®y is the metal work function (Fermi level), Eicr- and Eicr+ show so called

‘integer charge transfer states’ which exist close to the edges of the HOMO and LUMO of

the organic material.
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2.5 Perovskite Solar Cells

2.5.1 Introduction

The term perovskites refers to materials with a particular crystal structure, the name
coming from Russian scientist Lev Perovski [73,74]. Whilst the word initially referred
to the mineral CaTiOs3, it is now widely used to describe any material with the same

crystal structure.

Most work on perovskite materials for photovoltaic applications has thus far been
directed towards organometal trihalide perovskites, where, in an ABX3; crystal
structure, A is an organic cation, B is a metal cation (smaller in size than A) and X is a
halide anion. Here BXs octahedra with halide anions at the corners and a metal cation
in the centre form a 3D network, connected to other octahedra by shared corners. The
organic cation can be thought of as fitting in the gaps between the octrahedra,
neutralising the total charge. The size of the organic component must be such that it fits
within these gaps, and indeed its precise size plays a key role in determining the
optoelectronic properties of the material such as the bandgap. These are sensitive to
any changes in the geometry of the 3D network arising due to small changes in the size
of the constituent ions [74-76]. A simple illustration of the crystal structure is shown in
Figure 2.15. The most commonly investigated organometal halide perovskites to date
have been based on methylammonium (CH3:NHs3*, also referred to as MA*), and lead
(Pb2+) cations as part of either a ‘tri-iodide’ (CH3NH3zPbl3) or ‘mixed-halide’
(CH3NH3PbIz«Cly) perovskite. The likely crystal structure for different components can
be determined via calculation of a ‘tolerance factor’ for the constituent ions, this being

the ratio of the A-X and B-X bond lengths in a solid sphere model:

‘= Ty +7x {2.6}
V2(rg +1%)

where ry, rz and rx are the ionic radii of atoms of A, B and X respectively. As a guide, if
0.7 < t < 1.1 then 3D perovskite structures can be formed, with ¢t = 1 giving a stable 3D
cubic phase and distortion/deviation occurring for other values. For 0.81 <t < 1.0 the
cubic structure is likely to occur, with slightly lower values of ¢ likely to produce a
tetragonal or orthorhombic structure [7]. If t is below 0.7 or above 1.1 then formation

of the 3D perovskite structure will become energetically unfavourable [7]. As a point of

37



reference, the commonly used perovskite CH;NH3Pbl;z gives a tolerance factor of 0.92

[77].

In a cubic structure the unit cell has sides a, b and ¢ with lengths such thata=b=c.Ina
tetragonal structure this is stretched along one lattice vector meaning that a = b # ¢,
whilst in an orthorhombic structure a cube is stretched along two of its lattice vectors
by different proportions such that a # b # c. Transitions between the different phases
often occur during temperature changes, for example CH3NH3Pblz undergoes a
reversible transition from orthorhombic to tetragonal structure upon heating to ~160
K. This transition causes a slight (0.05 eV) reduction in band gap as well as a reduction
in exciton binding energy [78]. Similarly, a tetragonal to cubic transition occurs at
~330 K (57°C) [79]. Whilst it has been shown that these phase transitions can lead to
changes in band gap, exciton binding energy, charge carrier mobility and resistivity in
the perovskite material [80,81], it is not clear precisely what effect these transitions
have on the operation of complete devices. Lattice parameters for tetragonal
CH3NH3PbI; are reported as a = 8.8 A, ¢~ 12.6 A, whilst in the cubic phase exhibits a =
6.3 A [82-84].

‘ A - Organic cation
@ B - Metal cation

J X-Halide anion

Figure 2.15 Unit cell for the cubic perovskite crystal structure, showing the metal

cations (blue), organic cations (red), and halide anions (yellow).

38



Whilst organic-inorganic hybrid perovskites have been studied in some form since the
late 1970s [85,86], and were investigated for use in thin film transistors and
electroluminescent devices in the 1990s [87,88], the first solar cell featuring an
organometal trihalide perovskite was not reported until 2006. At this time Miyasaka’s
group utilised CHz:NH3PbBrs3 as a sensitizer on mesoporous TiO; and achieved a PCE of
2.2% in a device analogous to a liquid dye-sensitized solar cell [89]. In 2009 the same
group increased the efficiency of their cells to 3.8%, partly through switching to a
CH3NH;3PbI; sensitizer [90], whilst 2 years later Park’s group pushed the efficiency of
this type of perovskite sensitized solar cell to 6.5% [91]. It is worth noting, however,
that in these liquid electrolyte based devices the perovskite absorber suffered rapid
dissolution or decomposition, meaning that performance degraded in a matter of
minutes. In 2012 Gratzel and Park kicked off the current boom in solid state perovskite
solar cell research, achieving a PCE of 9.7% with a cell utilising CHzNH3Pblz on a
mesoporous TiO; scaffold [92]. Shortly afterwards, Snaith’s group at Oxford
demonstrated that CH3NH3l3.4Clx could produce efficient solid-state solar cells on both
mesoporous TiO; and Al;Os3, realising a PCE of up to 10.9% [84]. A flurry of papers
quickly followed, with efficiencies rising rapidly, and by late 2013 perovskites had
become the hot-topic of academic solar cell research, with Snaith being featured in
Nature’s ‘10 people who mattered this year’ [93]. Around this time, many groups
traditionally involved with DSSC cells or OPVs moved into the field and conferences
began offering major sessions dedicated towards perovskite PV cells. By the end of
2014 perovskite devices had hit 20.1% on the NREL certified efficiency chart,
establishing themselves as real contenders against more mature thin-film technologies

such as CdTe and CIGS (respectively 21.5% and 21.7% as of May 2015) [6].

2.5.2 Lattice Planes and Miller Indices

The concept of lattice planes must briefly be introduced since such planes will be
referred to in Chapter 6, where X-ray scattering measurements of perovskites have
been made. Lattice planes are planes which have periodic interactions with a crystal
lattice. They are described by ‘Miller indices’ which are the reciprocals of the intercepts
which the plane makes with the three axes that define the edge of a unit cell (reduced
to the smallest integers) [2]. By way of an example, Figure 2.16 shows a simple cubic

unit cell together with an illustration of the (110) lattice plane.

39



(b)

y
>

(a)
Az
‘;/'

(110)

Figure 2.16 A unit cell for a simple cubic crystal (a) together with an illustration of the

(110) plane of this crystal structure (b).

2.5.3 Semiconducting Properties of Perovskites

A neutral lead (Pb) atom has an electronic configuration with outer orbitals 5d106s26p?2,
thus Pb?+, as is present in organometal halide perovskites, has electronic configuration
5d106sz 6p0 (lower energy orbitals are ignored for brevity). Similarly considering the
outer orbitals only, iodine (I) has electronic configuration 4d1°5s25p> whilst I-, as is

present in organometal halide perovskites, has electronic configuration 4d105s25pé.

For the common organometal halide perovskite CHsNH3Pbl; the conduction band is
formed of empty Pb 6p orbitals, whilst the upper valence band is formed by hybrid Pb
6s and [ 5p antibonding orbitals [79,94-96]. This results in a direct band gap of energy
~1.5 eV, as shown in Figure 2.17(a), leading to the semiconducting nature of the
material [94,97]. Whilst computational studies predicting the electronic structure of
these materials have typically been undertaken for the cubic phase of the perovskite, it
has been shown that the band structures of the tetragonal and orthorhombic phases

exhibit only small deviations from this [98].

Numerous studies simulating the electronic structure of CH3;NH3Pblz have found that
the organic cation (here MA*) does not play a direct role in either the conduction or
valence band orbitals, and is present in the structure in a charge balancing role

[79,94,96]. It does, however, still play a role in determining the precise band structure
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and band gap of the material due to the effect of its size on the geometry of the crystal
lattice [74-76]. In addition, the orientation of the MA* cation can exert strain on the
Pbls octahedra and thence slightly alter the band structure of the material. Since it has
been shown that the MA* cation can rotate rapidly at room temperature [95,99], the
band gap is thus actually a rapidly varying ‘dynamical’ band gap. Changes in the MA*
orientation can in fact lead to the transition of the material to having an indirect band
gap positioned slightly (~25 meV) below the direct band gap, as shown in Figure
2.17(b) [95]. This effect may help to explain the strong absorption (typical of direct
band gap semiconductors) and long diffusion length (typical of indirect band gap
semiconductors) observed in these materials. For the particular orientations of the
MA* cation where an indirect band gap emerges, the absorption will be quite
unaffected due to the existence of a direct band gap at only a slightly higher energy. At
the same time, recombination of excited carriers is suppressed since they will
thermalize to the band edge where they can benefit from longer lifetimes due to the

indirect nature of the band gap for recombination.

Energy (eV)

Figure 2.17 The band structure of CH3NH3Pbl; as predicted by density functional
theory calculations for orientation of the MA* cation along [111] (a) and [011] (b)
directions, highlighting the change from direct gap to indirect gap. Zero energy is set at

the valence band maximum. Taken from Motta et al. [95].
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2.5.4 Operational Principles

Whilst the absorption coefficient of organometal halide perovskite films is not as high
as that of many polymer:fullerene blends used in OPVs (around 6x104 cm-1 at 600nm
and >105 cm! respectively [61,100]), it compares favourably with those of traditional
inorganic semiconductors, for example being up to an order of magnitude higher than
that of GaAs in the visible region [101]. Band-gaps for the common perovskites
CH3NH3Pblz and CH3NHzl3.xClx are quite wide at 1.5-1.6 eV [75,76] which, when
combined with low non-radiative recombination losses, leads to a Vyc as highas 1-1.1 V

in the most efficient devices [72].

Charge separation is achieved significantly more easily in organometal halide
perovskites than in organic solar cells, owing to a much smaller exciton binding energy
(EB). Initially there was some debate about whether these devices were excitonic in
operating nature as binding energies were calculated to be in the region of 35-50 meV
- a value greater than KT at room temperature (~26 meV) [102-105] although still far
lower than the hundreds of meV observed for organic semiconductors [58,59]. It has
since been suggested that the exciton binding energy in CH3NH3Pbls; is in fact as low as
2 meV [106], with this considerably lower value calculated on the basis of €'saic (€ is
the real part of the dielectric constant) rather than € determined at optical frequencies.
There is some debate about the best approach in this regard (see [106] and references
therein for further discussion), and it is an unusual situation since typical PV
semiconductors like silicon do not exhibit such large changes in the value of €' between
low frequencies and optical frequencies. More recently, direct measurement of Ep at
low temperature gave a value of 16 meV and the same team suggested that at room
temperature the binding energy would be only a few millielectronvolts [107].
Theoretical investigations have recently suggested similar values of ~15 meV at low
temperatures (orthorhombic phase) and ~5 meV at room temperature (tetragonal
phase), with the drop at higher temperatures being related to the rotation of MA+ ions
[78]. Irrespective of the exact value for the exciton binding energy in these materials, a
consensus is now emerging that it is below thermal energy at room temperature and
thus unlike the tightly bound Frenkel excitons in organic semiconductors, excitons in
organometal halide perovskites seem to be of a Wannier-Mott type with a large exciton
radius [78]. Excitons in these materials can thus be expected to dissociate with high

probability without the need for a donor-acceptor interface to drive this process, and
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indeed they have been found to dissociate to free charges in a matter of picoseconds in

perovskite films [105,108].

Once exciton dissociation has taken place, charge transport and extraction occur in a
similar manner to in OSCs, with the exception that here charge carriers are able to
move in the energy bands of the material rather than having to travel via a hopping
process between localised electronic states. Charge carrier mobilities are thus
significantly greater in both CH3NH3Pbls and CH3NH3Pbl3..Cly than in typical organic
semiconductors and PCBM, being in the region of 10-20 cm?V-1s1 [108-110] as
compared to 103 cm?V-1s'1 [64,68], although this is still notably lower than for silicon
where mobilities are of the order 102-103 cm2V-1s-1, These high mobilities give a low
monomolecular recombination since charges can move away from their point of
creation rapidly [108] and when combined with an exceptionally low bimolecular
recombination rate (i.e. long carrier lifetime) this leads to long charge diffusion lengths
of over a micron in the mixed halide perovskite, and hundreds of nm in the triiodide
version [100,109,111-113]. In fact, in large single crystals of CH3NH3Pblz diffusion
lengths larger than 175 um have been observed due to lower trap densities, greater
mobilities and longer lifetimes than in polycrystalline films. This result implies that the
enhanced diffusion length in the mixed halide perovskite may be related to film
morphology rather than an effect intrinsic to the material [114]. The much longer
diffusion lengths in the perovskite materials as compared to the materials systems
used in OSCs allow for the use of a significantly thicker active layer, which provides for
greater light absorption, as well as giving other advantages such as an increased
tolerance to substrate roughness and less stringent processing and deposition

requirements.

In addition to the above properties of perovskite films which make them highly
suitable for the fabrication of high efficiency PV devices, the material also offers good
ambipolar charge transport. That is, both electrons and holes are efficiently
transported by perovskite layers, with well-balanced electron and hole mobilities and
diffusion lengths [100,108,111,115]. Reasonably well-balanced mobilities are
important for avoiding space charge limited photocurrent which can result in

significantly degraded FF and PCE [116].
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2.5.5 Perovskite Device Architectures

General device architecture for perovskite solar cells is similar to that of organic solar
cells, consisting of a photoactive layer sandwiched by charge selective interlayers and
electrodes, as shown in Figure 2.18. Their precise operating principles, meanwhile,
vary somewhat depending upon the specific architecture used, which can be divided

into two main classes: planar and mesoporous.

The planar device structure involves a simple flat layer of perovskite acting as the
photoactive layer of the device. Mesoporous devices, on the other hand, involve
infiltration of the perovskite material into a scaffold, and can be further divided into
two distinct types, with differing principles of operation, which will here be termed
‘sensitized’ and ‘meso-superstructured’. The sensitized device structure revolves
around the use of a scaffold capable of electron transport (typically based on TiO:
nanoparticles although other scaffolds such as ZnO nanorods have been investigated
[117]), with the perovskite material filling the voids within this structure. During
photovoltaic operation, electron transfer occurs from the perovskite to the scaffold
material and subsequent electron transport to the cathode occurs through the scaffold
itself [84,118]. In the case of a ‘meso-superstructured’ device, the scaffold material is
insulating, typically alumina (Al03), and provides a structural component of the cell
only, playing no part in the electronic operation. Charge transport thus occurs through
the perovskite itself for both electrons and holes, with the perovskite again filling the

pores in the mesoporous scaffold.

44



(a) Planar

(b) Mesoporous (‘sensitized’)

(©) Mesoporous (‘meso-superstructured’)

Figure 2.18 Schematics of device architecture and charge transport mechanisms
following charge generation at the point marked by the yellow star. Devices with
planar (a), sensitized (b) and meso-superstructured (c) architectures are shown. In
both (b) and (c) a capping layer is shown covering the scaffold. All devices are shown

with standard architecture, i.e. the light enters through the cathode (see below).

For devices with mesoporous structure, consideration must be given to whether the
deposition process produces a ‘capping layer’ of perovskite. The presence of a dense,
uniform layer of this kind covering the scaffold has been found to be beneficial in the
case of sensitized cells since it reduces the probability of contact between the electron
transporting scaffold and the hole transporting material; such a contact would provide

an easy recombination pathway [110,119]. In addition, a capping layer can reduce the
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surface roughness of the photoactive layer, thus reducing the probability of shorts
where the perovskite material directly contacts the electrode in regions where the
HTM has not fully covered the perovskite [120]. It has also been proposed that a
significant and surprisingly large proportion of charge-carrier generation occurs
within the capping layer [121]. A thicker capping layer of perovskite does, however,
seem to lead to an increased level of hysteresis in JV measurements (hysteresis is

discussed further in Section 2.5.9) [121,122].

In addition to the distinctions between planar and mesostructured architectures,
perovskite devices also come in ‘standard’ and ‘inverted’ forms, similarly to organic
solar cells. Perovskite solar cells have however, somewhat confusingly, come to use
different terminology to their organic cousins in this regard due to their emergence
from the field of dye sensitised solar cells (DSSCs). When discussing perovskite solar
cells, ‘standard’ or ‘normal’ architecture thus refers to a device with a transparent
electron collecting cathode and an opaque hole collecting rear anode. In these devices
the most commonly used electron transport material (ETM) is compact TiO, whilst the
most commonly used hole transporting material (HTM) is spiro-MeOTAD. ‘Inverted’
perovskite solar cells typically involve a PEDOT:PSS hole transport/electron blocking
layer adjacent to their semi-transparent electrode. The choice of PEDOT:PSS as the
HTM is in part due to poor film coverage when perovskite films have been deposited
onto metal oxides such as vanadium oxide [123]. Indeed, attempts by the author to use
spin-coating and ultrasonic spray-coating of CH:NH3PbI3.<Clx onto a molybdenum oxide
layer were unsuccessful due to significant dewetting leading to very low film coverage.
PCBM is widely used in inverted devices as the ETM separating the photoactive
perovskite layer from the rear electrode (typically Au, Ag or Al). Typical device
structures for the standard and inverted devices are thus respectively
FTO/TiO;/perovskite/spiro-OMeTAD/Au and ITO/PEDOT:PSS/perovskite/PCBM/Au,

although it should be noted that extra charge transport interlayers are often used.

2.5.6 The Importance of Film Morphology

Perhaps the primary concern in the fabrication of solution processed organometal
halide perovskite solar cells is ensuring the formation of a dense, uniform perovskite
film with few gaps and pinholes. Figure 2.19 shows three perovskite films with
differing levels of surface coverage in order to provide the reader with an illustration of

how these voids and pinholes can manifest themselves. The morphology of the
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perovskite film is key in determining all device metrics in a solar cell, since poor
coverage will have a multitude of effects detrimental to device performance. If
coverage is low enough then the device will not operate, although even with enough
coverage to ensure a working solar cell, PCE can be significantly reduced by two key
factors. Firstly, reduced absorption in regions without the perovskite will result in a
reduced Jsc. Secondly, leakage paths where the hole transport and electron transport
materials come into contact with each other will result in a reduction in shunt

resistance and will reduce both the Vyc and FF of the device [123,124].

Figure 2.19 Optical micrographs of CH3NH3;Pbl3.Clx films on ITO/PEDOT:PSS
substrates showing increasing film coverage from (a) to (c). Red scale bars correspond

to 20 pm.
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2.5.7 Perovskite Fabrication

Fabrication of perovskite films from solution is predominantly achieved via two
approaches, commonly known as the ‘one-step’ and ‘two-step’ processes. The one-step
process involves the dissolution of both the lead salt and organic halide in a common
solvent - typically lead iodide (Pbl;) or lead chloride (PbCl;) together with
methylammonium iodide (MAI) in the solvent dimethylformamide (DMF) or dimethyl
sulphoxide (DMSO). This single solution is deposited onto the substrate via a suitable
technique such as spin-coating, and a thermal annealing step is then used to convert
the precursors into the final perovskite film. The transition from precursor to
perovskite is typically very obvious to the eye, since it involves a transformation from a
bright yellow film to one with a dark brown/black colour. Whilst there are numerous
variations upon this theme, including the use of additives [125,126] or ‘freezing out’ a
particular crystal structure using a solvent engineering process [127,128] the key idea
in the one-step process is that both the lead halide and the organic component are

deposited from a single solution and in a single step.

In the two-step method a film of Pbl; is first deposited by, for example, spin-coating,
and subsequently exposed to the organic halide. This method was first developed by
Gratzel’s group using a process in which the Pbl, layer was dipped into a solution of
MAI dissolved in isopropyl alcohol (IPA) and held there briefly, resulting in its
conversion to the MAPbI; perovskite [129]. Alternatives include deposition of an
organic halide layer onto the Pbl, by spin-coating or spray-coating, followed by
interdiffusion between the two layers. This results in perovskite formation, although it
is interesting that in some studies this interdiffusion step requires a thermal anneal to
drive the process whilst in others it does not; it is not clear as to why this discrepancy
arises [130,131]. Finally, exposing the Pbl, layer to MAI vapour has been used
successfully to fabricate perovskite layers [132]. In addition to these most commonly
employed solution processing methods, perovskite films can be deposited by

alternative means, for example co-evaporation of Pbl; and MAI [124].

2.5.8 The Role and Importance of Chlorine (and other precursors)

Whilst perovskite films prepared using PbCl, and MAI were initially thought to form a
perovskite structure incorporating both iodine and chlorine into the crystal lattice,

denoted by the formula CHz:NH3zPbl3.«Cl, [84,133] this conclusion was put in doubt by
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later results which failed to detect any chlorine in the final film [134]. Indeed, there
have more recently still been conflicting results emerging on this topic, with some
studies concluding that there is indeed some CI present in some capacity [135,136]
and others finding no traces of chlorine in their films and no change to the band-gap
and X-ray diffraction peak positions following chlorine incorporation [137,138]. It is
worth noting at this point that finding a signal from chlorine in the final film does not
necessarily mean that Cl is incorporated into the crystal structure, since it could be
present as residual MACI, as MAPbCls, or as unconverted PbCl; from a two-step process
[138,139]. Where chlorine has been detected there is some evidence to show that it is
preferentially located close to the interface with the metal oxide layer onto which the
perovskite has been deposited [136]. Despite the conflicting results, the consensus
does seem to be that the ‘mixed halide’ perovskite commonly fabricated using PbCl;
and MAI precursors (and more rarely Pbl, and MACI) does in fact form the same
material as the triiodide version, that is, it forms the perovskite CH3;NH3Pbls. Despite
this, the use of the differing notations to refer to different preparation methods has
generally continued in the literature, partly for continuity and also to make clear
distinctions between processing routes until questions on this subject are more
conclusively answered. For these reasons this notation has been adopted in the
experimental Chapters of this thesis. Given the emerging consensus, the differences
which arise in the properties of the films fabricated using chlorine precursors are
thought to be due to their effect on the crystallization of the perovskite, resulting in
changes to the morphology and crystalline properties of the resultant films. Indeed,
this proposal is commensurate with results mentioned briefly in Section 2.5.4, where
charge diffusion lengths >175 pm were measured in single crystals of MAPbIs;. Any
differences in charge diffusion lengths between ‘triiodide’ and ‘mixed halide’
perovskite films thus appear to arise due to the different properties of the

polycrystalline films rather than properties of the materials themselves.

The use of PbCl; instead of Pbl; as a precursor in the one-step process has been shown
in numerous studies to result in increased grain size, increased preferential
crystallographic orientation, increased film coverage and smoother films
[137,138,140-144]. The reason for this appears to be to do with the organic
component which is formed in the solution or precursor film but released during
perovskite formation, and which should be completely removed from the final film in
order to avoid increased series resistance [144]. This organic component, MACI in the

case of a PbCl; precursor and MAI in the case of a Pbl; precursor, initially remains in
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the film, retarding crystallization as the solvent evaporates. It is then removed during
the thermal annealing step, allowing for the crystallization of the perovskite itself.
MACI is more easily removed than MAI at a low temperatures, and the reduced
temperature required for the annealing process (typically 90-100°C rather than 130-
150°C) avoids coarsening of the film, ensuring a smooth and uniform final layer
[123,137,143-145]. Indeed, the use of lead acetate (PbAc;), resulting in the formation
of the more volatile organic component MAAc, has been found to further reduce the
difficulty of removing this component allowing for a very short anneal (5 minutes at
100°C) which resulted in very smooth and uniform films [143]. In addition, it has also
been proposed that PbCl; nanocrystals may act as nucleation sites [141] and may be

involved in an important intermediate phase during crystallization [140].

[t should be noted that not all studies are in agreement over the proposed sublimation
of the organic component (MACI, MAI, MAAc etc.) from the film during the thermal
annealing step and concurrent perovskite formation. Whilst results from TGA
(thermogravimetric analysis) and DSC (differential scanning calorimetry) experiments
on MACI and MAI imply that they should be thermally stable until >200°C it has been
proposed that the increased surface area to volume ratio in thin films can explain their
removal at a lower temperature [143,145]. A number of studies have observed
evidence for the sublimation of MACI or MAI during the thermal annealing step
[137,145,146], however others have found evidence that it does not appear to be
removed from the films in this way [135,139].

2.5.9 Hysteresis

Hysteresis in the current-voltage characteristics of perovskite solar cells was first
reported in Spring 2014 and has since been widely observed [147,148]. Whilst studies
relating to this phenomenon make up a significant fraction of recently published work
on organometal halide perovskites, no definite consensus has been reached on the
mechanism behind it. The observed hysteretic behaviour manifests itself in an
improvement in apparent device performance on the ‘reverse’ (forward bias to reverse
bias) sweep of a JV curve as compared to the ‘forward’ sweep (reverse bias to forward
bias). The difference is predominantly in the fill factor of the device, giving an increased
current in the region close to the maximum power point of the device on the reverse
sweep (see Figure 2.20(a)). Looking more closely at the current-voltage response of a

device, it has been shown that on the reverse scan, when the applied bias is decreased

50



the current from the device ‘overshoots’ its steady-state value before slowly settling
back to a stable level. Similarly, on the forward scan, when the voltage is increased the
photocurrent ‘undershoots’ its steady-state value (see Figure 2.20(b)). The true
steady-state maximum power point lies between the overestimate made by the reverse

sweep JV curve and the underestimate made by the forward sweep JV curve.
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Figure 2.20 Part (a) shows the hysteresis commonly observed in the current-voltage
characteristics of perovskite solar cells. For devices based on a compact-TiO; ETL, an
increased hysteresis is observed for a planar device when compared to its sensitised
counterpart. Part (b) demonstrates ‘undershoot’ and ‘overshoot’ of the photocurrent
response under forward scan (FS) and reverse scan (RS) conditions. Taken from Kim et

al. [149].
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A number of mechanisms have been proposed to explain the hysteresis observed in
perovskite solar cells, and it is of course possible that these occur concurrently. The
three most commonly discussed processes are:

1. The filling and emptying of trap states under different applied biases[150].

2. Effects relating to the polarization and ferroelectricity of the material. Typical
explanations involve the alignment of dipoles on the methylammonium cations
due to rotation of these ions. This may also induce structural changes and
distortion of the crystal lattice, changing the electronic properties and band
structure of the material, as well as a leading to a potential increase in
capacitance [122,149,151-153].

3. lon migration, which has in particular been attributed to migration of iodide
ion vacancies. This ion migration would allow build-up of charge at the
interfaces, causing band bending which would either oppose or enhance charge

extraction for reverse bias or forward bias polling respectively [154-161].

The magnitude of hysteresis varies depending upon the scan rate used whilst
performing a JV sweep, although the precise interplay between the two is not always
agreed upon [147,148,152]. The consensus currently seems to be that hysteresis is
observed most at moderate scan speeds [155,162]. This can be rationalised as follows:
at very low scan rates the dynamic processes (e.g. ion diffusion or lattice distortion)
which follow a voltage change will have time to complete before the current is
measured, and results will thus be quasi-steady-state. This may require a delay of
seconds to tens of seconds between applying a bias and taking the current
measurement [156,157,162]. As scan rate increases the dynamic processes will not
have time to complete before the current measurement is taken, and thus the recent
history of the bias applied to the device will influence the result of the measurement. At
exceptionally high scan rates the entire scan will be completed before dynamic
processes have had a significant effect; in this scenario hysteresis will be minimal
however the measurements will not be a true reflection of the steady-state response of

the device under test.

The observed hysteresis appears to be intrinsic to the material, but is also influenced
by the interfaces and architecture of the device and the resulting charge extraction
efficiency. Devices incorporating a compact TiO2 ETL exhibit greater hysteresis when
they are planar in architecture than when they incorporate a mesoporous (mp) TiO;

scaffold, whilst switching to an mp-Al,03 scaffold increases the hysteresis still further
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[122,147,151,162]. Planar devices using PEDOT:PSS and PCBM HTL and ETLs

respectively tend to exhibit only small hysteresis [151].

2.5.10 Toxicity

One possible barrier to the commercialization of the current generation of organometal
halide perovskite solar cells lies in concerns about the toxicity of the lead incorporated
into the material. Even quite low levels of lead exposure can lead to neurological,
cardiovascular, renal, developmental and reproductive problems, with the nervous
system being particularly prone to damage, especially amongst children and babies
[163]. One of the chief concerns is that organo-lead halide perovskite can be
decomposed to products including lead iodide, which is partially soluble in water. A
solar panel which is exposed to the environment through broken or faulty
encapsulation thus provides a route for rain water to dissolve small amounts of Pbl;,
which can then leach into the soil and groundwater. It has, however, been calculated
that even if 1 in every 300 panels were to break (in a 20 year operating period) and
leach its entire content of lead into the environment, this would still be a reduction in
the amount of lead released in comparison to producing the equivalent amount of
energy through a coal burning power station [164]. With regards to the production of
the lead required, it has also been shown that using lead from recycled lead-acid
batteries produces solar cells with the same efficiency as those using pristine material
purchased from commercial suppliers (Sigma), an encouraging result from a recycling
and lifecycle perspective [165]. In any case, eliminating or reducing the lead used in
these materials is still a highly worthwhile goal. To date, lead free alternatives have
largely focused on the replacement of the lead cation (Pb2+) by a tin cation (Sn2*). These
devices have had some limited success, achieving PCEs of up to around 6%, however
they have struggled with extremely poor lifetime due to the susceptibility of the Sn2+
ions to oxidise to Sn* in the presence of oxygen or moisture, leading to the

decomposition of the perovskite structure [166,167].
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2.6 Transparent Electrodes

Transparent conducting electrodes (TCEs), also commonly known as ‘window
electrodes’ are an important part of any organic or perovskite solar cell such as those

studied in this thesis.

2.6.1 Key Electrode Properties

There are a number of factors which determine the suitability of an electrode for use in

a given solar cell design, including:

e Transmittance

e Sheetresistance

e Work function

e Costs of materials and deposition techniques

e Mechanical flexibility

e Degradation rates and mechanisms

e Compatibility with substrates, interlayers, photoactive layers and deposition
processes. These may be influenced by properties like surface roughness,
wettability, resistance to solvents, required deposition temperature and so

forth.

A high transmittance over the range of wavelengths at which the photoactive layer
absorbs is clearly a key requirement for a TCE in order to maximise the optical field
intensity within the photoactive material. A second vital concern is the ability of the
electrode to conduct charges laterally, allowing them to reach metallic contacts and
thus enter an external electrical circuit. The most commonly used metric for comparing

electrodes in this regard is sheet resistance. Resistance is commonly expressed as

l 2.7
R=ptopt @27

Where ¢, I and w are the thickness, length and width of the sample respectively and

sheet resistance, Ry, is defined by
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Ry = % {2.8}

Sheet resistance is thus defined as the resistance when [=w, i.e. when we have a square
geometry, and has units of Ohms, although for clarity it is generally expressed in Ohms
per square (£2/0). A high sheet resistance will lead to a high series resistance, Rs, in the

device, degrading power output by

Pioss = Ist {2.9}

This form of power loss becomes increasingly important as the length over which
charges are extracted through the electrode increases (i.e. as device size increases)
[168]. The ideal transparent electrode, as well as maintaining compatibility with a wide
variety of substrate, interlayer and active layer materials, would both maximise
transmittance and minimise sheet resistance. These typically, however, are competing
properties, for example increasing the thickness of a transparent conducting oxide
leads to a lower sheet resistance but a reduced transmittance. It can therefore be useful
to combine these two variables into a single value in order to facilitate comparison
between electrodes. The most commonly used metric for this is the figure of merit

(FOM) proposed by Haacke, defined as

FOM — 10 {2.10}
Rg

where T is the average transmittance and R, the sheet resistance [169]. T is taken over
the range of wavelengths relevant for the device under consideration, which is typically

similar to the visible region of the electromagnetic spectrum (~400-700nm).

It is worth emphasising that the FOM gives only a rough guide as to the quality of a
particular TCE. Haacke’s definition maximises FOM at approximately T7=0.9 [169],
however depending on the specifics of the application this may be considered to place
too great or too little importance on transmittance as compared to the sheet resistance.
The relative importance of these two characteristics depends, amongst other things, on
the absolute area and the geometry of the device, neither of which are accounted for in
the calculation of Haacke’s FOM. In addition, optical cavity and interference effects can

be important in thin film organic devices but are not incorporated in the FOM.
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2.6.2 The Need for New Electrode Materials

Due to its combination of exceptionally high transmittance, high conductivity and low
surface roughness indium tin oxide (ITO) is currently the ubiquitous material for the
transparent front electrode in OSCs and is widely used in perovskite solar cells. Whilst
ITO fulfils the role of TCE very well in the rigid, small devices typical of a research
environment, it has a number of limitations meaning that the development of novel

TCE material systems is of interest.

Cost and Scarcity of Materials

The greatest demand for indium is for the production of ITO which is used in a variety
of applications, most notably LCDs and touchscreens [170]. With an increasing market
for both these and other ITO-containing devices such as OLEDs, OSCs and thin film CIGS
solar cells, there are concerns about the scarcity of indium and rising prices [171]. It
has been shown that a flexible substrate with ITO could account for around 30% of the
cost of a flexible OSC module, with the vast majority of this contribution coming from
the material and deposition costs of the ITO [11]. In addition, if the dream of high
throughput roll-to-roll production of solution processed solar cells (SPSCs) is realised
and these systems began to be produced on a large scale, considerations of indium

scarcity and rising prices would be of increasing importance.

Embodied Energy

If solution processed solar cells are to play a significant role in displacing fossil fuels it
is vital that their energy payback time - the time taken for the total energy produced by
a module to match the energy used in its production and installation - is minimised.
With this in mind it is necessary to ensure that the energy embodied in both the
constituent materials of a solar cell and their deposition processes is minimised. One
lifecycle analysis of a P3HT:PCBM solar cell on a PET substrate (using all roll-to-roll
techniques apart for the deposition of the ITO electrode) found that the sputtered ITO
layer accounted for 69% of the equivalent primary energy embedded in the final device
[172]. Another found that the sputtered ITO accounted for 47% of the total energy used
the production of an OPV module on PET. In this analysis the embodied energy of the
material itself was separated out from that attributable to the sputtering process used
in its deposition, showing that the sputtering accounted for the majority of the energy

involved due to the vacuum and high substrate temperature employed [20,173].
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Compatibility with Flexible Substrates

A Kkey selling point for SPSCs is the promise of lightweight, flexible devices. ITO is
unsuitable for use in flexible devices since it is brittle and has been demonstrated to
experience a significant increase in sheet resistance upon bending, as shown in Figure

2.21[174,175].
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Figure 2.21 Fractional change in resistance with as a function of strain, ¢, for ITO on
PET for ITO thickness 105 (filled diamonds), 42 (empty squares) and 17 (empty
circles) nm. The dotted line is the stress-strain curve (right axis). Taken from Cairns et

al. [175].

In addition, plastic substrates cannot withstand the temperatures typically used in the
sputtering of ITO. The use of lower substrate temperatures during deposition leads to
the formation of an amorphous or low quality crystalline structure with many
dislocations, leading to significant degradation of the electrical properties of the film.
ITO deposited on a flexible PET substrate thus typically has a sheet resistance of
around five times higher than for a comparable film thickness on glass [9,176-178]. In
addition, ITO on PEN has in some cases been shown to have a very rough surface with a
number of large spikes up to 50nm in size which could easily cause current leakage or

short circuits in a device with a thin active layer [9].

2.6.3 Indium Free Alternatives

A variety of indium free electrodes have previously been developed and incorporated
into both OSCs and perovskite solar cells. Due to their higher active layer thickness,

perovskite solar cells have a less stringent requirement for low surface roughness than
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do OSCs. For this reason fluorine doped tin oxide (FTO), a cheaper but rougher
alternative to ITO, has been widely used in their fabrication. FTO, however, retains the
requirement for an expensive and energy intensive sputtering process as well as
exhibiting poor performance and durability when employed on flexible substrates
[179-181]. Beyond FTO, indium free alternatives which have been successfully

employed in OSCs include:

e Other transparent conducting oxides, for example aluminium doped or gallium
doped zinc oxide (AZO and GZO) [182,183]. As with FTO, however, these
materials are typically deposited by sputtering and also fail to resolve the issue
of compatibility with flexible substrates due to a reliance on high temperature
processing and/or a brittle nature [184,185].

e Highly conductive PEDOT:PSS [186]. A number of modifications to standard
PEDOT:PSS exist in order to improve conductivity. These electrodes are
solution processable, however they struggle with poor conductivity, often
having sheet resistance of hundreds of /0. Incorporation of metal current
collecting grids into the highly conductive PEDOT:PSS film is significantly more
promising [187]. There are concerns, however, about the long-term stability of
devices incorporating PEDOT:PSS, particularly in humid environments, due to
its hygroscopic and acidic nature [46-48].

e (Carbon nanosheets [188], although these struggle to achieve a good sheet
resistance.

e Silver nanowires, either as a standalone electrode or sandwiched between
layers of, for example, PEDOT or ITO [189-191].

e Oxide/Metal/Oxide (0/M/0) stacks in which a thin metal film provides high
lateral conductivity whilst the two oxide layers serve as a seed layer for metal
film growth and a charge transport layer, as well as acting to suppress
reflection (see Chapter 4). It is worth noting that even if oxides containing
indium are to be used, a stack design involving ITO/thin metal film/ITO offers
improved compatibility with flexible substrates in comparison to a simple ITO
electrode, since the use of a thin and flexible metal film to allow lateral
conduction both reduces the degradation of sheet resistance upon bending and
the requirement for such high quality ITO allowing a lower processing

temperature to be used [192].
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2.6.4 Growth Modes of Metal Films

The different growth modes of thin metal films are important in determining the
morphology of the final film and thus its optoelectronic properties. In
oxide/metal/oxide multilayer electrodes this can have great influence on the
performance of the electrode. Growth modes depend upon the properties of both the
film material and the underlying layer, as well as deposition parameters such as

substrate temperature and deposition rate.

The Frank-van der Merwe growth mode is a layer-by-layer process which occurs in
situations where the deposited atoms are more strongly bound to the substrate than to
each other. In this process a complete layer is formed before the next layer begins to

grow, as shown in Figure 2.22(a).

The Volmer-Weber growth mode involves the growth of individual island-like features
and occurs when the deposited atoms are more strongly bound to each other than to
the substrate, meaning that they have the tendency to agglomerate. This is shown in
Figure 2.22(b). Islands may then coalesce by a number of processes, for example
Ostwald ripening in which atoms leave a small island more readily than a large one due
to the more convex curvature, leading to a net flow of atoms from small islands to

large islands.
Stranski-Krastanov growth initially involves layer by layer growth, however above a

critical thickness the growth continues via island formation, as shown in Figure

2.22(c).
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Figure 2.22 A schematic of Frank-van der Merwe (a), Volmer-Weber (b) and Stranski-

Krastanov (c) growth modes.

2.7 Conclusions

Within this Chapter, relevant background information and underlying physical
principles relating to the topics covered in this thesis have been presented. Section 2.2
introduced concepts important for understanding both photovoltaic devices in general
and the materials which constitute the photoactive layer of organic and perovskite
photovoltaics. Section 2.3 then discussed the particular promises and pitfalls of
solution processed solar cells as well as providing an overview of roll-to-roll film
deposition techniques and a brief summary of how these have been applied in the
fabrication of perovskite solar cells. This section is particularly relevant to the work
presented in Chapter 5. Section 2.4 and Section 2.5 focused in greater detail on
organic solar cells and perovskite solar cells respectively. Organic devices have been
used in Chapter 4 whilst perovskite solar cells have been explored in Chapter 5 and
Chapter 6. Finally Section 2.6, particularly relevant to the work in Chapter 4, covered
important information relating to transparent electrodes and in particular the

replacement of the widely used indium tin oxide.
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Chapter 3: Experimental Methods

3.1 Introduction

This chapter introduces the various experimental methods used throughout this thesis.
In Section 3.2 the techniques used in the fabrication of thin-film samples and solar
cells are detailed. Section 3.3 describes the methods used in the characterisation of
thin-film samples whilst Section 3.4 details the characterisation of completed
photovoltaic devices. Section 3.5 is devoted to discussion of the X-ray scattering
techniques used heavily in Chapter 6. Finally, in Section 3.6 details are presented of

the optical model which is used in Chapter 4.

3.2 Fabrication Techniques

3.2.1 Materials Synthesis and Solution Preparation

Organic Solar Cell Preparation

Organic solar cells based on a PCDTBT:PCBM bulk heterojunction have been fabricated
in Chapter 4 of this work. PCDTBT (chlorobenzene fraction, My = 38800), PCsoBM
(99%) and PC70BM (99%) were purchased from Ossila Ltd. Polymer solutions were
prepared by adding dry PCDTBT to chlorobenzene and stirring the resulting solution
for 24 hours at 70°C. This solution was then added to PC70BM to produce a 1:4 blend of
PCDTBT:PC70BM at a concentration of 20 mg/ml, before being stirred for a further 24
hours at 70°C. The solution was cooled to room temperature and filtered with a 0.45

um PTFE filter before use.

Perovskite Solar Cell Preparation

Perovskite solar cells have been fabricated in Chapter 5 and Chapter 6 of this thesis.
Perovskite solutions were prepared by dissolving lead chloride (PbCl;) and
methylammonium iodide (MAI) in the solvent dimethylformamide (DMF) at a 1:3

(PbCl2:MAI) molar ratio. Solution concentrations for spray-coating are discussed in the

79



main text where relevant, for spin-coating a solution concentration of 629 mg/ml (40
wt%) was used. Solutions were stirred overnight at 70°C, cooled to room temperature
and filtered with a 0.45 um PTFE filter before use. PCBM solutions for deposition of the
electron transport layer in perovskite devices were made by dissolving PCBM in
chlorobenzene at 50 mg/ml. Both PC¢oBM and PC70BM have been used; the exact
fullerene used is stated in the relevant text. Solutions were stirred overnight at 70°C,

cooled to room temperature and filtered with a 0.45 pm PTFE filter before use.

In Chapter 5, PbCl; (98%) was purchased from Sigma whilst MAI was synthesised as
described in the literature [1]. Briefly, methylamine (CH3NH:, 33 wt% solution in
ethanol) was reacted under constant stirring with stabilized hydroiodic acid (57 wt%
in water) in ethanol at room temperature. Quantities used were in the proportions of
2.4 mL methylamine solution to 1 mL hydroiodic acid solution to 10 mL ethanol.
Crystallization of MAI was achieved by evaporation to produce a white coloured
powder which was subsequently dried for 24 hours in a vacuum oven at 60°C. For the
work in Chapter 6, perovskite precursor solutions were provided by Ossila Ltd. Blend
details are the same as provided above. The MAI used in the preparation of these
solutions has been synthesised using a slightly adjusted method: the reaction was
performed in an ice bath to avoid HI decomposition, crystallization was achieved using
a rotary evaporator and the resulting powder was then dissolved in ethanol and

recrystallized using diethyl ether in order to enhance material purity.

All materials were stored in a nitrogen glovebox in order to avoid moisture absorption
and degradation. Solids were stored in opaque containers whilst solutions and solvents

were stored in amber vials.

3.2.2 Device Fabrication Procedure

Glass substrates with pre-patterned ITO were purchased from Ossila Ltd; where an
electrode has been fabricated ‘in house’ (Chapter 4) a blank glass substrate of the
same thickness (1.1mm) has been used. All substrates had dimensions 20 mm x 15 mm
and once completed into devices incorporate 6 individual regions in which both the
front and rear electrodes overlap (see Figure 3.1(d)). These regions are termed
devices (or pixels) and each have an area of 0.04 cm?, although during testing the
exposed area is reduced to 0.025 cm? by use of an aperture mask (see Section 3.4.1).

Before use all substrates were cleaned via sequential sonication for 5 minutes each
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time in warm (60-70°C) Helmanex solution, isopropyl alcohol and deionised (DI)
water. After each step the substrates were rinsed with hot DI water. Finally substrates

were dried with compressed nitrogen.

Where PEDOT:PSS has been used as a hole transport material it was filtered using a
0.45 pm PVDF filter and deposited via spin-coating at 5000rpm in air, producing a layer
approximately 30 nm thick as measured by surface profilometry. Immediately
following film deposition, substrates were annealed at 130°C for 30 minutes in order to
remove residual moisture. Where MoOs; has been employed as a hole transport

material it was deposited by evaporation at a rate of 0.3 As! (see Section 3.2.5).

Following deposition of the hole transport material, the photoactive layer was
deposited (Figure 3.1(c)). In Chapter 4 the photoactive layer has been deposited via
spin-coating of the polymer:fullerene blend solution. Details of perovskite film
fabrication are discussed in Chapter 5. For perovskite solar cells, following deposition
of the perovskite film an electron transport layer of PCBM is deposited via spin-coating

of a PCBM solution.

Once fabrication of the above layers was completed the rear electrode was deposited
by thermal evaporation through a shadow mask. Devices were then sealed by affixing a
glass cover slip to the device using an epoxy which is cured under a UV lamp for 30

minutes. All device testing was then undertaken in air.

It should be noted that in Chapter 4 all organic solar cell fabrication after substrate
cleaning was performed in a nitrogen glovebox. In Chapter 5 and Chapter 6 all
perovskite films were fabricated in air whilst PCBM deposition occurred in a nitrogen

glovebox.
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Charge transport layer

Photoactive layer Charge transport layer and metal cathode

(e)

Figure 3.1 An illustration of solar cell device geometry, showing the sequential steps in
device fabrication ((a) to (d)). The red square in (d) shows one of the six devices on

the substrate. Parts (e) and (f) show photographs of a finished perovskite solar cell.
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3.2.3 Spin-Coating

Spin-coating is currently the standard laboratory technique for deposition of thin films
from solution, due to high repeatability and excellent film uniformity as well as the
simplicity of the process. The film materials (or suitable precursors) are dissolved in an
appropriate solvent and the resulting solution is dispensed onto the substrate whilst it
rotates, typically at speed of around 500-5000rpm.” The rotation of the substrate
throws off a large quantity of the solution, with that remaining drying via evaporation,
typically over a period of 5-30s, to form a film whose thickness t is determined chiefly
by solution concentration (c), viscosity (1) and the speed of substrate rotation (w)

according to the relation

o 3.1

Vo

Film thickness can thus be tuned both through solution concentration (within
solubility limits) and spin speed. Whilst spin-coating is an excellent tool in a research
setting, the low material utilisation and inherently batch-to-batch nature of the process
mean that it is important to consider alternative film deposition techniques when
looking towards the industrialisation and commercialisation of solution processed

solar cells.

3.2.4 Ultrasonic Spray-Coating

Spray-coating is a solution deposition method which is far more suitable than spin-
coating for industrial scale thin-film fabrication. Of particular appeal is its compatibility
with roll-to-roll production techniques, which could allow for significant reductions in
production costs. Unlike sputtering or evaporation, no energy intensive and costly
high-vacuum is required. In addition, the solutions used in spray-coating are typically
of a much lower concentration (around 5 times lower in many cases [2,3]) than those
required for spin-coating which can be advantageous for materials with limited

solubility.

" This is known as a ‘dynamic dispense’, it is also possible to use a static dispense, in which the
solution is dispensed onto a static substrate, which is then accelerated to the desired rotation
speed, however this tends to lead to inferior repeatability in film thickness.
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A Prism ultrasonic spray coating system from Ultrasonic Systems Inc. has been used in
this work, with a transducer vibrating frequency of 35 kHz. The solution to be
deposited is stored in a syringe and transferred to the spray nozzle through a pipe.
Piezoelectric transducers have a rapidly switching voltage applied across them, causing
them to expand and contract at high frequency. This results in a vibration being
transferred to the solution as it flows past the vibrating head, resulting in the
atomisation of the liquid as droplets are ejected from the top of the resultant standing
wave. These droplets are then directed to the target surface by a nitrogen flow (see
Figure 3.2(b)). Film thickness is dependent upon both the concentration of the
solution and the quantity of solution deposited, which itself can be controlled by the
solution flow rate (determined by the nitrogen pressure on the solution reservoir), the

height of the spray head and the speed of the spray head.

In comparison to a simple pneumatic nozzle an ultrasonic nozzle produces smaller
droplets, typically of the order of tens of microns in diameter, and a smaller spread in
droplet size which should allow for improved film uniformity and repeatability.
Droplet size is determined by the vibration frequency of the head and the properties of
the solution. Ultrasonic spray-coating also decouples droplet size, droplet energy and
rate of material deposition, which are interconnected with pressure nozzles. This
allows, for example, for a large flow rate without a resulting increase in droplet energy
(velocity) which could result in bounce-back and thus an increased likelihood of non-
uniformities and poor repeatability. Finally, the nozzle aperture can be wider than for a

pressure nozzle, reducing the probability of clogs occurring.
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Piezoelectric
transducer

Figure 3.2 A photograph of the ultrasonic spray heads mounted on a gantry which
allows movement in all three dimensions, controlled by computer (a), together with a

close-up of the spray head (b).

The spray-heads are mounted on a computer controlled gantry which can move in all
three dimensions ensuring a repeatable spraying process, as shown in Figure 3.2(a). A
hot plate was installed beneath the spray heads, allowing for control of the substrate
temperature during the deposition process. This is crucial in order to allow control of

the drying rate of the film, which is key in ensuring good film uniformity. Upon
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impacting the substrate surface, droplets should ideally coalesce to form a continuous
layer of solution which then dries evenly, leaving behind a thin film. If the solution
dries too quickly then the individual droplets will not be able to coalesce, whilst if the
drying occurs too slowly a number of non-uniform drying effects are likely (see Figure
3.3). In this process the wettability of the solvent on the surface is highly important in
determining the quality of the resultant film, whilst the boiling point, solubility and

viscosity are also important considerations.

(a)

Figure 3.3 Photographs showing films of PC¢BM spray-coated from a solution in
chlorobenzene. Part (@) shows a film which has dried much too rapidly (substrate at
85°C) Part (b) shows a film which has dried too slowly (substrate at room

temperature). Red scale bars correspond to 5 mm.

3.2.5 Evaporation

In this widely used deposition technique the source material is placed within an
appropriate crucible and positioned within a wire heater (usually tungsten). By passing
a current through the wire, resistive heating raises the temperature of the material to
the desired level where evaporation or sublimation occurs. Evaporations were
performed at under vacuum (< 5 x 10-5 mbar). For the opaque rear electrode of devices
a deposition rate of 0.4 As'1 was used for calcium deposition and 1.0 As* for aluminium
deposition. For layers employed in the multilayer electrodes fabricated in Chapter 4,
metal oxides were deposited at a rate of 0.3 As-? whilst silver was deposited at a rate of

5.0 As1 unless otherwise stated.

The thickness of the deposited layer was monitored in-situ by a quartz crystal, excited

by an oscillator at just under 6 MHz. As material is deposited onto the crystal the
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frequency of oscillation decreases, and this can be used to calculate the mass of
material deposited. Through knowledge of the density of the material being
evaporated, the thickness of the deposited layer can thus be established. A tooling
factor is included in order to allow for the geometrical difference between the location
of the crystal sensor and the substrates in the evaporator setup. Calibration of this
tooling factor is performed by depositing test films with thickness of a few hundred

nanometres and measuring their precise thickness using surface profilometry.

3.3 Film Characterization Techniques

3.3.1 Surface Profilometry

Veeco Dektak profilometers (various models) have been used for measurement of layer
thicknesses. Samples were scored with a scalpel and subsequently cleaned with
compressed nitrogen in order to remove any loose debris. The stylus of the Dektak was
then passed over the sample, crossing over a scratch in the film, allowing a thickness
measurement to be taken as shown in Figure 3.4(a). At least 3 readings from separate
scratches were taken for each sample and the mean value used. In the case of rough
films the height was averaged over a range in position in order to ensure a more

accurate reading (see Figure 3.4(b)).
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Figure 3.4 A schematic of the profilometry equipment (a) and an example scan
showing the use of a range in order to ensure a more accurate height reading when

measuring rough films (b).

3.3.2 Resistance Measurements

A 4 point probe, developed in conjunction with Ossila Ltd., was used for measurement
of the sheet resistance of various samples during the work presented in Chapter 4. The
probe has linear spring-loaded tips with an equal tip spacing of 1.27 mm and was

driven by a Keithley 2602 two channel source-measure unit.
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Figure 3.5 Circuit diagram of a 4 point probe (a), and illustration of the arrangement

of pins on a sample for a system with a linear arrangement of probes (b).

In a 4 point probe the outer probes deliver a current to the sample whilst the inner
probes measure the resulting voltage drop (see Figure 3.5(a)). This design greatly
reduces inaccuracies in the measurement due to contact resistance, which is defined as
the resistance from the contacts between the probes and the sample as well as that due
to components such as the leads and so forth. In a 2 point probe set up - in which one
pair of probes both delivers current and measures voltage - the full current flows in
the probes and thus by V = IR a notable voltage drop will be caused by any contact
resistance, and this cannot be distinguished from that caused by the sample itself. In a
4 point probe system a high impedance voltmeter is used with the sensing probes,

ensuring that very little current flows in these probes and any voltage drop due to their
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contact resistance is thus negligible compared to that across the sample being

measured, which has the full applied current flowing through it.

Calculation of resistance using a 4 point probe is achieved as follows. Resistivity (p)

and resistance (R) are related by

(3.2}

where A is the cross sectional area of the sample through which the current is flowing

and [ the length along which it flows. Thus differential resistance is

p (3.3}
dR == dl
A

In a bulk sample the current travels outwards from the current injecting probe in
spheres, thus A is half the surface area of a sphere, 2mr2. In a thin film sample of
thickness ¢, this current can then be approximated to be travelling in rings giving an

area, A, of 2nrt where t is the thickness of the sample.

We set [ = 0 at the tip from which current emanates and integrate between the inner
probe tips where the voltage measurement is taken. With a uniform probe spacing of s

we find

(3.4}

2s 2s
p p p
R = —dl = [z—1 = —In(2

fs 21rltd [2nt n(l)]s 2mt n(2)

For a linear four point probe setup as used in this work, due to superposition of current

at the outer (current carrying) tips

_v {3.5}
k= 21
thus
_ ot [V (3.6}
e (1)
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Since sheet resistance (R;) is commonly defined as
Ry = g {3.7}

we find that

Ro = 1n7(T2) (?) B

Whilst the above equation is correction for a semi-infinite and thin sheet, deviation
from either of these characteristics requires the use of a correction factor. All samples
investigated in this thesis have thickness £« s, and thus can be treated as a thin film. A
correction factor for the finite size of the samples is, however, required and can be
looked up in tables from the following references [4,5]. Where the data did not cover
the exact geometry fabricated, cubic spline interpolation has been used in order to

estimate the correction factor for that geometry.

3.3.3 Hall Effect Measurements

Hall effect measurements have been used in order to measure the carrier mobility of
transparent electrodes fabricated in Chapter 4. A square 4 point probe set-up is used,
with the probes contacting a square sample at its corners. In this system current and
voltage are measured between opposite corners (see Figure 3.6). A uniform magnetic
field is applied perpendicular to the substrate which causes a Lorentz force on moving
electrons within the sample. Electrons thus accumulate on one side of the sample and
the resulting build-up of charge leads to a potential difference (‘Hall voltage’) and an
electric field which opposes and balances the Lorentz force due to the external

magnetic field.
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Figure 3.6 An example of one possible contact set-up for Hall effect measurements on

a square thin-film sample.

This technique involves the measurement of 8 different voltages. Notation Vi3 denotes
voltage measured across corners 1 and 3 whilst current flows from corner 2 to 4;
likewise V3; denotes the same measurement but with current flowing from corner 4 to
2. The subscripts P and N refer to the magnetic field pointing in the positive z direction
(as shown in Figure 3.6) or the negative z direction respectively. These 8 voltage

measurements can be combined as follows

Va=Vizp —Vizy {3.9}

Vp = V31p = V31n {3.10}
Ve = Vaap — Vaun {3.11}
Vp = Vaap — Vaon {3.12}

[t can then be shown that sheet carrier density (n,) with units cm-2, is given by

8 x1078IB {3.13}
n- =
. e(VA+VB+Vc+VD)

where [ is the applied current and B is the magnetic field strength in Gauss. Carrier

mobility, u, is subsequently calculated by

. 1 {3.14}
qngRy
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Hall effect measurements were carried out by Dr Patrick Isherwood at Loughborough
University. An Ecopia HMS 3000 device with a 2 mA current and magnetic field

strength of 0.55 T was used in combination with 1 cm x 1 cm electrode samples.

3.3.4 Atomic Force Microscopy

Atomic force microscopy (AFM) is a surface sensitive technique in which a very fine tip
(radius of curvature < 10 nm) is mounted on a cantilever and scanned across the
surface of the sample. By measuring the reflection of a laser from the back of the
cantilever the deflection can be measured; a simple schematic of an AFM is shown in
Figure 3.7. The main modes of operation of an AFM are ‘contact mode’, in which the tip
stays in contact with the surface and its deflection correlates directly with sample
height and ‘tapping mode’, also known as ‘intermittent contact mode’. In this mode the
cantilever is oscillated close to its resonant frequency. As the tip is brought close to,
and finally in contact with, the surface a repulsive force occurs, decreasing the
amplitude of oscillation. A feedback loop can be used to control a piezoelectric actuator
in order to maintain a constant amplitude of oscillation, allowing a map of surface
topography to be built up. Lateral resolution is typically of the order of a few nm
(limited by tip size), whilst vertical resolution is of the order of 0.1nm (limited by

thermal and electrical noise) [6].

Within this thesis tapping mode has been used for all samples in order to reduce the
probability of damaging soft films. A Veeco Dimension 3100 AFM has been used
together with Budget Sensors Tap300-G tips with a resonant frequency of 300kHz and
a spring constant of 40Nm-l. Data analysis was performed using the Gwyddion

software package.
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Figure 3.7 Simple schematic of an atomic force microscope
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3.3.5 Scanning Electron Microscopy

Scanning electron microscopy (SEM) utilises electrons to probe the sample surface in
order to facilitate imaging at higher resolution than is possible with optical microscopy.

From the well-known equation

hc {3.15}

it is clear that a higher energy probe will have a shorter wavelength. Since resolution is
limited to around half the wavelength of the probe, it is possible to obtain much higher
resolution with electron microscopy than optical microscopy. In addition, SEMs
provide a more ‘3D’ image than optical microscopes due to a larger depth of focus

arising from a lower aperture angle.
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Figure 3.8 A basic schematic of a scanning electron microscope.

A simple schematic for an SEM is shown in Figure 3.8. The electron gun, optics and
sample chamber are held under vacuum in order to avoid interactions between the
electron beam and the air, which would reduce image quality and could cause sample
damage. The generation of the electron beam in an SEM is by either a thermionic
emission gun (heating a filament to release electrons) or field emission gun (using a
strong electric field to extract electrons from a tungsten crystal). A field emission gun
SEM (FEGSEM or FESEM) provides better resolution than its thermionic counterpart
due to producing a narrower beam of electrons with a smaller spread in energy. In this
work both thermionic and field emission gun SEMs have been used. Emitted electrons
travel in a helical path down the microscope column under the influence of magnetic
fields from the electromagnetic lenses. The condenser lens(es) and aperture(s) act in
tandem to control the spot size of the beam on the sample. A reduced spot size will
increase resolution but reduce the clarity of the image and result in ‘graininess’ as
fewer electrons impinge on the sample. Scanning coils are used to raster the electron
beam across the sample in order to build up an image, whilst the objective lens focuses
the electron beam onto the sample. A higher accelerating voltage decreases the
diameter of electron probe, thus improving resolution. It also, however, reduces the
clarity of surface structures, since the penetration of the beam into the sample is
increased. In addition charging is increased along with any sample damage which may

occur.
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When the electron beam strikes the sample it will cause both electrons and X-rays to be
ejected from the material. The ejected electrons are typically divided into two types -
secondary and backscattered, with imaging generally achieved using the secondary
electrons (SEs). These have a shallow generation region (~10 nm) since those
generated deeper in the sample will be unable to escape due to their fairly low energy
(~50 eV or less). Secondary electron detectors have a scintillator (fluorescent material)
over which a voltage is applied. In front of the detector there is also a collector, across
which a high voltage is applied in order to attract the secondary electrons released
from the sample. These will impact on the scintillator and generate light which is
passed through a photomultiplier before being converted to an electrical signal. When
the electron beam impinges on the sample at an angle, more secondary electrons are
produced than when it is normal to the surface, meaning that SE images appear
particularly topographical. Backscattered electrons have a higher energy than
secondary electrons, having a range of energies up to that of the incident beam. Their
increased energy means that they are less affected by charging and specimen
contamination than SEs, and that their generation region is significantly larger. Whilst
this reduces resolution, it does allow for detection of electrons from deeper into the
sample. Backscattered electron intensity is dependent on atomic number, and thus

backscattered images can provide a composition contrast as well as a topographic one.

[t is important that the sample under examination is suitably conductive, or coated and
stuck to the sample stub with a conductive material in order to avoid charging. This
occurs when electrons from the probe beam build up on the specimen, interfering with

secondary electron emission and thus adversely affects image quality and resolution.

In Chapter 4 an FEI Nova NanoSEM 450 FESEM has been used with a 3 kV primary
beam and a backscatter detector; data was acquired by Mr Rob Masters. In Chapter 5 a
JEOL JSM6010LA SEM (thermionic emission gun) has been used with a beam energy of
4 kV and a secondary electron detector; data was acquired by the author. In Chapter 6
an FEI Inspect F50 FESEM has been used with 5 kV beam energy and a secondary

electron detector; data was acquired by the author.
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3.3.6 UV-Vis Spectrometry

Transmittance measurements for the electrodes fabricated in Chapter 4 have been
obtained using a Jobin Yvon Horiba Fluoromax-4, a basic schematic of which is shown
in Figure 3.9. Light from a xenon arc lamp is focused into a Czerny-Turner
monochromator, featuring a blazed grating. Rotation of this grating selects the
wavelength of light incident upon the second slit, the width of which determines the
intensity of light falling upon the sample as well as affecting resolution (a smaller slit
size giving higher resolution). The beam is then split, allowing for measurement of both
the light intensity after passing through the sample and, as a reference, the light

intensity falling upon the sample.
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Figure 3.9 A schematic of the spectrometer used in this work.

The transmittance of the sample is calculated using the following equation

1(1) 3.16
Tsample = IO(—A) { J

where I(A) is the intensity of light transmitted by the sample, and Ip(A) is the amount of

light incident on the sample (as measured by the reference photodiode). Electrode
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transmittance spectra have been referenced to either air or a glass slide, allowing the

transmittance of the electrodes to be calculated using

Telectrode on glass (/1) {3.1 7}
Treference (/1)

T(A) =

Transmittance measurements were taken over the range 300-900 nm using a 1 nm

step size with a slit width of 4 nm.

3.3.7 Spectroscopic Ellipsometry

Spectroscopic ellipsometry involves measuring changes in the polarisation of light
reflected from a sample in order to determine a number of properties of the sample
layer. Changes to the light are dependent upon layer thickness and roughness as well
as the refractive index (n) and extinction coefficient (k) of the material. Ellipsometry
does not measure these parameters directly, but rather extracted data is used to
measure the goodness of fit of a model which incorporates these parameters. The
optical constants n and k are important inputs to the transfer matrix model discussed
in Section 3.6 and utilised in Chapter 4. In this work a Woolam M-2000V ellipsometer
with a wavelength range of 370-1000 nm has been used to determine the optical

constants of a number of material systems.

Light source Detector (CCD camera)

Monochromator

Analyser
Polarizer

Sample

Figure 3.10 Schematic of the key components of a spectroscopic ellipsometer.

A schematic of the key components of a spectroscopic ellipsometer is shown in Figure

3.10. Light from a xenon lamp is first passed through a monochromator and a
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polarizer. The resulting monochromatic light, linearly polarised with known s- and p-
polarised components (light polarised perpendicular to and parallel to the plane of
incidence respectively) is then incident upon the sample. Upon reflection the light
undergoes both amplitude and phase changes and the reflected light will be elliptically
polarised. A rotating polariser (‘analyser’) is placed in front of a CCD camera, and this
set-up is used to measure 7; and 7,, respectively the amplitudes of the s- and p-
polarised components of the light after interaction with the sample, normalized to their
values before interaction with the sample. This allows for calculation of ¥ and A,
respectively the amplitude ratio and phase difference between the two components

upon reflection, via the reflectance ratio (p):

p= 5 tan(y)e® {3.18}
T

It is then ¥ and A that are the outputs from ellipsometry measurements. A model of the
sample, incorporating layer thickness, layer roughness and the optical constants of the
material is then developed and used to predict Y and A. In order to avoid having to
adjust the values of the optical constants at every individual wavelength a dispersion
relationship is typically used. A Cauchy model has been used in order to establish layer

thickness and roughness. Here the real part of the refractive index (n) is given by

B C 3.19
n(/1)=A+/1—2+/1—4... { }

where A, B and C are positive constants. Since the model does not consider the
extinction coefficient of the material it can only be applied in wavelength ranges where
transmittance is high, for example below the band gap of a semiconductor. Once layer
thickness and roughness have been established using an appropriate wavelength range
these values are used as inputs for a B-spline model [7]. This has then been used to
model the refractive index and extinction coefficient of the sample over the full
wavelength range of the ellipsometry data. Once a model has been generated the
predicted and measured 1 and A are then compared, the free parameters in the model
are adjusted according to the results of this comparison, new values for 1) and A are
generated and the process repeats until the mean squared error (MSE) between the
measured and modelled values is minimised. It should be noted that care must be

taken to ensure that the model is a realistic fit and not the result of a ‘local minimum’ in
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MSE. In this work the software package CompleteVASE has been used for modelling

and data processing.

Data acquisition and subsequent modelling for PCDTBT:PC70BM blends was performed
by Dr Tao Wang. Data acquisition and modelling for MoO3 and TeO, was undertaken by
the author.

3.4 Device Characterization

3.4.1 Current-Voltage Measurements

Photovoltaic performance has been measured using a Newport 92251A-1000 solar
simulator producing an AM1.5 spectrum at an intensity of 100 mWcm-2, calibrated
against an NREL certified reference silicon photovoltaic device. The ITO at the edges of
the device substrate was contacted by spring-loaded metal pins in order to make an
electrical connection between the test rig and the device under test. The active area of
the device is defined using a metal aperture mask with an area of 0.025 cm? per device,
with the mask defining 6 devicess per substrate as discussed in Section 3.2.2. Edge
pixels, however, are disregarded from the final results due to the high likelihood of
edge effects undermining confidence in their being representative of the rest of the
device. In all cases average efficiencies reported are from the best 50% of pixels, thus
excluding pixels containing a significant defect whilst avoiding the use of a statistical
method that is open to user bias. Separate masks defining only one single pixel have
also been used in order to check that there is no ‘cross-talk’ between pixels. The use of
an aperture mask, rather than simply relying on active area being defined by the region
in which all layers of the cell overlap, is essential in order to ensure accurate
measurement of the device photocurrent [8]. A Keithly 237 source-measure unit was
used to sweep voltage from -1 V to 1V, typically in 0.02 V steps at a scan rate of 0.5 V/s,
whilst output current is measured. Device parameters such as FF, Js¢, Voc and PCE are
then determined from the resulting JV curve, as discussed in Chapter 2. In some parts
of Chapter 5 and Chapter 6 alternative parameters have been used for the voltage
sweep in order to investigate hysteresis in the current density against voltage

characteristics of perovskite solar cells. This is discussed in detail at the appropriate

100



points within those Chapters. It should be noted that no spectral mismatch correction

has been used in this work.

3.4.2 External Quantum Efficiency

External quantum efficiency (EQE) is a measurement of the proportion of incident
photons at a given wavelength from which free carriers are successful generated and
extracted. Light from a tungsten lamp is passed through a monochromator before being
focused onto the target area. An infrared (IR) filter is typically installed between the
lamp and the monochromator in order to avoid sample heating. Calibration
measurements are undertaken using a silicon photodiode with a known spectral
response. Measurements can then be taken for a small area of the device under test at

all desired wavelengths.

The system used in this thesis has a start wavelength of 380 nm. Since the
monochromator cannot distinguish between, for example, 800 nm light and harmonics
of 400 nm light, when a spectrum is required beyond 760 nm a filter must be used. A
600 nm long pass filter was used for this purpose, with the IR filter briefly removed,
and two overlapping spectra were taken: 380-700 nm with the IR filter in place and
600-900 nm with the 600 nm long pass filter in place. The overlap region was used to
confirm that no significant mismatch between the two spectra was present. The spectra
were then stitched in this region using a weighted average which varied linearly across

the 100 nm overlap.

The measured EQE spectrum can be used to calculate a Js¢ value for the device under

test using the following equation:

Isc = f(EQE X photon flux X e) dA {3.20}

where the photon flux at a given wavelength is calculated from the AM1.5 spectrum
and e is the charge of an electron. In the system used here, the AM1.5 spectrum is

divided up into 2 nm ‘bins’ for the purpose of this calculation.

Minor differences between the Js¢ found from the JV curve of a device and that

calculated from its EQE spectrum can be expected since the later uses only a single
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wavelength at a time and involves taking measurement at a much lower light intensity,

both of which may affect the recombination processes in a device [9].

3.5 X-Ray Scattering Techniques

X-ray scattering experiments are an important tool for the investigation of the
structure of crystalline materials. Here, an incident X-ray beam undergoes elastic
scattering from atoms in the sample and is diffracted by periodic structures, for
example atoms in a crystal lattice. The angle of the scattered (diffracted) beam gives
information about the sample crystal structure whilst the intensity of the received
signal at each angle provides information about how much of the sampled volume has
that periodicity. Grazing incidence wide angle X-ray scattering (GIWAXS) has been
used briefly in Chapter 5 in order to make a comparison of crystal structure between
spray-coated and spin-coated perovskite films. Both GIWAXS and its counterpart,
grazing incidence small angle X-ray scattering (GISAXS), have been employed
extensively in Chapter 6 where in-situ experiments have been performed in order to

monitor perovskite film formation.

3.5.1 Grazing Incidence Wide Angle X-Ray Scattering

Grazing incidence wide angle X-ray scattering (GIWAXS) experiments were performed
on the XMaS beamline at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France using a 2D Pilatus detector. The beam energy was 10 keV and the
incident angle was 0.24°. In-situ experiments were performed in air (relative humidity
40-45%) so as to reproduce, as best as possible, the conditions under which the
perovskite solar cells studied elsewhere in this work have been fabricated. Performing
the experiments in air rather than helium (as is commonly used) increases X-ray
scattering from the environment, however the highly crystalline nature of the
perovskite samples means that signal to noise ratios remained high. Samples were
placed on a hotplate which was tilted to a very low angle of incidence with respect to
an incoming X-ray beam. Reflected and transmitted X-rays were blocked by a lead
beam-stop, leaving only the scattered (diffracted) X-rays incident on the detector. A 2D
detector is used, allowing for characterization of crystal orientation whilst the use of a

synchrotron source to provide the X-rays ensures a high signal-to-noise ratio.
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Figure 3.11 Part (a) presents a schematic of an X-ray scattering experiment. Part (b)
shows an X-ray beam incident on a thin film sample which will be transmitted,

reflected and scattered (as well as absorbed) in various proportions.

X-rays incident upon a crystalline sample will undergo Bragg diffraction, governed by

Bragg’s law

nd = 2dsin @ {3.21}

where d is the distance between lattice planes, 6 is the incident angle with respect to
the lattice planes, A is the wavelength of the X-rays and n is an integer referring to the

order of reflection. X-ray diffraction experiments produce results in reciprocal space,
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with periodic structures in real space give rise to a sharp peak in reciprocal space.
Typically the reciprocal space parameter q is used in grazing incidence X-ray work,

which is related to real space quantities by

2T _ 4 sin 6 {3.22}

The length scales probed by GIWAXS are of the order of Angstroms and nanometres, i.e.
periodicity on at atomic scale. This technique is thus useful for determination of the
constituent crystalline materials in a sample by providing information on unit cell
dimensions as well as the relative quantities of different crystalline materials or phases

present in a sample.

In grazing incidence X-ray scattering experiments the critical angle, a., of the material
under investigation is crucial. Below the critical angle the incoming X-rays undergo
total external reflection, leaving only exponentially decaying waves in the sample
surface. At these low angles only the top few tens of nanometres will thus be probed
(see section 2.1.1 of [10] for a more complete discussion). Above the critical angle the
X-rays will probe the bulk of the sample. It should be noted that for rough samples,
such as the perovskite films investigated in this thesis, the angle of incidence on the
material becomes somewhat notional. Using a freely available program for calculating
X-ray attenuation length [11] and a density of 4.29 g/cm3 for CH3NH3Pblz [12] the
critical angle for this material is predicted to be between 0.1° and 0.2° at the X-ray
energies used herein (10 keV and 12.4 keV). For the perovskite films studied in this
thesis it was found that the transition from below to above the critical angle could be
clearly observed by changes in the measured diffraction patterns. Below the critical
angle the diffraction rings are narrow, as shown in Figure 3.12(a) (a; = 0.02°). As the
incident angle increases beyond the critical angle these rings become broad, as can be
seen in Figure 3.12(b) (a; = 0.24°). This broadening of the diffraction peaks likely
arises due to multiple lattice constants being present in the perovskite film. As the
critical angle is exceeded the sample volume probed increases dramatically, meaning
that a greater number of these different lattice constants are sampled and thus the

diffraction peak broadens.
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Figure 3.12 GIWAXS data for the same perovskite film probed with an incident angle
0f 0.02° (< a.) (@) and 0.24° (> a.) (b).

Data processing and analysis of GIWAXS data has been performed using the GI-XRD-
GUI software developed by Samuele Lilliu [13]. Calibration was performed by scanning
the detector vertically and horizontally and tracking the direct beam position [13].
Incorporated in the software is mapping into q space (i.e. from pixels to scattering
vectors) which takes account of the fact that the detector is a 2D plane, but it is probing
the curved surface of the ‘Ewald sphere’ which relates to scattering from the sample. At
large distances from the sample (e.g. in the GISAXS experiments discussed in Section
3.5.2, below) this curvature is minimal and can be ignored. At the small sample-
detector distances used in GIWAXS, however, it must be accounted for. Thus whilst
GISAXS data is presented with axes of q, and qy, GIWAXS data is presented with axes g
and gy (sometimes written q;). Line profiles are taken from the 2D scattering data in
either radial or azimuthal directions in order to present GIWAXS data in graphical

format (intensity against either q or y), as shown in Figure 3.13.
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Figure 3.13 Screenshots of the GI-XRD-GUI data analysis program. Part (a) shows an
out-of-plane radial profile; a number of radial line profiles are taken in the cake slice
defined by the outer radial lines and are subsequently averaged. Part (b) shows an
azimuthal profile, again a number of profiles are taken in the region between the outer

rings shown and these are then averaged.

3.5.2 Grazing Incidence Small Angle X-Ray Scattering

Grazing incidence small angle X-ray scattering (GISAXS) experiments use a very similar
experimental set-up to GIWAXS experiments, however a larger distance between the
sample and the detector means that only very small scattering angles are probed.
Photographs of GIWAXS and GISAXS experimental set-ups at Diamond Light Source are
shown in Figure 3.14, where the much larger sample-detector distance for the GISAXS
set-up can be seen. This technique thus allows investigation of structure in the size
range of nanometres to hundreds of nanometres, so whilst GIWAXS is a useful
technique for determining which type of crystals are present, GISAXS is more suited to
investigating grain sizes and morphology in the sample films [14]. The size range
probed is quite comparable to that which can be probed by techniques like atomic
force microscopy, however unlike with AFM measurements, GIWAXS is able to probe
the bulk of the sample as well as the surface; in addition, in-situ studies can be
undertaken, as have been performed in Chapter 6. GISAXS experiments were
performed in air (relative humidity 45-50%) on beamline 122 at the Diamond Light
Source, Rutherford Appleton Laboratory, Didcot, UK. A 2D Pilatus P3-2M detector was
used with a beam energy of 12.4 keV and an incident angle equal to 0.2°. Data

processing and analysis has been undertaken using the DAWN software package [15]
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with calibration performed using silver behenate and dry collagen samples with well-

known peak spacing.
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Figure 3.14 Photographs of beamline set-ups for GIWAXS (a) and GISAXS (b)

measurements at Diamond Light Source. Photographs courtesy of David Lidzey.

Data slices are taken using box profiles 9 pixels high in q,, centred on the Yoneda peak
(see below). These profiles run from gy = 1.54 x 10-3 A1 to gy = 3.608 x 10-2 A1 on the
left hand side of the obtained GISAXS images. The decision to take data from the left

hand side of the images was taken as some datasets had issues with the beam-stop in
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the experimental set-up shading the right hand side of the image slightly. In any case,
this should only lose a small amount of high q value data, and, as is shown in Chapter
6, it is the lower q values which prove more interesting. The lower limit of the qy range

is due to the central shadowed region of the image which arises due to the detector.

The Yoneda peak is a maximum in scattering intensity which occurs when the
scattering angle is equal to the critical angle of the material, that is ar = a. (see Figure
3.11(a)) [16]. In order to locate the Yoneda peak for each image, a box profile is taken
in q; from 0 to 1500 pixels; this box profile is 5 pixels wide in qy and positioned
immediately to the left of the central shadowed region; the maximum scattering occurs
at the Yoneda peak which was clearly identifiable in the case of perovskite samples, as

shown in Figure 3.15
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Figure 3.15 An example of the box profile taken in order to determine the location of
the the Yoneda peak in z for this image. In part (a) the thin green box shows the area
used for the box profile presented in (b) where the Yoneda peak can clearly be seen at

1209 pixels.
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3.6 Optical Modelling Using the Transfer Matrix Method

In Chapter 4, a freely available model based on the Transfer Matrix Method has been
used to calculate electromagnetic field intensity within the various layers of an organic
solar cell [17]. Using this information, the model then gives a maximum possible short
circuit current for the device which we term Js¢ 100%. This is calculated by assuming an
internal quantum efficiency of 100% and thus ignoring all loses after exciton
generation. The model requires inputs of real and imaginary refractive indices (n and
k) for all layers as well as layer thicknesses to be set by the user. Refractive indices for
ITO, Al, Ag and Ca were taken from the library associated with this model whilst those
for MoO3, TeO; and PCDTBT:PC7BM films were determined using spectroscopic
ellipsometry as discussed in Section 3.3.7 above. It should be noted that the model
assumes isotropic, homogeneous media, optically flat interfaces and light at normal

incidence.

At any interface between different materials, light will undergo a certain amount of
reflection and transmission. In a series of layers, reflected and transmitted light will
repeatedly meet further interfaces and undergo further reflection and transmission. A
huge (technically infinite) number of calculations would then need to be performed in
order to calculate the electromagnetic field intensity within any layer of the structure.
The transfer matrix method (TMM) is a more elegant solution to the problem of making
these calculations. The TMM relies on the boundary conditions for electric and
magnetic fields, namely that the tangential component of the E-field must be
continuous across any boundary (interface) and the normal component of the B-field
(that is, the tangential component of the H-field) must be continuous across any
boundary (interface). In addition, if a field is known at the start of a layer it can be

derived at the end of that layer by a simple matrix operation.

A stack of layers (j = 1, 2.... m) are sandwiched between two semi-infinite layers (j = 0

and j = m+1), with light entering from the layer j = 0, as shown in Figure 3.16.
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Figure 3.16 Light entering a multi-layer stack to be modelled using the transfer matrix

method.
Propagation of an electric field E at an interface between layers j and k, where k = j+1 is

defined by
_[E (3.23}
= I E

+
¢
E;j

where the superscripts + and - refers to a wave moving in the forward and backward

directions respectively, the total field being the superposition of these two waves. The

interface matrix between the layers j and k is defined as
{3.24}

1[1 rjk]

tix e 1

where rj and tx are respectively the Fresnel complex reflection and transmission

coefficients at interface jk, given by
j — Ty {3.25}
Tik = ==
nj + ny
- 21; {3.26}
Ik ﬁ] + Ny

(for a derivation please see [18].) Propagation of the field though a layer is described

(327}

by
E'f _ Ef (x)
- T E ()

E;
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where the layer matrix L; is given by

_[e7®%i4 0 {3.28}
Lo e

and

{3.29}

n;

2T
fj=7

where d; is the thickness of layer j and 7i; is the complex refractive index of the layer j,
i.e. ij = n; + ik;. For the total system we thus have a ‘scattering matrix’, S, which relates
the field in the first semi-infinite layer (layer 0) to the field in the final semi-infinite

layer (layer m+1) via

gg] _ [EEM] {3.30}

m+1
where

(3.31)

m
_[S11 S12] _ 1_[
S= [521 522] - 11 I(n—l)nLn Im(m+1)

Thus S is the product of all the interface and layer matrices separating layer 0 and layer

m+1, as one would expect.
By noting that since the final layer m+1 is semi-infinite then

E;jy =0 {3.32}

and by dividing the system into two subsets separated by the layer j, it becomes

possible to find the electromagnetic field strength at any point in the device by
Ej(x) = (te” + t7e P)Ey {3.33}
where z = i§;d; and
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1 (3.34}

! 14
J Sl 4 5j125j21ezz
11 5]"11
and
- = 1 {3.35}
i = -2
Sty + S5
j12 S

Since knowledge of the thicknesses and optical properties of the layers allows for
calculation of the scattering matrices, and we can set the incoming light Ef to the
AM1.5 spectrum, the electromagnetic field strength at any point within the layer stack

(solar cell) can now be calculated.

The model then calculates absorbed power at position x in layer j at a given wavelength

A by

2 {3.36}

where ¢y is the permittivity of free space and c the speed of light in vacuum. By
integrating in x across the photoactive layer we thus obtain an absorbed power at each
wavelength, which can easily be converted into the number of photons absorbed per
second. Integrating across a wavelength range and assuming an IQE of 100% we thus

find the maximum possible current from the device, Js¢ 100%.

3.7 Conclusions

The experimental methods outlined in Section 3.2 Fabrication Techniques have been
applied for the fabrication of solar cells throughout this thesis. With regards to film
deposition techniques, ultrasonic spray-coating has been used extensively in Chapter
5 whilst spin-coating has been used in all Chapters. Throughout this work device
characterization has been performed as detailed in Section 3.4 Device
Characterization. Where device testing parameters have been varied in order to

investigate hysteresis in the current density against voltage response of a device this is
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stated clearly in the text, as in Chapter 5 and Chapter 6. The film characterization
techniques of atomic force microscopy, scanning electron microscopy and surface

profilometry have been used in all Chapters within this thesis.

In Chapter 4, the electrical characterisation techniques discussed in Section 3.3.2
Resistance Measurements and Section 3.3.3 Hall Effect Measurements are
employed in in order to characterise semi-transparent electrodes. Similarly, Section
3.3.6 UV-Vis Spectrometry details techniques utilised extensively to characterise the
transmittance of the electrodes fabricated within that Chapter. Finally in Chapter 4 the
optical model described in Section 3.6 Optical Modelling Using the Transfer Matrix
Method has been applied, and the techniques described in Section 3.3.7
Spectroscopic Ellipsometry have been used to establish the optical constants of a

number of materials systems as inputs to this model.

Chapter 6 is concerned with the application of the techniques described in Section
3.5.1 Grazing Incidence Wide Angle X-Ray Scattering and Section 3.5.2 Grazing
Incidence Small Angle X-Ray Scattering. Wide angle X-Ray scattering measurements
are also briefly presented in Chapter 5 in order to make a comparison between spray-

coated and spin-coated perovskite films.
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Chapter 4: Indium-Free Multilayer Semi-Transparent

Electrodes for Polymer Solar Cells

4.1 Introduction and Theory

In Chapter 2 the key features of transparent conducting electrodes were introduced,
together with the motivation for investigating alternatives to the ubiquitous indium tin
oxide (ITO). In addition, a brief introduction was given to oxide/metal/oxide (0/M/0)
multilayer electrodes as one possible ITO replacement. In these multilayer structures
the initial oxide layer acts as a ‘seed layer’ for the subsequent growth of an ultrathin
metal film (UTMF). When such an electrode is employed in an organic solar cell (0SC),
the metal film provides high lateral conductivity ensuring a suitably low series
resistance. The second oxide layer meanwhile acts as an intermediate layer (as shown
in Figure 4.1(a)), facilitating appropriate charge extraction and charge blocking in the
device, for example assisting with hole extraction and electron blocking at the anode
[1,2]. In addition to their electronic functionality, such oxide layers also suppress
reflection from the metal film and maximise optical transmittance [3,4]. In comparison
to these trilayer structures, bilayer electrodes, which incorporate only one of the metal
oxide layers, have been shown to give worse transmission and lower device efficiencies
for a variety of material combinations including V,0s/Ag [5], WO3/Ag [6], AZO/Au [7],
AZO/Ag [8], AZO/Al [9], ZnO/Ag [10] and graphene/Ag [11]. Previously both silver and
gold have both been found to offer good performance when used as the UTMF in
0/M/O0 electrodes [12,13]. Ideally a less expensive metal than silver or gold would be
employed, and to this end copper has been investigated as a replacement, however this
has been found to diffuse easily into the oxide layers leading to a reduction in device
performance, and hence silver remains the most widely utilised metal for this

application [12,14].

Whilst the transmittance of indium free 0/M/0O electrodes is typically notably lower
than for an ITO electrode, this can be somewhat compensated for by optimisation of
optical interference effects. These can be particularly important due to the cavity

established between the metal films compromising both the front (semi-transparent)
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and rear (opaque) electrodes. This cavity leads to the pinning of antinodes in electric
field intensity at both metal layers, an effect which can clearly be seen in field intensity
simulations performed using a Transfer Matrix Model. One such simulation is shown in
Figure 4.1(b) where the field intensity (summed over the wavelength range 380-600
nm, corresponding to the range over which the photoactive PCDTBT:PC7BM layer
absorbs most strongly) is plotted for each position in the device (where 0 is defined at

the edge of the glass substrate, i.e. the point at which the seed layer begins).

()

<+——O0paque electrode
<+——Intermediate Layer

LOAD <«——Photoactive Layer

+———Intermediate Layer
+——Transparent electrode

<+—Substrate, e.g. glass

Light

(b)

] —— 25-10-10
1601 ——35-10-10

Normalized Intensity |E|*
2
1

T ; 100 150
Distance From Edge of Substrate (nm)

Figure 4.1 Part (a) shows a schematic of an OSC. The trilayer electrodes investigated
within this Chapter act as both the transparent electrode and the adjacent intermediate
layer. Part (b) shows simulated electric field intensity within devices with
Mo03/Ag/Mo0Os3 electrodes with layer thicknesses shown in the key; 5-10-10, for
example, refers to a 5 nm seed layer, a 10 nm silver layer and a 10 nm final oxide layer.
All 3 devices shown here are simulated with an 80nm thick active layer in order to
make comparison by eye simpler. The dashed lines show the midpoints of the thin

silver films, clearly showing the pinning of an antinode in intensity.
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In this Chapter two different oxide/metal/oxide electrodes have been investigated,
having the structures MoO3/Ag/Mo0Oz (MAM) and TeO,/Ag/MoOs; (TAM). The
difference between these two structures is thus the material which is employed as the
seed layer. Following their characterisation and optimisation, these electrodes have
been utilised as the anode (hole collecting electrode) in polymer solar cells based on
the polymer:fullerene blend PCDTBT:PC70BM. Whilst MAM electrodes have previously
been investigated for use in OPVs [6,13,15,16], TAM electrodes have not. One study
which investigated a TeO,/Ag/PEDOT:PSS electrode [11] suggested that a tellurium
dioxide seed layer should lead to an enhanced short circuit current (Js¢) in comparison
with an equivalent MoOs/Ag/PEDOT:PSS structure, resulting from the larger real part
of the refractive index of TeO. [4]. Whilst devices fabricated with such electrodes
achieved promising efficiencies, the expected enhancement in Jsc was not verified by

experimental comparison between the different seed layer materials.

In this work a direct comparison between MAM and TAM structures has it has been
made for the first time. It has been found that replacement of the MoO3 seed layer by
TeO; results in a significantly enhanced transmittance at low silver film thickness,
attributable to the formation of a more continuous silver layer as confirmed by
scanning electron microscopy (SEM) images. When applied as the transparent front
electrode in polymer solar cells based upon a PCDTBT:PC7BM bulk heterojunction, the
higher transmittance of the TAM electrode leads to an increased Jsc and hence a higher
power conversion efficiency (PCE) when compared to devices utilising a MAM

electrode.

At this early stage it is worth defining certain notation for simplicity - a multilayer
structure with, for example, layer thicknesses of 2 nm for the seed layer, 12 nm for the
silver layer and 10 nm for the final oxide layer will herein be denoted as having layer

thicknesses of 2-12-10 nm.
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4.2 The Effect of Silver Film Thickness

4.2.1 Optical and Electrical Properties

Metal film thickness is crucial for determining the optical and electrical properties of
oxide/metal/oxide electrodes. In order to explore this effect a series of structures were
fabricated in which the thickness of the metal (silver) film was varied whilst both oxide
layers were kept to a thickness of 10 nm. The thickness of all films was determined by
the film thickness monitor in the evaporation chamber. Note that such thicknesses
should be considered as average values since the films are highly structured at
nanometre length-scales, as shall be discussed below. Transmittance spectra for MAM
electrodes with silver thickness varying from 4-10 nm and 10-16 nm are presented in
Figures 4.2(a) and (b) respectively. Similarly, transmittance spectra for TAM
electrodes with silver thickness varying from 4-8 nm and 8-16 nm are presented in

Figures 4.2(c) and (d) respectively.
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Figure 4.2 Transmittance spectra for multilayer MAM ((a) and (b)) and TAM ((c) and
(d)) electrodes on glass with varying thickness of the silver film. All spectra are
referenced to air, meaning that the spectra presented herein include reflection and

absorption by the glass substrate.

Counter-intuitively, but in line with other reports on oxide/metal/oxide structures, the
transmittance of the structures initially increases with increasing thickness of the
silver layer, before reaching a maximum at a thickness termed the percolation
threshold. The origin of this effect is discussed in Section 4.2.2. Above this thickness
the transmittance of the multilayer reduces, an effect particularly pronounced at longer
wavelengths as a result of the silver film acting as a mirror. It can be seen that for the
MAM electrodes the maximum transmittance occurs at a silver thickness of 10 nm, a
result comparable to other literature values for the percolation threshold of Ag on
MoOs3 (being between 10 and 11 nm [6,15,16]). For the TAM electrodes the maximum
transmittance occurs at a reduced silver thickness of 8 nm. The average transmittance

of the MAM and TAM electrodes over the wavelength range 350-700 nm is shown in
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Figure 4.3(a). The sheet resistance of the films as a function of the thickness of the
silver layer has also been measured, with data presented in Figure 4.3(b). It can be
seen that for both the MAM and TAM electrodes there is a rapid decrease in sheet
resistance as the thickness of the silver layer increases, however this decrease

saturates as the film thickness exceeds the percolation threshold.
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Figure 4.3 Average transmittance in the 350-700 nm range (a), sheet resistance (b)

and figure of merit (c) for MAM and TAM electrodes with varying silver film thickness.

Figures 4.3(a) and (b) clearly show that for low thickness of the silver film, the TAM
electrode has a significantly higher transmittance and somewhat lower sheet
resistance than the corresponding MAM electrode. As the thickness of the silver film
increases, the relative improvement in transmittance afforded by the use of a TAM
structure is reduced, with the transmission of the TAM electrode being only slightly

greater than that of the MAM electrode at and above the percolation threshold. Whilst
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at low silver thickness the sheet resistance of the TAM electrodes is notably less than
that of the MAM electrodes, above an Ag thickness of 8 nm the sheet resistances of the
TAM and MAM electrodes are similar. Finally, Figure 4.3(c) plots Haacke’s figure of
merit (FOM), as described earlier in Section 2.6.1, for both multilayer electrode
structures. At low thickness of the silver film, the FOMs of TAM electrodes notably
exceed those of the equivalent MAM electrodes, whilst above the MAM percolation
threshold (10 nm Ag thickness) their FOMs are similar. The maximum FOM for the
TAM electrodes is 5.24 x 103, occurring for a silver film thickness of 8 nm. MAM
electrodes, by comparison, exhibit a lower maximum FOM value of 4.05 x 10-3, a value

which occurs at a silver film thickness of 10 nm.

The potential benefit of the use of the TAM structure as a transparent front electrode in
an organic solar cell is illustrated in Figure 4.4, by plotting the relative transmission of
the MAM and TAM electrodes at their percolation threshold (point of maximum optical
transmittance). The TAM electrode having an 8 nm thick silver layer exhibits a
maximum transmittance of 81.3%, an average transmittance (350-700 nm) of 76.3%
and a sheet resistance of 13.9 (1/o. In contrast the MAM electrode having a 10 nm thick
silver layer has a reduced maximum transmittance of 78.2% and an average
transmittance (350-700 nm) of only 70.9%, with the sheet resistance being slightly
lower at 8.3 (/0. For comparison, the reference ITO electrode (150nm) coated with a
10 nm thick MoOs3 layer is also shown and exhibits a maximum transmittance of 89.8%,

an average transmittance (350 to 700 nm) of 83.8% and a sheet resistance of 15.9 /0.
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Figure 4.4 Transmittance spectra for the TAM and MAM multilayer electrodes with
silver film thickness equal to the percolation threshold for that structure, i.e. layer
thicknesses of 10-8-10 nm and 10-10-10 nm respectively. The transmittance spectrum

of the ITO/Mo0Oj3 electrode used in reference polymer solar cells is also presented.

4.2.2 Origin of Enhanced Transmittance in TeO; Based Electrodes

The trends observed in transmittance and sheet resistance as the silver layer thickness
increases result from the growth characteristics of the metal film. As silver is
deposited, it initially forms isolated islands and chains (so-called Volmer-Weber
growth), resulting in poor lateral conductivity due to a lack of continuous conduction
pathways. As the film thickness increases, the silver particles coalesce to form an
increasingly uniform and continuous layer. The formation of continuous conduction
pathways then results in a rapid reduction in sheet resistance, a process that slows
once a uniform and well-connected film has been created. Whilst a number of studies
have observed these same trends for a variety of oxide/metal/oxide structures, there is
some disagreement as to the exact source of the initial increase in transmittance as the
layer is deposited. Some studies attribute it simply to light scattering by the
unconnected islands, with this scattering effect being reduced as the layer becomes
more connected and uniform [11,18,19]. Others attribute it to surface plasmon
resonance at the optimum thickness, with excitation of the surface plasmon only being
achieved effectively for the structure which obtains maximum transmittance (due to

the different sizes and spacing of metallic chains in films with different thickness)
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[14,20,21]. It should be noted that the percolation threshold occurs for a layer with
continuous conduction pathways but which is not entirely uniform and homogenous,
rather retaining a number of holes which can act like a 2D grating or array, allowing
light to excite surface plasmons. Indeed, one recent study observed that as the film
thickness increased, the film structure changed from one characterised by narrow
cracks between metal islands and chains (usually unconnected) to a continuous
structure with a random collection of nanoholes. It was proposed that the nanoholes
allow for the formation of surface plasmon polaritons which propagate through the
holes, with light then being re-radiated, thus increasing transmission. At higher
thicknesses, such nanoholes become covered by the silver layer, and transmittance

again drops [22].

The results presented above can be explained by the formation of a more continuous
silver layer at low thickness on a tellurium dioxide seed layer in comparison to silver
films grown on a molybdenum oxide seed layer. The formation of a more continuous Ag
layer on TeO; is consistent with the observed improvement in transmittance due to
reduced scatter from unconnected islands, whilst the reduced sheet resistance at low
silver thickness is similarly explained by the more continuous silver film. Overall, this
effect allows the optimised TAM electrode to have a notably higher transmittance than
can be obtained using a MAM electrode. This explanation is also consistent with the
percolation threshold being reached at a comparatively reduced silver thickness on the
TeO; seed layer compared to that observed on the MoO3 seed layer (8 nm and 10 nm
respectively). Clearly for Ag thicknesses above the percolation threshold for both types
of electrode, the silver films formed are quasi-continuous and no large differences in
transmittance are observed. The formation of a more continuous silver film on TeO; is
commensurate with previous work in which liquid Ag was found to have a slightly
lower contact angle on TeO; than on MoOs [23]. This is indicative of stronger
interactions between the silver and the TeO, which could be expected to assist with
the formation of a more continuous silver layer by encouraging growth to occur in a
layer-by-layer manner (Frank-van der Merwe growth) and reducing the favourability
of island formation. Indeed, modification of the seed layer to achieve a higher surface
energy (again giving stronger substrate-silver interactions) has previously been found

to lead to the formation of a more continuous silver film in MAM electrodes [24].

Modelling of the optical properties of the multilayer structures has been undertaken in

order to explore whether differences in the refractive index (real and imaginary parts)
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of the seed layers play a significant role in modifying the transmittance of the
electrodes. A Transfer Matrix Model (TMM) has been used, which assumes that all
layers are uniform and continuous, and thus does not take into account the reduction
in transmittance which occurs for discontinuous silver films with thickness below the
percolation threshold for a given oxide/metal/oxide structure [25]. As inputs into this
model, n and k for TeO, and MoOs have been established using spectroscopic
ellipsometry, and their spectra are shown in Figures 4.5(a) and (b). Note that data
acquisition and subsequent modelling for PCDTBT:PC7BM blends was performed by
Dr Tao Wang. Data acquisition and modelling for MoO3z and TeO; was undertaken by
the author. The calculated transmittance of MAM and TAM multilayer electrodes, both
having layer thickness of 10-8-10 nm, is shown in Figure 4.5(c). It can be seen that
the model suggests that the MAM and TAM electrodes have similar transmittance
values, with an average transmittance over the wavelength range 380-800 nm of
81.2% and 82.1% respectively. The measured transmittance for these structures on the
other hand is 71.5% and 81.0% respectively over the same range. These measured
transmittance spectra are presented in Figure 4.5(d). (Note that the TMM model does
not account for reflection and absorption losses arising from the glass substrate. For
ease of comparison the measured transmittance values stated above and the spectra
presented in Figure 4.5(d) are thus referenced to a glass substrate rather than to air
unlike elsewhere in this work.) In the model the small enhancement in transmittance
for the TAM electrode results from the lower extinction coefficient of TeO; as
compared to MoOs3, as well as its favourable refractive index (see below). The much
larger enhancement in measured transmittance strongly suggests that this notable
enhancement, observed for silver thickness less than 10 nm, can be attributed to an
effect not taken into account in the model, namely the formation of a more continuous
silver film. This is as opposed to any optical effects resulting from the differing optical

constants (n and k) of the seed layer materials themselves.
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Figure 4.5 Parts (a) and (b) show optical contstants for thin MoO3 and TeO; layers as
determined by spectroscopic ellipsometry. Modelled transmittance spectra for MAM
and TAM electrodes with layer thickness 10-8-10 nm are shown in (c) whilst (d)
presents measured spectra for the same structures. Note that here the transmittance
spectra do not include reflection and absorption losses due to the glass substrate,

unlike in previously presented spectra.

As stated above, at high silver film thickness the small enhancement in transmittance
for the TAM electrode, observed in both modelling and measurement, results from the
favourable optical constants of TeO as compared to MoOs. This is largely attributable
to the higher extinction coefficient (k) of MoO3 at most wavelengths, but also in part to
the refractive index (n) which is favourable for TeO: being higher at longer
wavelengths and lower at shorter wavelengths. The advantageous effect of this

refractive index is shown in Figure 4.6.
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Figure 4.6 Modelled transmittance spectra for various multilayer structures in which
the refractive index of the seed layer was set to a given value, shown in the key, whilst
the other two layers were set to Ag and MoOs; as used experimentally. Layer
thicknesses are 10-10-10 nm. Note that modelled transmittance spectra do not include

reflection and absorption losses due to the glass substrate.

To further confirm the origin of the improved transmittance of the TAM electrodes at
low Ag thickness, scanning electron microscopy (SEM) images were taken of bilayer
structures consisting of the metal oxide seed layer and an Ag layer. Images for Ag films
having a thickness of 6 nm and 8 nm, deposited on 10 nm thick seed layers of TeO; and
MoOs3 are shown in Figure 4.7. It can be seen that the 6 nm thick silver film deposited
on MoOs3, shown in part (a), is characterised by a series of thin “chains” having a typical
width in the range 10-30 nm. Such structures presumably result in a non-continuous
pathway for charge-carrier extraction. In contrast, the 6 nm thick silver film deposited
on TeO, (part (b)) appears to be more continuous in nature and consists of a film
which is broken up by a series of holes having a diameter of around 5-20 nm.
Importantly, such films contain fewer isolated (unconnected) features. When the silver
thickness is increased to 8 nm, the film on MoO3z (part (c)) appears to have formed a
more connected structure, whilst the film on TeO; (part (d)) exhibits fewer holes than
with the 6 nm thick film. In fact, the magnified images of an 8 nm Ag film on MoO3 (part
(c)) and a 6 nm Ag film on TeO; (part (b)) appear very similar in terms of morphology.
This finding is commensurate with the measurements of the electrodes’ optical
properties presented earlier, in which the percolation threshold was found to occur
with 2 nm thinner silver films for a TeO; seed layer compared to an MoO3 seed layer.
Estimates of the surface coverage of the silver films from these SEM images are

presented in Table 4.1 and also support the proposed hypothesis.
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6nm

Snm

Figure 4.7 SEM images of MoOs/Ag and TeO,/Ag bilayers in which the oxide layer
thickness is fixed at 10 nm. Parts (a) and (c) show an MoOs/Ag bilayer for a silver
thickness of 6 nm and 8 nm respectively. Parts (b) and (d) similarly show a TeO,/Ag
bilayer again utilising a silver layer having a thickness of 6 nm and 8 nm
respectively. Blue scale bars correspond to 500 nm. In each case a magnified image

of the film is shown with red scale bars corresponding to 200 nm.
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MoO; TeO:
6nm 66 84
8nm 82 94
10nm 96 98
12nm 98 -

Table 4.1 Percentage surface coverage of the silver film at different thicknesses on the
MoO3; and TeO; seed layers. Coverage was estimated using the Image | software
package with manual thresholding and is the average of the values obtained from three

separate SEM images in each case.

4.3 Silver Deposition Rate & Film Repeatability

Whilst the optoelectronic properties of 0/M/0O multilayer electrodes are highly
dependent upon the materials that constitute each layer and the thickness of those
layers, they also depend upon the conditions under which these materials are
deposited. Initial work undertaken on MAM structures found that the deposition rate of
the silver UTMF was crucial in determining both the transmittance and sheet
resistance of the resulting electrode. As the silver deposition rate increased from 0.3
A/s to 5.6 A/s there was a significant increase in transmittance alongside a reduction in
sheet resistance, as shown in Figure 4.8. The effect is particularly notable as the rate
increases from 0.3 to 2.0 A/s, with subsequent improvements with increased
deposition rate dropping off as the rate increases further. Around the time that this
work was underway, a number of other studies were published on this topic,
concluding that the optimum deposition rate was in the region of 4-6 A/s [13,26].
Since maintaining a stable deposition rate above 5 A/s proved difficult, and looking at
the results of this initial work and the recently published literature, a deposition rate of
5 A/s was chosen for all further experiments, such as those presented above in Section

4.2.

The improved performance of the multilayer electrodes observed for higher silver
deposition rates can be rationalised by considering the growth of the metal film. A high
deposition rate will cause silver atoms landing on the surface to be trapped in place

before they can diffuse to lower energy positions, resulting in the formation of a more

129



continuous film rather than the growth of individual islands (i.e. encouraging Frank-

van der Merwe growth rather than Volmer-Weber growth).
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Figure 4.8 Transmittance and sheet resistance of MAM electrodes with different silver
deposition rates. All layers in the electrodes had thickness 10 nm. All spectra are
referenced to air, meaning that the spectra presented here include reflection and

absorption by the glass substrate.

In order to gauge the repeatability and errors involved in electrode fabrication, three
MAM electrodes with thickness 10-10-10 nm were fabricated on three different days.
As can be seen in Figure 4.9 their transmittance shows only very slight variation.
Maximum transmittance for each of the three samples was 78.2%, 78.5% and 77.6%
whilst sheet resistance was 8.4, 8.5 and 8.0 (/o respectively. The minor variations in
electrode transmittance and sheet resistance give confidence in the repeatability of the

electrode fabrication process.
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Figure 4.9 Transmittance spectra for three MAM electrodes fabricated on different

days, all with layer thicknesses 10-10-10 nm.

4.4 Incorporation into Indium-Free Polymer Solar Cells

In order to demonstrate the practical use of these electrodes, bulk heterojunction
polymer solar cells have been fabricated based on a PCDTBT:PC7BM photoactive layer
using MAM, TAM and ITO/Mo00O3 anodes. In each case the multilayer electrode having
the maximum transmittance (also the maximum figure of merit) was used; the MAM
electrode thus utilised a 10 nm Ag layer whilst the TAM electrode incorporated a
slightly thinner 8 nm Ag layer. This choice was made in order to maximise the short
circuit current of the polymer solar cells, and whilst the sheet resistance of the
optimised TAM electrode (13.9 1/0) is slightly larger than that of the optimised MAM
electrode (8.3 Q/0), it is still lower than that of the reference ITO electrode (15.9 /o)

and perfectly adequate for the solar cells fabricated here.

4.4.1 Device Optimisation - Oxide Layer Thickness & Active Layer Thickness

Transfer Matrix Modelling has been used to predict the optimum thickness of the two
oxide layers in the multilayer electrode as well as the thickness of the PCDTBT:PC7BM
active-layer [25]. The model predicts the electric field strength throughout the device

and thus can give a prediction of the device’s short-circuit current by assuming an
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internal quantum efficiency of 100% (i.e. by assuming each photon absorbed in the
active layer generates an exciton which then successfully dissociates and the resulting
charges are all extracted). This photocurrent is here termed Jsc 100%. In the model the
thickness of the metal oxide seed layer, the thickness of the hole-extraction layer (the
metal oxide layer placed adjacent to the active layer) and the thickness of the active
semiconductor layer have been varied in order to maximise Jsc_100%. The model predicts
that Jsc.100% is maximized for seed layers having a thickness = 30nm, however this
photocurrent is only marginally larger than that predicted when using a 5 nm seed
layer. In fact, we find that by adjusting the thickness of the active layer appropriately,
Jsc_100% varies only very slightly from 11.50 to 11.59 mA/cm? as the seed layer thickness
varies between 5 and 40 nm. Thicker seed layers, however, are predicted to require
slightly thicker active layers (by around 10 nm) in order to maximise Jsc 100%
Experimentally, increasing the thickness of the active layer is known to increase losses
within the device as a result of increased non-geminate charge recombination. In
addition, a thinner seed layer was found experimentally to lead to a marginally lower
sheet resistance and a better correspondence to the modelled transmittance (see
Figure 4.10 and Table 4.2). For this reason, a relatively thin (5 nm) seed layer was
used for the MAM and TAM electrodes - an approach that has also been taken in other
studies [27]. With this seed layer thickness of 5 nm the measured average
transmittance in the 350-700nm range rises slightly from 70.9% to 71.7% for the
optimised MAM electrode and from 76.3% to 77.1% for the optimised TAM electrode.
For clarity, it should be noted that the transfer matrix model for transmittance of
electrodes assumes that the final layer of the electrode is adjacent to air, as in
measured transmittance spectra. The full device modelling, meanwhile, models the

entire device structure.
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Figure 4.10 Modelled (a) and measured (b) transmittance with increasing seed layer
thickness for MAM electrodes. Note that here the spectra are referenced to glass and
thus reflection and absorption losses due to the glass substrate are not included in
either the modelled or measured spectra. It can be seen that for the modelled
electrodes, a thicker seed layer leads to a significantly increased transmittance at

longer wavelengths. Notably, however, this is not observed experimentally.

Seed Layer Thickness (nm) | Sheet Resistance (/0)
2 8.3
5 7.9
10 8.3
20 9.7
40 10.3

Table 4.2 Sheet resistance of MAM electrodes with increasing seed layer thickness

(layer thickness x-10-10)

The model predicts that for both oxide/metal/oxide electrodes the maximum value of
Jsc_100% occurs for a metal oxide HTL having a thickness of 10 nm, with the active layer
having a thickness of 70 nm. Experimentally it was found that the optimum device
efficiency occurred when the active layer was slightly thinner (60 nm thickness) than
predicted by the model for both types of multilayer electrode. For devices utilising an
ITO/MoOs3 electrode, the model similarly predicted an optimum HTL thickness of 10
nm and an optimum active layer thickness of 85 nm, however experimental

measurements determined that the highest device efficiency was realised for an active
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layer thickness of 75 nm. Device metrics for different active layer thicknesses are

shown in Table 4.3 (ITO/MoO3 anode), Table 4.4 (MAM anode) and Table 4.5 (TAM

anode). In order to aid visualization of this data the PCE and Js¢ values from the

thickness optimisation experiments are presented graphically in Figure 4.11. For each

variable 4 substrates were fabricated, resulting in 16 pixels (devices) per variable once

edge pixels are discounted. In all cases, the discrepancy between the modelled and

experimental optimisation results likely results from imperfect charge extraction

through the active layer, an effect not considered by the model.
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Figure 4.11 Power conversion efficiency (PCE) and short circuit current density (Jsc)

as a function of active layer thickness for polymer solar cells based on ITO/Mo03 (a),

MAM (b) and TAM (c) anodes.

134



Active Layer PCE (%) Jsc (mA/cm?) Voc (V) FF (%)
Thickness (nm)
65 4.52 8.85 0.86 60
75 4.58 9.08 0.85 59
85 412 8.76 0.85 56
95 3.66 8.58 0.83 52
105 3.33 8.13 0.82 50

Table 4.3 Device metrics for polymer solar cells based on ITO/MoO3; anodes with

varying thickness of the PCDTBT:PC7,BM active layer.

Active Layer PCE (%) Jsc (mA/cm?) Voc (V) FF (%)
Thickness (nm)
50 3.16 6.81 0.78 60
60 3.68 8.01 0.77 59
70 3.33 7.81 0.74 58
80 2.98 7.34 0.75 54
90 2.53 6.61 0.75 51

Table 4.4 Device metrics for polymer solar cells based on Mo0O3/Ag/Mo03 anodes with
varying thickness of the PCDTBT:PC70BM active layer.

Thickness PCE (%) Jsc (mA/cm?) Voc (V) FF (%)
(nm)
50 3.09 7.12 0.75 58
60 3.71 8.49 0.76 58
70 3.22 7.97 0.75 54
80 3.11 7.90 0.75 52
90 2.85 7.39 0.75 51

Table 4.5 Device metrics for polymer solar cells based on TeO,/Ag/Mo0O3 anodes with
varying thickness of the PCDTBT:PC7oBM active layer.

135




4.4.2 Final Electrode Properties

As detailed above, the MAM and TAM electrodes that were incorporated into
PCDTBT:PC7BM polymer solar cells had layer thicknesses of 5-10-10 nm and 5-8-10
nm respectively. The transmittance spectra of these electrodes are presented in Figure

4.12.
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Figure 4.12 Transmittance spectra for the optimised MAM and TAM electrodes with
layer thicknesses 5-10-10 nm and 5-8-10 nm respectively. The spectrum for the

ITO/MoOs3 reference electrode is also presented.

The surface roughness of the optimised MAM (5-10-10) and TAM (5-8-10) electrodes
was studied using atomic force microscopy (AFM). AFM data for a 10 pym x 10 pm area
of the surface of each electrode is shown in Figure 4.13. Root mean squared surface
roughness for the MAM, TAM and ITO/MoOs3 electrodes is 1.42 nm, 0.48 nm and 1.90
nm respectively. These low and comparable values show that all electrodes should be
compatible with solar cells requiring a low active layer thickness and that differences
in surface roughness between these electrodes are unlikely to significantly influence

device performance.
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Figure 4.13 Atomic force microscopy images of the optimised electrodes. Part (a)
shows the MAM electrode with layer thickesses 5-10-10 nm, part (b) shows the TAM
electrode with layer thicknesses 5-8-10 nm, part (c) shows the ITO/MoO3 electrode
with layer thicknesses 150-10 nm. RMS roughness values are 1.42 nm, 0.48 nm and

1.90 nm respectively.

Mobility and resistivity data for the optimised electrodes were taken using a Hall Effect
measurement system and are presented in Table 4.6. As could be expected the
optimised MAM electrode, which has a lower sheet resistance, also has a higher

mobility and lower resistivity than the optimised TAM electrode.
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Electrode Sheet Resistance Mobility (cm2/V-s) | Resistivity (2-cm)
(/o)
Te02/Ag/Mo03 13.7 11.6 3.42 x 105
Mo03/Ag/Mo03 8.1 17.2 1.66 x 10-5

Table 4.6 Sheet resistance, resistivity and mobility data for the optimised TAM (5-8-
10) and MAM (5-10-10) electrodes. Values are the average of two measurements on

separate samples.

4.4.3 Final Device Results

For each different anode structure 4 different substrates were fabricated, resulting in
16 devices per anode once edge pixels have been discounted. Average device
parameters are tabulated in Table 4.7. JV curves for a typical device with each type of
anode are shown in Figure 4.14. The optimised devices using a TAM electrode had an
average PCE of (4.22 * 0.08)% whilst the optimised MAM electrode devices had a
slightly lower average PCE of (3.94 + 0.12)%. The improvement in efficiency for
devices incorporating the TAM electrode arises due to a relative enhancement in Jsc by
7% from (8.11 = 0.14) mA/cm? to (8.70 = 0.12) mA/cm?, an effect attributable to the
higher transmittance of the TAM electrode. The optimised ITO/MoO3 reference device
had the highest average PCE of (4.81 + 0.09)%, again resulting from an enhanced Jsc of
(9.12 = 0.12) mA/cm?2. It is worth noting that ITO/Mo0Os3 devices having an active layer
thickness identical to that used in the TAM and MAM devices had a slightly lower PCE
of 4.49%, with a comparable Js: to the TAM devices (8.54 + 0.23) mA/cmz2.

The ITO/Mo003 based devices were also characterised by a larger Voc than were the
devices utilising a MAM or TAM anode. This effect has been observed previously in
MAM based devices [26,28] and has been attributed to diffusion of Ag through the
charge extracting metal oxide layer, although such reductions in Voc are not always
observed. It is not clear why such reductions in Vy¢ are not uniformly reported; it is
possible that, for example, variations in substrate temperature during the evaporation
could result in differences in Ag diffusion. We note, however, that if such a reduction in
Voc could be eliminated, then devices utilising the TAM electrode would outperform

those based on ITO in which a comparable thickness of active layer has been used.
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Anode Electrode Electrode FF Voc (V) Jsc PCE
Average Sheet (%) (mA/cm?) | (%)
Transmittance | Resistance
350-700 nm (Q/0)
(%)

Mo0O3/Ag/Mo03 71.8 8.3 60.7 0.801 8.11 3.94
(60nm active) (71.6/72.1) (8.2/8.4) (1.1) | (0.006) (0.14) (0.12)
Te02/Ag/Mo03 77.2 13.7 60.5 0.802 8.70 4.22
(60nm active) (77.0/77.4) (13.6/13.9) | (1.0) | (0.007) (0.12) (0.08)
ITO/MoOs3 83.9 16.0 59.6 0.882 8.54 4.49
(60nm active) (83.7/84.0) (15.8/16.3) | (0.7) | (0.003) (0.23) (0.16)
ITO/Mo0Os3 83.9 16.0 59.7 0.885 9.12 481
(75nm active) (83.7/84.0) (15.8/16.3) | (0.7) | (0.003) (0.24) (0.09)

Table 4.7 Electrode properties and solar cell performance for MAM (5-10-10), TAM (5-
8-10) and ITO/Mo0O3 (150-10) electrodes. The ITO electrode was tested with active

layer thickness of both 60nm and 75nm. Standard deviations for device parameters are

shown in brackets. Electrode properties are the mean (max/min) of three values.

Current Density (mA/cm?)

0 / /
——ITO (60)
——1TO (75)
— MAM
—— TAM
-5 4
|
—r
1
-10 T T T ¥ T T
-0.2 0.0 0.2 0.4 0.6 0.8

Applied Bias (V)

1.0

Figure 4.14 Current-density against voltage curves for typical devices fabricated using

the different anodes. ITO (60) refers to the ITO based devices with a 60 nm thick active

layer; ITO (75) refers to the ITO based devices with a 75 nm thick active layer.
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4.5 Conclusions

In conclusion, TeO2/Ag/Mo0O3; (TAM) and Mo03/Ag/Mo03 (MAM) multilayer electrodes
have been fabricated. The optimised TAM electrodes have an average transmittance of
77.1% over the wavelength range 350-700 nm whilst the optimised MAM electrodes
have a reduced average transmittance of 71.7% over the same range. The enhanced
transmittance of the TAM electrodes is attributable to the lower percolation threshold
of the silver film on the TeO; seed layer than on the MoOj3 seed layer (8 nm vs 10 nm).
When applied as the transparent front electrode in PCDTBT:PC70BM polymer solar cells
the higher transmittance of the TAM electrode leads to an enhanced Jsc and thus an
enhanced PCE. These efficiencies are, however, generally smaller than those of devices
based on conventional ITO electrodes. In conclusion, TeO; appears to be a promising
replacement for MoO3 as the seed layer material in oxide/metal/oxide indium-free

electrodes.
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Chapter 5: Spray-Deposited Planar Heterojunction
PerovsKkite Solar Cells

5.1 Introduction

In order for solution processed solar cells to realise their potential in bringing cost
savings to large-scale solar cell fabrication it is necessary to demonstrate their
compatibility with industrially applicable film deposition techniques. With this goal in
mind the roll-to-roll compatible deposition method of ultrasonic spray-coating was
introduced in Chapter 2. Having previously been employed in the fabrication of
polymer solar cells [1,2], this technique is here applied to the fabrication of the
photoactive layer of solar cells based on the perovskite CH;NH3Pblz..Clx. At the time of
publication of this work in Energy & Environmental Science, this was the first report of
the application of a roll-to-roll compatible solution processing technique to the
deposition of the perovskite layer of a solar cell. In addition, at this time it was the
highest reported efficiency for a solar cell employing a spray-deposited photoactive
layer. The technique of ultrasonic spray-coating is then extended to the both
interlayers of the device: the hole transport layer PEDOT:PSS and the electron
transport layer PC7oBM.

5.1.1 Materials and Architecture Choice

A planar device architecture has been chosen for the solar cells fabricated in this work,
together with the ‘one-step’ process for fabrication of the perovskite layer. This device
architecture and processing route were selected for their simplicity and small number
of processing steps, both of which would be likely to prove advantageous in a
commercial setting as well as facilitating the fabrication of a proof of concept device in
this work. An inverted architecture (transparent front anode) was chosen in order to
allow simple fabrication of charge transport layers without the necessity for high
temperature sintering (~500°C) which is typically required for perovskite solar cells

with normal architecture due to their use of TiO3.
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The greater diffusion length of perovskite films based on the mixed halide perovskite
(CH3NH3Pbl3.4Cly) in comparison to the tri-iodide perovskite (CH3:NH3Pbls), as
discussed in Sections 2.5.4 and 2.5.8, makes this material particularly suitable for
planar heterojunction devices. Charge diffusion lengths of >1 pm allow for the use of
planar perovskite layers many hundreds of nanometres thick without incurring high
recombination losses. It has, indeed, been suggested in the literature that the triiodide
perovskite may be better suited to being used in a sensitized device as opposed to
planar or meso-superstructred devices, due to its shorter diffusion length [3]. In
addition, the mixed halide perovskite has been shown to have more balanced charge
transport than its triiodide counterpart and has typically proved more resistant to
processing in ambient conditions [4-6]. For these reasons, and in particular since all
spray-coating was carried out in air, the mixed halide perovskite has been employed in
this work. It is noteworthy that despite the above issues, planar devices based on the

triiodide perovskite have now reached PCEs in excess of 15% [7-9].

5.2 Process Optimisation

An optimisation procedure for spray-deposition of the CH3NH3Pbls.<Clx perovskite layer
has been undertaken in order to allow fabrication of a high efficiency ‘proof of concept’
spray-coated perovskite solar cell. In line with early literature reports, a precursor
solution of methylammonium iodide (MAI) and lead (II) chloride (PbCl;) in a 3:1 molar
ratio was used. This solution was deposited via ultrasonic spray-coating onto
glass/ITO/PEDOT:PSS substrates onto which the PEDOT:PSS hole transport layer
(thickness ~30 nm) had been deposited via spin-coating. After initial trials with a
solution concentration for the MAI:PbCl; blend of 50 mg/ml, this was increased to 100
mg/ml in order to allow deposition of perovskite films with an appropriate thickness
(hundreds of nm) without excessive drying times due to high solvent volumes. A

detailed optimisation of solution concentration was not undertaken.

It is worth noting that in early experiments no record of relative humidity was taken. It
has since emerged that this parameter can have a significant impact on device
performance and indeed anecdotally in this research group it has been observed that
high humidity often leads to poor device performance. The group’s spin-out company,

Ossila Ltd, have also observed this for devices based on spin-coated perovskite layers
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in a more rigorous experiment. This agrees with published work where, when film
deposition and annealing take place within the same environment, higher humidity
was found to lead to a reduced solar cell efficiency [6]. For completeness, in later
experiments where relative humidity has been measured during film fabrication this

information has been included in the relevant Figure and Table captions.

5.2.1 Substrate Temperature

Given that the drying dynamics of a spray-deposited film can have a strong influence on
film formation, substrate temperature during the spray-coating process can be
expected to have an effect on the quality of the resulting perovskite films. In order to
investigate this process perovskite films were fabricated via ultrasonic spray-coating
with substrates held at temperatures varying from 28-103°C. The solvent
dimethylformamide (DMF) was used for the perovskite precursor solution. Following
film deposition, a 90 minute thermal anneal at 90°C was applied in order to convert the
precursor films (bright yellow in colour) into the desired perovskite material
(black/dark brown in colour). Optical microscopy images of the resultant films, with
thickness (250 + 20) nm, are shown in Figure 5.1. Whilst all films provided reasonable
uniformity to the eye, at low substrate temperatures, corresponding to relatively long
drying times (minutes), the optical micrographs show relatively large crystalline
regions separated by large voids, leading to a low overall surface coverage. The film
deposited at 28°C, for example, exhibits a surface coverage of only around 65%. With
increasing substrate temperature the surface coverage increases significantly, reaching
a maximum at 75°C. Increased surface coverage is known to lead to improved solar cell
performance due to enhanced absorption (resulting in an increased Jsc) and reduced
leakage paths (resulting in an increased Voc and FF) [10,11]. Concurrent with the
increase in surface coverage at higher substrate temperatures, the needle-like
crystalline regions become significantly smaller (micron sized). Above 75°C the size of
these needle-like features begins to increase again, accompanied by a reduction in
overall surface coverage. On the basis of this investigation it was decided that a
substrate temperature of 75°C would be used during film deposition in order to
maximise the surface coverage of the perovskite film on the wunderlying

ITO/PEDOT:PSS electrode.
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Figure 5.1 Optical microscopy images of perovskite films deposited via spray-coating
from the solvent DMF and subsequently annealed for 90 minutes at 90°C. Substrates
were held at a range of different temperatures: (a) 28°C, (b) 38°C, (c) 55°C, (d) 75°C,
(e) 80°C, (f) 87°C, (g) 103°C. Red scale bars correspond to 20 pm.
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5.2.2 Annealing Protocol

Spray-coated MAI:PbCl; films, deposited at a substrate temperature of 75°C, have been
subjected to different thermal annealing procedures in order to investigate the effect of
annealing temperature on film surface coverage. Optical microscopy images of the
resultant films of thickness (300 = 30) nm are shown in Figure 5.2. When an annealing
temperature of 90°C is used the resulting perovskite film shows good surface coverage
(Figures 5.2(a)-(c)). After an anneal time of 30 minutes, shown in Figure 5.2(a), the
precursor to perovsKite transition does not appear to be complete as can be observed
by the dark regions in the image. In parts (b) and (c), corresponding to annealing times
of 60 and 90 minutes respectively, these regions are not observed; the 90 minute
anneal does, however, appear to give a slightly improved surface coverage over the 60
minute anneal. At the lower annealing temperature of 70°C, even after an extended 2
hour anneal time the film retains a significant yellow hue whilst exhibiting colour
variation across its surface, indicative of an extremely slow transformation to the
perovskite material. A film annealed for 90 minutes at 70°C is shown in Figure 5.2(d)
where it can be observed that film coverage at this point is also notably inferior to
those films annealed at 90°C. If the annealing temperature is increased above 90°C the
morphology of the resultant film changes to show larger crystalline features with
significant voids between them and surface coverage is reduced. This effect can be seen
in Figure 5.2(e) which shows a film annealed at 110°C for 30 minutes; longer
annealing times at this temperature lead to a slow colour change of the film back to
yellow, as can be observed in Figure 5.2(f), an effect which can be attributed to the
degradation of the perovskite into products including yellow lead (II) iodide (Pblz)
[12-14]. Annealing the precursor film at 130°C (Figure 5.2(g)) was seen to also cause
an increase in size of the crystalline regions of the film and lead to a poor surface
coverage. As a consequence of these observations, a 90 minute thermal anneal at 90°C
was chosen for the continuation of this work, in line with other early reports which
typically found optimum annealing temperatures of 90-100°C for periods of 45-120
minutes. In these reports lower temperatures were observed to result in incomplete
conversion of the precursor film and/or inferior surface coverage whilst higher
temperatures significantly reduced surface coverage [10,13]. Whilst a rigorous
optimisation of annealing time based on device performance was not undertaken at
this time, a later optimisation of spin-coated devices with a similar perovskite film
thickness of (370 * 10) nm found an optimum annealing time of 90 minutes. Device

metrics from this later experiment are presented in Table 5.1.
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Figure 5.2 Optical microscopy images of perovskite films deposited via spray-coating
at a substrate temperature of 75°C and subsequently annealed at 90°C for 30 minutes
(a), 60 minutes (b) and 90 minutes (c); 70°C for 90 minutes (d); 110°C for 30 minutes
(e) and 90 minutes (f) and 130°C for 30 minutes (g). Red scale bars correspond to 20

um.
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Anneal Time | PCE (%) (max) Jsc (mA/cm?) Voc (V) FF (%)
(min)
50 8.7£1.0(10.9) 15.0 £ 0.7 0.965 + 0.008 59.9+4.7
70 10.7 £0.2 (11.1) 17.5+0.2 0.892 £ 0.004 68.6 £ 1.0
90 114+ 0.4 (11.8) 169+ 0.6 0.929 £ 0.022 724 %15
110 9.8+0.2(10.1) 16.7 £ 0.4 0.874 +£0.010 66.9 + 1.5
130 10.0 £ 0.1 (10.2) 16.5+0.2 0.878 £ 0.009 69.4 £ 1.0

Table 5.1 Device metrics for different annealing times for spin-coated perovskite films
annealed at 90°C. Note that devices were fabricated in a relative humidity of ~30% and
with a different batch of materials to those employed in this chapter. Errors given are

standard deviations. For PCE the maximum value is also given in brackets.

5.2.3 Perovskite Layer Thickness

A number of solar cell devices were fabricated in order to optimise the thickness of the
spray-coated photoactive perovskite layer. Solar cells with a device architecture
ITO/PEDOT:PSS/CH3NH3Pbl3.4Cly/PCsoBM/Ca/Al were fabricated with perovskite layer
thickness varying from 290-1150 nm; for each thickness 5 substrates (containing a
total of 20 devices) were fabricated. Device metrics for the fabricated solar cells are
tabulated in Table 5.2 with power conversion efficiency against perovskite layer
thickness presented in Figure 5.3. PCE is highest (6.5% average) for an active layer
thickness of 340 nm, a value comparable to the layer thickness typically used in early
literature reports as well as the recent high efficiency devices [8,15-18]. Films as thick
as 670 nm are still, however, able to produce a high average efficiency of 6.0%. This
unusually broad tolerance of PCE to film thickness is likely due to the long charge
diffusion lengths observed in mixed halide perovskite films [19,20]; indeed in early
literature reports PCEs in excess of 11% were obtained using planar perovskite layers

with a wide range of thicknesses from 140-500 nm [10,21].
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Perovskite Layer PCE (%) Jsc (mA/cm?) Voc (V) FF (%)
Thickness (nm)
290 + 30 3.3+0.5 10.8+0.8 0.73+£0.05 42 £ 3.4
340 £ 30 6.5+0.8 15.2+0.7 0.78 £0.10 55+3.6
450 + 40 5.0+ 0.5 104 £0.9 0.86 £0.03 56 +2.1
670 £ 200 6.0+0.3 12.2+0.5 0.87 £0.03 57+15
1150 + 250 3721 108+4.1 0.72 £0.22 42.1+6.5

Table 5.2 Device metrics for perovskite solar cells with varying thickness of the spray-

cast CH3NH;3PblIz«Cly active layer. Errors given are standard deviations.
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Figure 5.3 Power conversion efficiency (PCE) against active layer thickness for spray-

cast perovskite solar cells.
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5.2.4 Casting Solvent: DMSO

In order to investigate the effect of casting solvent on perovskite film formation, the
precursor solution was spray-coated from the solvent dimethyl sulphoxide (DMSO) in
replacement for the solvent dimethylformamide (DMF). Films deposited from DMSO
can be expected to exhibit differences to those deposited from DMF due to its higher
boiling point (189°C for DMSO as compared to 153°C for DMF). Substrate temperature
during the deposition process was varied, as for the films spray-cast from DMF, and
following the drying of the films a 90 minute thermal anneal at 90°C was again applied
in order to convert the precursor films to perovskite. Final perovskite films had
thickness of (370 * 30) nm. Optical microscopy images for the resulting films are
presented in Figure 5.4. As can be seen in the insets in Figures 5.4(a) and (b), at
substrate temperatures of 28°C and 38°C there is significant de-wetting of the film due
to the extended drying time (20 minutes or more), leading to incomplete coverage of
the substrate. As the temperature is increased to 55°C, 75°C and 80°C macroscopically
uniform films are formed, however on inspection of the optical micrographs it can be
seen that these films consist of large perovskite crystals which are separated by
significant voids. At 87°C and above (Figures 5.4(f) and (g)), the crystal size is notably
reduced although surface coverage is not detrimentally affected. At all temperatures
surface coverage can be seen to be significantly lower than for counterpart films

deposited from DMF (presented above in Figure 5.1).
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Figure 5.4 Optical microscopy images of perovskite films deposited via spray-coating
from the solvent DMSO and subsequently annealed for 90 minutes at 90°C. Substrates
were held at a range of different temperatures: (a) 28°C, (b) 38°C, (c) 55°C, (d) 75°C,
(e) 80°C, (f) 87°C, (g) 103°C. Part (h) shows a reference film spray-cast from DMF onto

a substrate held at 75°C. Red scale bars correspond to 20 um.
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In order to confirm how the observed changes affect device performance, perovskite
solar cells were fabricated employing films deposited at each substrate temperature. 3
substrates (containing a total of 12 devices) were fabricated per deposition
temperature. Average device metrics are presented in Table 5.3 with power
conversion efficiency against deposition temperature presented in Figure 5.5. Devices
fabricated with deposition temperatures of 28°C and 38°C exhibit very low efficiencies
due to significant de-wetting from large areas of the substrate, as detailed above. PCEs
for devices fabricated using deposition temperatures of 55-80°C are higher, although
efficiencies still remain quite poor due to the low surface coverage. At 87°C and 103°C
photovoltaic performance is reduced, although from the optical micrographs presented

in Figures 5.4(f) and (g) this does not appear to be due to surface coverage effects.

Deposition PCE (%) (max) Jsc (mA/cm?) Voc (V) FF (%)
Temperature (°C)
28 0.21+0.13 (0.38) 1.81+0.77 0.28+0.14 | 32.7+6.2
38 0.04 +0.03 (0.07) 0.67 £ 0.31 0.20+£0.07 | 255%19
55 2.52+1.77 (4.81) 9.95 + 0.63 047 +£0.27 | 47.6%£9.6
75 2.47 +0.54 (3.52) 9.28 +1.27 0.51+0.06 | 53.2+8.8
80 3.05+0.45 (3.88) 9.62 =+ 0.54 0.56+0.06 | 56.8+2.8
87 0.84 +0.40 (1.43) 8.20+0.57 | 0.25+0.07 | 38599
103 0.64 +0.13 (0.82) 467+0.71 |038+0.03| 359+1.1

Table 5.3 Average device metrics for solar cells fabricated using a spray-cast
perovskite film, deposited from a DMSO solution onto substrates at different
temperatures. Errors given are standard deviations. For PCE the maximum value is also

given in brackets.
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Figure 5.5 Power conversion efficiency (PCE) against substrate temperature during
deposition for perovskite solar cells in which the photoactive layer was deposited by

spray-coating from a solution in DMSO.

Overall it can be seen that the slow drying dynamics of the films deposited from DMSO
appear to lead to a reduced surface coverage and hence a low solar cell efficiency. It
was thus decided that precursor solutions utilising DMF as the solvent would be used

in the fabrication of future devices.

5.3 Film Characterization

The 2D GIWAXS patterns for spray-coated and spin-coated perovskite films following a
thermal anneal for 90 minutes at 90°C are shown in Figure 5.6(a) and (b) respectively.
The observation of scattering rings indicates a polycrystalline film in which crystal
grains take various orientations; further discussion on detailed analysis of X-ray
scattering data for perovskite samples is presented in Chapter 6. Figure 5.6(c)
presents azimuthally integrated radial line profiles for each measurement, from which
it is clear that both deposition methods produce films with very similar crystal
structures. The strong peak at q ~ 1 A-1 is widely attributed to the (110) plane of the
tetragonal CH3NH3PblIz..Cly perovskite structure, although the (002) plane, having
scattering peak at q = 0.99 A, may also provide a contribution to this feature [22,23].
Similarly the peak at q 2 A1 can be attributed to the (220) and (004) planes of the
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same structure. Further peak positions for this crystal structure have been predicted
by simulation by Dr. Samuele Lilliu (data unpublished) using crystallographic
information files from ref [24]. The planes contributing to the peaks observed in the

GIWAXS data have been noted in Figure 5.6(c).

(b)
2.0
~ 15
<
S 1.0
0.5
0.0
0.0 0.5 1.0 1.5 2.0 2.5
Qg (A1)
(o)
204 —— Spray-Coated
i —— Spin-Coated
= ]
@ ]
= f\_,f'\_j\J\
=
= ]
g 1.0 (110)
© 002
£ _ (002) (220) (310)
& g5l . (222)
= 057 (200) (202) (114)
(112) (211)
D-O- T T T T T T T T T T T T T T T T T T T v L)
0.5 1.0 15 2.0
q (A7)

Figure 5.6 2D GIWAXS images of a spray-coated perovskite film (a) and a spin-coated
perovskite film (b), together with azimuthally integrated radial line profiles for both

samples (c). Each sample has been annealed for 90 minutes at 90°C.

Atomic force microscopy (AFM) has been performed on a spray-coated perovskite film
in order to further investigate its morphology and surface roughness; an AFM image is
presented in Figure 5.7. The root mean squared surface roughness for the film is 56

nm, a figure that is large for a film having a thickness of (270 + 40) nm. In addition, the
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largest height variations are hundreds of nm in magnitude. A relatively thick (~120
nm) electron transport layer of PCsoBM has thus been employed in the solar cells
fabricated herein in order to planarize the rough perovskite film as far as possible,

thereby minimizing direct contact between the perovskite and the metal cathode.
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Figure 5.7 Atomic force microscopy image of a spray-coated perovskite film. RMS

surface roughness is 56 nm.

5.4 Solar Cell Characterization

5.4.1 Final Device Results

A final device fabrication experiment was performed in which 11 substrates were
fabricated, resulting in 44 solar cell devices. Perovskite layer thickness for this batch of
solar cells was (330 * 40) nm. Average (mean) device metrics, together with the
metrics for the champion device are presented in Table 5.4. Figure 5.8(a) shows a
histogram of PCE for all devices fabricated in this batch whilst Figure 5.8(b) presents

the champion device JV curve.
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PCE (%) ]sc (mA/cmZ) Voc (V) FF (0/0)

Average 7.82 +£1.62 149+15 0.842 £ 0.051 63.4+4.1

Champion device 111 16.8 0.924 71.6

Table 5.4 Device metrics for average and champion spray-coated perovskite solar

cells. Errors given are standard deviations.

Average power conversion efficiency (PCE) for this batch of devices, incorporating a
spray-coated perovskite layer, was 7.8% whilst the maximum PCE reached 11.1%. At
the time of publication of the work [25] this maximum efficiency is believed to have
been the highest ever reported PCE for a solar cell employing a spray-coated
photoactive layer. This value has now been raised to 13% by a report which undertook
a similar process to that described here for a device structure of ITO/TiO,/CH3:NH3PbIs.
«Clx/Spiro-OMeTAD/Ag [26]. In that work a similar optimisation procedure was
undertaken with similar outcomes - the maximum efficiency was found to occur for a
substrate temperature during deposition of 75°C, a perovskite layer thickness of 300

nm and with use of the solvent DMF.
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Figure 5.8 Histogram showing the distribution of power conversion efficiencies for all
devices within the final fabrication run (a). Current density against voltage
characteristics for the champion spray-coated perovskite solar cell (b). External

quantum efficiency spectrum of a typical spray-coated perovskite solar cell (c).

The external quantum efficiency spectrum for a typical spray-coated perovskite solar
cell (PCE = 7.8%) is plotted in Figure 5.8(c). From this spectrum the short circuit
current density of the device under test is calculated to be 17.7 mA/cm?, a value 10%
larger than the 16.1 mA/cm? obtained from the JV curve of the device under AM1.5
illumination. The discrepancy between these values is within the range generally
considered acceptable. In addition, it should be noted that the experimental method
used in the EQE experiment selects the best performing part of the device (at 550 nm),
and since the laser spot size in the EQE experiment is somewhat smaller that the device
size tested under the solar simulator, this could cause an overestimate of the value of

Jsc by the EQE measurement if the active area of the device is non-uniform in nature.
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5.4.2 Light Soaking Effects

Unless otherwise stated, all device results presented in this Chapter are for solar cells
which have undergone 20 minutes light soaking under AM1.5 spectrum illumination at
an intensity of 1 sun. The evolution of device metrics during extended light soaking is
shown in Figures 5.9(a)-(d) whilst (e) and (f) show common changes in current
density against voltage characteristics due to light soaking. The light soaking procedure
was found to both increase PCE and reduce its spread, effects which arise
predominantly due to increases in Jsc and Voc together with a reduction in the spread of

FF and, in particular, Voc values.
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Figure 5.9 Evolution of device metrics during light soaking under 1 sun illumination
with an AM1.5 spectrum solar simulator: FF (a), Jsc (b), Voc (c) and PCE (d). Data is
presented for the 6 highest performing devices in the final device experiment.
Examples of how light soaking can typically change the current density against voltage

characteristics of devices are shown in (e) and (f).

The enhancement in device performance observed after light soaking is likely to be

attributable to the filling of traps by photogenerated charges or effects relating to ion
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migration. A recent study on this phenomenon attributed the enhancement to both
filling of positively charged traps in the bulk of the perovskite film and to a reduction in
charge accumulation at the interfaces of the device, an effect arising due to passivation
of interface defects and/or ion migration and which leads to a large enhancement in
Voc [27]. The hypothesis that the filling of trap states is important in enhancing device
performance is consistent with results obtained from devices which have undergone a
second thermal anneal following the deposition of the PC¢BM layer. Table 5.5
presents PCE data for a batch of spray-coated solar cells in which a number of devices
have been subjected to a thermal anneal at 100°C (in a nitrogen glovebox) after
deposition of the PC¢BM layer. Whilst devices which had undergone no thermal
annealing after PCBM deposition exhibited a notable increase in PCE following 20
minutes of light soaking under 1 sun illumination (from 6.04 to 7.86%), devices which
have undergone a thermal annealing process showed higher initial efficiencies and did
not show a marked increase in PCE upon light soaking. After light soaking, PCEs are
comparable between the different procedures. Passivation of trap states in perovskite
solar cells by PCBM has since been reported [28], and indeed an increase in device
performance upon annealing after the deposition of the PCBM layer has been reported
elsewhere [29]. This efficiency enhancement was attributed to diffusion of the PCBM
along grain boundaries during the annealing process, leading to passivation of trap
states at grain boundaries within the perovskite film as well as at the surface of the
layer. In combination with these reports, the observations presented here thus lend
weight to the idea that the efficiency enhancement observed here under light soaking
may, at least to some extent, be related to trap filling. A full exploration of the observed
light soaking effect would, however, be necessary in order to investigate this further

and confirm its origin.

Thermal Anneal PCEno light soak (%) (max) PCE20 min light soak (%0) (max)
No anneal 6.04 £ 0.26 (6.28) 7.86 £ 0.18 (8.23)

100°C for 15 min 7.27 £0.22 (7.49) 7.45 £ 0.16 (7.75)

100°C for 60min 7.72 +0.26 (7.92) 7.79 £0.17 (8.14)

Table 5.5 Average power conversion efficiencies of devices with and without a thermal
anneal following deposition of the PCsBM layer and before deposition of the metal
cathode. 3 substrates, (containing a total of 12 devices) were fabricated per annealing
condition. Relative humidity during device fabrication was ~50%. Errors given are

standard deviations.
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5.4.3 Hysteresis

As discussed in Section 2.5.9, hysteresis has been observed in the current density
against voltage characteristics of perovskite solar cells with a variety of device
architectures [30,31]. In order to investigate the magnitude of any such effect on the
spray-coated perovskite solar cells fabricated here, JV measurements were taken in
both the ‘forward’ (negative bias to positive bias) and ‘reverse’ (positive bias to
negative bias) scan directions at a variety of scan rates. The resulting JV curves for a
typical device are presented in Figure 5.10, where it can be seen that minimal
hysteresis is observed for all scan rates investigated. The highest scan rate (2.0 V/s,
shown in Figure 5.10(d)) results in the greatest hysteresis, however even at this scan
speed the reverse scan still only results in a 0.5% (absolute) reduction in PCE in
comparison to the forwards scan. Under the scan rate used as standard in this work
(0.5 V/s, shown in Figure 5.10(b)) the difference in device performance observed
between forward and reverse scans is in fact within the error observed for repeat
testing of the same pixel under identical scan conditions following light soaking (*
0.1% absolute PCE). Note that unless otherwise stated, device metrics and current
density against voltage relationships presented in this Chapter have been determined

using a forward scan at a scan rate of 0.5 V/s.
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Figure 5.10 Current density against voltage curves for a spray-coated perovskite solar
cell tested under different scan rates and scan directions. Scan rates used were: 0.3 V/s
(a), 0.5V/s (b), 1.0 V/s (c) and 2.0 V/s (d). Device PCE for the stated scan conditions is

given in brackets in each case.

5.4.4 Comparison to Spin-Coated Devices

In order to compare spin-coated and spray-coated devices, it was necessary to first
make an attempt at optimising the perovskite spin-coating procedure. In line with
some other early reports [32-34], a ‘hot’ spin coating procedure has been used in order
to enhance surface coverage. Here ‘hot’ deposition refers to the solution and substrate
being held on hotplates at temperatures of 70°C and 90°C respectively immediately
prior to spin-coating whilst the ‘cold’ deposition procedure involves both substrate and
solution being at room temperature during spin-coating. Optical microscopy and
atomic force microscopy images for ‘cold’ and ‘hot’ spun perovskite films are shown in

Figure 5.11, where it can be seen that the hot spin-coating procedure leads to an
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increased surface coverage. Given this observation, the hot spin-coating procedure was
chosen for device fabrication. Whilst devices metrics arising from the hot and cold
procedures were not compared at this time, subsequent work has determined that the

hot spin-coating procedure does indeed lead to enhanced device efficiency and the

results of this later work are presented in Table 5.6.
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Figure 5.11 Optical microscopy and atomic force microscopy images of perovskite
films deposited via spin-coating. Parts (a) and (c) correspond to ‘cold’ deposition
whilst part (b) and (d) correspond to ‘hot’ deposition. Red scale bars on optical

microscopy images correspond to 20 pm.
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PCE (%) (max) Jsc (mA/cm?2) Voc (V) FF (%)

Hot spin-coating 12.2+ 0.3 (12.7) 17.8+0.2 0.918+0.014 | 75.0+0.5

Cold spin-coating 10.3+ 0.1 (10.6) 155+0.2 0.909+£0.010 | 73.2+0.5

Table 5.6 Average device metrics for hot and cold spin-coating procedures. Note that
devices were fabricated in a relative humidity of ~30% and with a different batch of
materials to those employed in this chapter. Errors given are standard deviations. For

PCE the maximum value is also given in brackets.

Scanning electron microscopy images of spin-coated (hot deposition procedure) and
spray-coated perovskite films are shown in Figure 5.12. Films from each deposition

procedure appear similar and can be seen to be polycrystalline in nature with

comparable grain sizes and high and comparable surface coverage.

Figure 5.12 Scanning electron microscopy images of spin-coated (a) and spray-coated
(b) perovskite films on glass/ITO/PEDOT:PSS substrates. Red scale bars correspond to
2 pm.

During the final optimised spray-coating device experiment 28 spin-coated devices
(spread over 7 different substrates) were also fabricated; the thickness of the spun and
sprayed perovskite layers were (400 + 10) nm and (330 = 40) nm respectively. Device
metrics are presented in Table 5.7 where it can be seen that average device PCE is
similar between the two fabrication methods, being 7.8% in both cases. Whilst spray-
cast devices lead to a larger efficiency spread they also produced the highest
performing solar cell having an efficiency of 11.1% as compared to 8.3% for the best
performing cell based on a spin-cast perovskite layer. From this initial work it thus

seems that spray-coating of the perovskite layer does not lead to a reduction in device
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performance as compared to spin-coating. Typical current density against voltage

curves for spray-coated and spin-coated devices are presented in Figure 5.13.

PCE (%) (max) Jsc (mA/cm?2) Voc (V) FF (%)

Spray-coated | 7.82+1.62(11.1) 149+1.5 0.842 +0.051 63.4+4.1

Spin-coated 7.79 £ 0.33 (8.32) 13.8+0.4 0.851 £ 0.020 66.6 £ 2.2

Table 5.7 Average device metrics for perovskite solar cells with spray-coated and spin-
coated perovskite active layers. Results are from the standard testing protocol
described above, following 20 minutes of light soaking. Errors given are standard

deviations. For PCE the maximum value is also given in brackets.
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Figure 5.13 Current density against voltage characteristics for typical spray-coated

and spin-coated perovskite solar cells.

5.5 Spray-Deposition of a PEDOT:PSS Hole Transport Layer

The commonly used hole transport layer PEDOT:PSS is typically deposited via spin-
coating from an aqueous dispersion. Due to the high surface tension of water, however,
this formulation provides challenges for spray-deposition due to the tendency of the
liquid to form individual droplets on the substrate surface rather than for droplets to

coalesce and thence form a uniform wet layer and subsequent film. In order to
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overcome this issue, isopropanol (IPA) can be added to the PEDOT:PSS dispersion to
reduce the surface tension of the mixture [2]. The PEDOT:PSS formulation used herein
was developed by Dr Jonathan Griffin and consists of a 1:8:1 ratio by volume of
PEDOT:PSS dispersion:IPA:ethylene glycol; in addition it contained 0.015 mg/ml of 7M
Mw polyethylene glycol (PEG) in chlorobenzene (from a 1 mg/ml solution of PEG in
chlorobenzene). The IPA reduces the surface tension of the solvent mixture, ensuring
good instantaneous wetting during initial spray-coating. During subsequent film drying
the IPA will evaporate at a faster rate than water due to its lower boiling point (83°C as
compared to 100°C) leading to the risk of dewetting as the mixture becomes
predominantly aqueous. Incorporation of ethylene glycol (boiling point 193°C) and
polyethylene glycol into the formulation provides a route to overcoming this by
increasing the viscosity of the solution, ensuring that dwetting is minimised during the
period where little IPA remains in the film but water is still present. It should be noted
that the addition of ethylene glycol and PEG into PEDOT:PSS dispersions has also
previously been found to increase the conductivity of the resultant film, attributed to

phase separation and reorganisation of the PEDOT and PSS chains [35-37].

After spray-coating of the PEDOT:PSS dispersion onto substrates held at 45°C and
subsequent film drying, a 150°C thermal anneal was applied for 5 minutes in order to
remove the ethylene glycol, although the PEG can be expected to remain within the
film. Substrates were then held on a 120°C hotplate for 30 minutes along with the spin-
coated PEDOT:PSS samples. Atomic force microscopy (AFM) was undertaken in order
to investigate the surface roughness of the PEDOT:PSS layers deposited by both spin-
coating and spray-coating. AFM images for each sample are presented in Figure 5.14.
Root mean squared surface roughness is 1.2 nm for the spin-coated layer and 3.6 nm
for the spray-coated layer, both of which are low values, especially when considering

the high thickness of the photoactive perovskite layer used in solar cells.
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Figure 5.14 Atomic force microscopy images of spin-coated (a) and spray-coated (b)
PEDOT:PSS layers on glass/ITO substrates. RMS roughness values are 1.2 and 3.6 nm

respectively.

In order to demonstrate the practical application of this processing route, perovskite
solar cells were fabricated on both spin-coated and spray-coated PEDOT:PSS films.
Glass/ITO substrates were coated with the PEDOT:PSS film before a perovskite
(CH3NH3PbI3.Cly) active layer was deposited via the spray-coating procedure described
earlier in this Chapter. 4 substrates (containing a total of 16 devices) were fabricated
for each deposition method. Devices were completed as described previously - a
PCeoBM electron transport layer was deposited via spin-coating and a Ca/Al cathode
was deposited via thermal evaporation. Device metrics for the fabricated solar cells, are
presented in Table 5.8. It can be seen that the spray-coated and spin-coated
PEDOT:PSS layers lead to comparable average device efficiencies of 7.1% and 7.0%
respectively. As with the comparison between spray-coated and spin-coated perovskite
layers, the spray-coated PEDOT:PSS layer leads to an increased spread of results but
also gives rise to the highest efficiency device in the test, with a maximum PCE of 8.7%
as compared to 7.4% for the champion device based on a spin-coated PEDOT:PSS
layer. JV curves for typical and champion devices for each deposition method are

presented in Figures 5.15(a) and (b) respectively.
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PEDOT:PSS PCE (%) (max) Jsc (mA/cm?2) Voc (V) FF (%)

Deposition

Spin-coated 7.02 +£0.24 (7.36) 13.0x0.5 0.911 £0.033 50.1+19

Spray-coated 7.12 £ 0.74 (8.66) 13.0+0.8 0.930+0.018 589+49

Table 5.8 Average device metrics for solar cells fabricated using spin-coated and
spray-coated PEDOT:PSS layers. The photoactive layer has been deposited via spray-
coating in both cases. Relative humidity was ~50% during device fabrication. Errors

given are standard deviations. For PCE the maximum value is also given in brackets.
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Figure 5.15 Current density against voltage characteristics for typical (a) and
champion (b) perovskite solar cells based on spray-coated and spin-coated PEDOT:PSS

hole transport layers, together with a spray-coated perovskite layer.

The successful spray-deposition of the PEDOT:PSS hole transport layer is a promising
step towards a fully spray-coated device. That said, it is important that these results
can be reproduced with higher efficiency devices, and this is a current project for

others in the research group who are continuing with this work.

5.6 Spray-Deposition of a PCBM Electron Transport Layer

In order to move towards a fully roll-to-roll compatible device, the spray-deposition of
the PCBM electron transport layer (ETL) has been attempted. Around this time two

reports were published in which the replacement of PCs0BM by PC70BM resulted in an
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approximately 3% absolute (30-40% relative) increase in PCE in perovskite solar cells
with similar architectures to those investigated here [9,38]. In one report this was
predominantly due to an increased FF whilst in the other it arose largely due to an
enhanced Js¢, though no detailed investigation of this effect was undertaken in either
case. Here a similar experiment was performed on spin-coated perovskite solar cells in
order to establish if this reported improvement in PCE could be reproduced. 3
substrates (containing a total of 12 devices) were fabricated per PCBM derivative. The
resultant device metrics are presented in Table 5.9 where it can be seen that the
replacement of PCsoBM by PC70BM as the electron transport layer results in a 17%
relative enhancement in average PCE, from 7.7% to 9.0%, an effect arising due to an
increase in Voc and FF. Given the results of this experiment it was decided that further

investigations would involve the application of PC7BM as the electron transporting

material.
ETL PCE (%) (max) Jsc (mA/cm?2) Voc (V) FF (%)
PC70BM 9.00 + 0.16 (9.11) 14.6 £0.2 0.861 + 0.004 71.5+0.6
PCsoBM 7.73+0.12 (7.89) 15.0+0.2 0.761 £ 0.011 67.7+1.8

Table 5.9 Average device metrics for spin-coated perovskite solar cells with different
electron transport layers (ETLs). Errors given are standard deviations. For PCE the

maximum value is also given in brackets.

Initial attempts to deposit both PC¢oBM and PC7,BM by ultrasonic spray-coating from a
solution of chlorobenzene resulted in non-uniform films which displayed clear local
thickness variations as can be seen in Figure 5.16. Here the PCBM layer was deposited
onto a glass or glass/ITO substrate in order to aid evaluation of layer quality and
thickness. Note however that when fabricating complete solar cell devices the PCBM
layer was deposited onto the perovskite itself. Attempts to resolve the issue of non-
uniformity via varying solution concentration, substrate temperature, spray-head

height and spray-head speed were unsuccessful.
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Figure 5.16 PCsoBM films spray-cast from chlorobenzene onto substrates held at 25°C
(a) and 45°C (b) together with a PC7,BM film spray-cast onto a substrate held at 25°C

(c). All solution concentrations were 10 mg/ml. Red scale bars correspond to 5 mm.

The most uniform layers were typically observed for the faster drying films, however
increases in substrate temperature were unable to remove the pattern of non-
uniformities. For this reason a more volatile solvent system was explored. Work by
other members of the research group has previously found that spray-deposition from
low boiling point (b.p.) solvents such as chloroform produces poor film quality due to a
tendency of individual droplets to dry before forming into a uniform film [1]. A mixture
of the solvents chlorobenzene (b.p. ~130°C) and chloroform (b.p. ~60°C) was thus
chosen, noting also that two solvent systems have been used successfully in previous
report on spray-coating [2]. By dissolving PC7BM in a mixture of chlorobenzene (CB)
and chloroform (CF) at a 2:1 volume ratio it was possible to produce apparently
uniform PC7oBM films of thicknesses up to ~75 nm using a solution concentration of 10
mg/ml. Increasing film thickness, however, whether by increasing solution
concentration or changing spray-coater parameters, lead to the return of non-
uniformity. By altering the solvent mixture to a 1:1 ratio of CB:CF it then became
possible to produce uniform films over a range of thicknesses from ~70-170 nm using
a solution of concentration 15 mg/ml and with a substrate temperature of 20°C as can
be seen in Figure 5.17. Using this approach it is likely that significantly thinner or

thicker films could also be deposited without a loss of thickness uniformity.
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Figure 5.17 PC7BM films spray-cast from a solution of 1:1 CB:CF at 15 mg/ml at
different spray-head speeds giving film thicknesses of (72 + 10) nm (a) and (174 £ 7)

nm (b). Red scale bars correspond to 5 mm.

Having successfully used spray-coating for the deposition of uniform PCBM films of an
appropriate thickness, this technique was then used to deposit such films in perovskite
solar cell devices. Note that PEDOT:PSS and perovskite layers were both deposited via
spin-coating in air in these devices. PC7oBM films were then deposited via spray-
coating in ambient conditions whilst reference devices employed PC7BM films spin-
coated either in air or in a nitrogen glovebox. 4 substrates (containing a total of 16
devices) were fabricated per condition. Spin-coated films had thickness (110 + 6) nm
whilst spray-coated films had a comparable thickness of (107 + 11) nm; the resulting
device metrics are presented in Table 5.10 whilst typical JV curves are shown in

Figure 5.18.

PCBM Deposition | PCE (%) (max) | Jsc(mA/cmz?) Voc (V) FF (%)

Spin-coating, N> 8.45+0.22 (8.81) 14.0+0.2 0.925+0.004 | 655%1.3

Spin-coating, air | 0.83 + 0.06 (0.91) 45+0.2 0.909+0.022 | 20604

Spray-coating, air | 1.88 * 0.43 (2.86) 80+10 | 0.892+0.085 | 26.1+3.4

Table 5.10 Average device metrics for perovskite solar cells in which the PC70BM layer
was deposited by spin-coating in nitrogen glovebox spin-coating in air or spray-coating
in air. Relative humidity was ~35% during device fabrication. Errors given are

standard deviations. For PCE the maximum value is also given in brackets.
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Figure 5.18 Current density against voltage characteristics for typical perovskite solar
cells fabricated using different deposition methods for the PCBM electron transport

layer.

Whilst PC70BM layers spin-coated in nitrogen lead to solar cell devices with an average
PCE of 8.5%, it was found that air deposited PC70BM resulted in very poor PCEs of 0.8%
and 1.9% respectively in the case of spin-coating and spray-coating. The major
reduction in PCE with air processed PC70BM arises due to large reductions in both FF
and Jsc whilst Vyc is only very slightly reduced. In particular, the current density against
voltage characteristics shown in Figure 5.18 suggest a very large series resistance for
devices employing air processed PC7BM. The decrease in device performance does not
appear to be a result of the spray-coating process since it is also observed for air
processed of PC70BM where spin-coating has been employed as the deposition method.
Note that the slightly reduced device performance of samples spin-coated in air as
compared to those spray-coated in air likely results from a longer air exposure time for

the former.

In order to investigate these effects further, an experiment was performed in which
devices were fabricated with the PC70BM layer deposited by spin-coating in either air
or a nitrogen glovebox. The air deposited samples were immediately transferred to the
nitrogen glovebox and subsequently either used in their as-cast state or treated with a
120°C anneal. In addition, a number of samples employing glovebox processed PC70BM

were removed from the nitrogen atmosphere and exposed to air for a period of time
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following deposition of this layer. Finally, in order to rule out any reaction between the
solvent and the perovskite under ambient conditions as being the cause of device
degradation, a set of devices were fabricated where chlorobenzene was spin-cast onto
the perovskite layer in air before PCBM was deposited in the glovebox. 3 substrates
(containing a total of 12 devices) were fabricated per condition. Device metrics for this

experiment, following 20 min light soaking, are shown in Table 5.11.

PCBM Deposition PCE (%) Jsc Voc (V) FF (%)

2
Environment and Post- (mA/cm?)

Deposition Treatment

Glovebox, 7.14 + 0.58 13.4+0.5 | 0.885+0.017 | 60.1+1.8

no treatment

Glovebox, 449 +0.10 11.8+0.2 | 0914+0.010 | 41.8+1.2

exposed to air for 5 min

Glovebox, 3.01+0.06 9.7+0.1 0.943 £0.006 | 32.7+0.6

exposed to air for 30 min

Glovebox, 6.48 £0.20 12.5+0.1 | 0.875+£0.013 | 59.2+2.0

CB spun on in air first

Air, 3.27 £0.08 10.5+0.3 | 0.931+£0.005 | 33.6+0.8

no treatment

Air, 2.87£0.14 94+04 | 0931+0.015 | 32.8+0.7

120°C anneal for 5 min

Air, 3.54 +£0.22 10903 | 0921+£0.004 | 352+1.4

120°C anneal for 30 min

Air, 524 +0.25 13.3+0.2 | 0.860+0.006 | 45.7+1.8

120°C anneal for 60 min

Table 5.11 Average device metrics for perovskite solar cells in which the PC70BM ETL
has been deposited by spin-coating either in air (relative humidity * 45%) or in a
nitrogen glovebox and various post-deposition treatments have been applied. Errors

given are standard deviations. For PCE the maximum value is also given in brackets.

It can be seen that glovebox processed PC7BM layers result in devices having an
average efficiency of 7.1%, whilst air processed PC7;0BM layers give a significantly
lower average PCE of 3.3%. The smaller reduction in PCE for the devices incorporating

air processed PC70BM in comparison to in the previous experiment (discussed above) is
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likely due to a reduced period of exposure to air in this later work. Exposure of the part
finished devices to air lead to reduced PCEs of 4.5% and 3.0% respectively in the cases
of 5 minute and 30 minute exposure times, with this reduction in efficiency again
arising due to reductions in Jsc and FF. This result indicates that the decrease in device
performance for air processed PC70BM layers does not likely arise due to the formation
of an inferior perovskite/PC70BM interface when PC70BM is deposited under ambient
conditions, but rather due to degradation of the PC7,BM layer itself or the influence of
absorbed moisture and/or oxygen on the highly reactive metal cathode which is
subsequently deposited onto the layer by evaporation. Devices in which chlorobenzene
(CB) was spun onto the perovskite layer in air before deposition of PC7,BM in glovebox
had an average PCE of 6.5%, a value that is only a small reduction in comparison to the
devices without this treatment (PCE = 7.1%). Any effect that the solvent has when spun
onto the perovskite layer in air thus does not seem to be the main reason for the

reduced device performance seen with air processed PC70BM.

When air processed PC7BM layers are subject to a thermal anneal under a nitrogen
atmosphere at 120°C for periods of 5 and 15 minutes, PCE of the resulting devices is
not recovered. When this annealing period is extended to 60 min, however, a notable
increase in FF and Jsc leads to the recovery of a proportion of the efficiency lost due to
air processing of the PC7;0BM layer, giving an average PCE of 5.2%. The lack of full
recovery of device efficiency may arise due to irreversible degradation of the PC7BM
layer when processed in air, or due to detrimental morphological changes in the
perovskite layer during this extended annealing treatment. Further attempts to recover
PCE by replacing the highly reactive calcium interlayer with TiO; PEI
(polyethyleneimine) or BPhen (4,7-diphenyl-1,10-phenanthroline) did not meet with
success, indicating that the efficiency loss with air processed PC7BM is likely to arise
from degradation of the PC70BM layer itself, though clearly further investigation would
be needed to confirm this hypothesis. It should be noted that perovskite devices
employing thinner PCBM layers and polymer:PCBM solar cells using the same device
architecture as is used here have both previously been successfully fabricated in air
[1,8,15]. The large thickness of the PCBM layer used here may well explain the
difference between those reports and the reduction in device performance observed in
this work. Exposure of Ceo films to oxygen has previously been shown to lead to
significant reductions in electron mobility together with the generation of trap states,
whilst processing of P3HT:PCsoBM bulk heterojunctions in air has been shown to lead

to lower electron mobility in the PCBM than when such junctions are processed in inert
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atmospheres [39-41]. Indeed a post-deposition thermal anneal was found to lead to an
improvement in device performance, a result also observed here. This effect was
attributed to a reduction in the oxygen content of the film and an associated reduction
in charge trap density of air-processed P3HT:PCsBM layers. With such thick PCBM
layers as those used here it is possible that a decrease in mobility could cause a large
increase in series resistance, leading to the observed decrease in device performance. If
this is indeed the case then until a smoother perovskite layer can be fabricated,
allowing use of a thinner electron transport layer, spray-coating of PCBM in ambient

conditions is likely to result in poor device performance.

5.7 Fabrication of Perovskite Layers via a Two-Step Process

As described in Section 2.5.7 in addition to the ‘one-step’ fabrication route for
perovskite used in the above work, a ‘two-step’ process has been used elsewhere with
much success [42]. The two-step approach typically relies upon the deposition of a Pbl;
layer via spin-coating before exposure of this layer to methylammonium iodide (MAI),
resulting in conversion to the CHz:NH3Pbl; perovskite. Exposure of the lead salt to MAI
in this second step is typically achieved by immersion (‘dipping’) into a solution of MAI
dissolved in isopropyl alcohol (IPA). The fabrication of perovskite solar cells via a two-
step process based on a layer of lead (II) chloride (PbCl;) rather than lead (II) iodide
(Pbly) is relatively unexplored in the literature, perhaps partly owing to the low
solubility of PbCl; as compared to Pbl; [43]. Since spray-coating allows for film
fabrication using lower concentration solutions than employed in the spin-coating of
equal thickness films it offers an interesting opportunity to explore a two-step process
based on spray-cast PbCl,. Here a two-step ‘spin-dip’ process was chosen for

investigation, in which the second step occurred via a dipping process in MAI solution.

Initial attempts to spray-cast PbCl; from a solution of dimethylformamide (DMF) were
successful in fabricating apparently uniform thin films with thickness ~50-100 nm.
Uniform films with higher thickness, however, could not be obtained due to poor
solubility restricting the solution concentration to around only 40 mg/ml. In order to
overcome this, the solvent dimethyl sulphoxide (DMSO) (in which PbCI; has a higher
solubility) was tried as a replacement for DMF. A solution concentration of 100 mg/ml

gave more promising results than either lower or higher concentrations, and so this
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was investigated. Unfortunately, it did not prove possible to achieve uniform films from
DMSO due to the slow drying nature of the film which arises due to the high boiling
point (b.p.) of DMSO. Adjustment of substrate temperature and other spray-coating
parameters was unable to eliminate the non-uniform nature of the films, and so a two
solvent approach was tried. Here a blend of DMSO (b.p. ~190°C) and DMF (b.p.
~150°C) was used in a 2:1 volume ratio which proved more successful in producing

uniform films of an appropriate thickness, as can be seen in Figure 5.19(a).

Figure 5.19 Photograph (a) and scanning electron microscopy image (b) of a PbCl;
film of thickness (260 + 20) nm spray-coated from a 2:1 DMSO:DMF blend onto a
substrate held at 80°C. The red scale bar corresponds to 2 pum.

In order to investigate the effect of substrate temperature on film formation, optical
microscopy images were taken of films deposited at substrate temperatures ranging
from 40-100°C. As can be seen from Figures 5.20(a)-(d), intermediate deposition
temperatures produced the most uniform films with the optimum apparently being at
around 60°C. From the optical micrographs shown in Figures 5.20(e)-(h) it is clear
that a change in film morphology occurs at deposition temperatures between 60°C and

80°C, with the formation of large crystal grains occurring at high temperatures.
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Figure 5.20 Photographs and optical microscopy images of PbCl; films deposited from
a 2:1 DMSO:DMF solvent blend onto substrates held at 40°C (a) and (e); 60°C (b) and
(f); 80°C (c) and (g); 100°C (d) and (h). Red scale bars correspond to 20 microns

An initial optimisation procedure was undertaken to explore the parameter space
related to the two-step procedure. Initially PbCl; layers of thickness ~200 nm were
spray-cast from a solution of concentration 100 mg/ml in a 2:1 DMSO:DMF mixture
onto glass/ITO/PEDOT:PSS substrates. Whilst the films deposited at substrate
temperatures of 60°C appear the most uniform, given the change in film morphology
observed for higher temperatures PbCl; films deposited at both 60°C and 80°C were
investigated. PbCl; layers deposited at these temperatures were dipped into an MAI
solution in IPA (10 mg/ml) held on a 60°C hotplate for lengths of time from 10 seconds
to 5 min. Upon removal from the solution the films were dried with compressed
nitrogen and did not undergo any annealing treatment, before being finished into
complete devices by spin-coating (in glovebox) of a PC70BM electron transport layer
and thermal evaporation of a Ca/Al cathode. 2 substrates (containing a total of 8

devices) were fabricated per condition. PCEs from this experiment are shown in Figure
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5.21(a) where it can be seen that devices fabricated using PbCl; layers deposited at
60°C notably outperform those deposited at 80°C across a range of dipping times. For
this reason all further work on the two-step spray-dip processing route used PbCl;
layers spray-cast at 60°C. For both deposition temperatures the photovoltaic response
of devices in which layers had undergone a 10 second dipping was minimal and
increased with longer dipping times to reach a maximum PCE for a dipping time of 2
minutes. Typical JV curves for devices employing layers in which the PbCl; films had
been deposited onto substrates held at 60°C and subsequently undergone different dip
times are shown in Figure 5.21(c). Notably, light soaking reduced device performance
for two-step spin-dip processed devices and all results presented here are thus without

any light soaking applied.

A further experiment was performed in which PbCl; layers were dipped into either
warm (held on a 60°C hotplate) or cold (room temperature) MAI solution before being
finished into complete devices. Whilst the warm-dipped layers achieved an average
PCE of (4.23 + 0.56)%, the cold-dipped devices exhibited limited colour change,
minimal photovoltaic response and had an average PCE of (0.1 + 0.1)% indicating that
conversion to perovskite was very much incomplete. MAI dipping solutions were thus
held on a 60°C hotplate in all further experiments. In order to investigate the effect of
annealing protocols on the devices, PbCl; films were subjected to 2 min dipping times
before being dried with compressed nitrogen and either left without any annealing
treatment or undergoing to thermal anneals at 60°C, 90°C or 110°C before being
employed in solar cell devices. PCEs for this experiment are presented in Figure
5.21(b). Samples annealed at 110°C exhibited a colour change to yellow during the
anneal, likely indicating a decomposition to lead iodide, and the resulting devices
exhibited no photovoltaic response. In all cases a thermal anneal was found to reduce
device efficiency in comparison to unannealed films, with the reduction being
exacerbated by higher annealing temperatures and longer annealing times. Typical JV

curves for devices having undergone a 90°C anneal are shown in Figure 5.21(d).
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Figure 5.21 Power conversion efficiencies of perovskite solar cells fabricated using a
two-step spin-dip approach with different deposition temperatures and dipping times
(a) and different annealing conditions (b). Typical current-density against voltage
curves are shown for devices employing PbCl; layers deposited at 60°C and subjected
to different dipping times (c) as well as devices with 2 minute dip times which have

undergone a 90°C thermal anneal for differing lengths of time (d).

At his time a report was published on the effect of incorporation of PbCl; into spin-cast
Pbl; films for subsequent use in a two-step fabrication procedure for perovskite solar
cells [23]. This report found that the addition of a small amount of PbCl; (10 mol%) to
the lead salt solution resulted in a slight increase in PCE, attributed to improved film
coverage. Increasing the PbCl; content to 50 or 75 mol%, however, resulted in a
notable decrease in PCE due to a reduction in FF, attributed to an increased resistivity
of the perovskite film. Notably, a poor FF is a significant problem for the devices
fabricated in this work. In addition to this report, during an informal talk with Pablo

Docamapo it emerged that his research group at Ludwig Maximillian University of
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Munich had attempted a two-step fabrication process based on PbCl; films and had also
been unsuccessful in the fabrication of high efficiency solar cells (data unpublished).
Given the above published and unpublished information, and having failed to achieve
average device efficiencies in excess of 5% it was decided that the two-step spray-dip
fabrication technique based on spray-coated PbCl; layers did not seem a promising
route to enhancing solar cell PCE and this work was thus discontinued. Device metrics
for average and champion solar cells from the highest efficiency batch fabricated using
this method are shown in Table 5.12. For these devices the thicknesses of the initial

PbCl; layer and converted perovskite layer were (240 + 30) nm and (470 + 50) nm

respectively
PCE (%) Jsc (mA/cm?) Voc (V) FF (%)
Average 4.45 £ 0.68 9.18+1.31 0.864 + 0.060 56.8+7.46
Champion 5.35 11.3 0.948 50.0

Table 5.12 Average and champion device metrics for the best batch of perovskite solar
cells fabricated using a two-step spray-dip processing method based on PbCl; layers.
Relative humidity during this experiment was ~40%. Errors given are standard

deviations.

5.8 Conclusions

This work has successfully demonstrated that organometal halide perovskite solar cells
can be fabricated using the roll-to-roll compatible technique of ultrasonic spray-coating
for deposition of the perovskite layer. Films were spray-cast from a solution of
MAI:PbCI; at a 3:1 molar ratio, dissolved in the solvent DMF, onto substrates held at
75°C (i.e. a ‘one-step’ process). A thermal anneal at 90°C for 90 minutes was then
applied in order to convert the precursor film to a perovskite layer with good
uniformity and high surface coverage, albeit with high surface roughness. Such films
were then incorporated into solar cells with an inverted architecture. These devices
had an average power conversion efficiency of 7.8% and a maximum efficiency of
11.1% after a 20 minute light soaking period during which Vo in particular was
enhanced. Minimal hysteresis in current density against voltage characteristics was

observed at scan rates from 0.3-2 V/s. Average efficiency was comparable to reference
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devices employing spin-cast perovskite layers, although the spread of device
performance was notably larger for spray-deposited films. No substantial differences
between spun and sprayed perovskite films are observed under scanning electron

microscopy or wide angle x-ray scattering.

Ultrasonic spray-deposition of the PEDOT:PSS hole transport layer in solar cells which
employed spray-cast perovskite photoactive layers has also been successfully
demonstrated, with no loss in average PCE in comparison to spin-cast PEDOT:PSS. A
two-solvent approach allowed uniform PC70BM electron transport layers to be
deposited via spray-coating, however it was not possible to successfully incorporate
these into high performance solar cells due to large reductions in Jsc and FF when thick
(>100 nm) PCBM layers, whether sprayed or spun, were processed in air. Whilst this
effect could somewhat be mitigated by applying thermal annealing protocols in a
nitrogen atmosphere after PCBM deposition, full efficiency could not be recovered.
Finally, a two-step perovskite fabrication procedure based on the immersion of spray-
coated PbCl; layers into MAI solutions was able to produce working solar cell devices,

however average efficiencies did not exceed 5%.
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Chapter 6: Characterizing the Formation of
CH3NH;3PbI3xClx Perovskite Films During Thermal
Annealing

6.1 Introduction

As discussed in Chapter 2, recent years have seen an unprecedented increase in the
power conversion efficiencies (PCEs) of perovskite solar cells together with notable
progress in their fabrication via commercially viable large-scale fabrication techniques
[1,2]. In parallel with these advances, there has been significant improvement in our
understanding of the underlying properties of these materials. This Chapter aims to
expand on this understanding by characterising the formation of the perovskite
CH3NH3Pbl3.4Cly during the thermal annealing in air of a precursor film deposited using
a ‘one-step’ spin-coating procedure. Both 2D grazing incidence wide angle and small
angle X-ray scattering (GIWAXS and GISAXS) measurements have been employed to
monitor the evolution of the film during in-situ annealing, providing access to the
dynamics of structural changes in the film over three orders of magnitude in length
scales. Ex-situ scanning electron microscopy (SEM) and device data from planar solar

cells employing nominally identical films are also presented.

In-situ 2D GIWAXS and 1D XRD have previously been used to investigate the dynamics
of both the two-step and one-step deposition methods in planar and mesoporous
architectures [3-6]. Planar layers deposited onto PEDOT:PSS have not, however, been
investigated via in-situ GIWAXS or XRD before. Thus far there has been limited use of
GISAXS to study the crystallization of organometal halide perovskites. Schlipf et al.
reported a detailed ex-situ GISAXS investigation of two-step fabrication of planar
CH3NH3Pbl3.4Cly films, concluding that length scales in the final perovskite films were
very similar to those of the initial Pbl; film and thus that controlling Pbl> morphology is
crucial in controlling the morphology of the final perovskite film [7]. Liao et al. used ex-
situ GISAXS to investigate CH3NH3Pblz deposited via both one-step and two-step
methods [8], observing evidence of pores within the perovskite crystal grains which
could subsequently be filled by the electron transporting material or hole transporting

material deposited onto the perovskite film. Their devices based on perovskite films

188



fabricated by the one-step process, however, displayed average PCEs of only 2.2%
owing to poor surface coverage. Since GISAXS is concerned with probing structure on a
length scale relevant to film morphology and coverage (nanometres to hundreds of
nanometres) it is likely that their conclusions may not extend to the more uniform
films required for high performance devices. The work presented here is thought to be
the first in-situ GISAXS study for perovsKite crystallization, as well as the first report of
GISAXS for one-step fabricated perovskite films capable of producing high efficiency

solar cells with average PCEs in excess of 10%.

6.2 In-Situ Grazing Incidence Wide Angle X-Ray Scattering
(GIWAXS)

Firstly the evolution in film structure as characterised by in-situ GIWAXS
measurements is considered. An MAIL:PbCl; precursor ink (3:1 molar ratio in DMF) was
deposited via a hot spin-coating process under ambient conditions (relative humidity
RH = 40-45%) onto Si/PEDOT:PSS substrates. The PEDOT:PSS layer was employed to
ensure that perovskite nucleation conditions were the same in both solar cells and X-
ray scattering samples, since it constitutes the hole transport layer in the inverted
architecture devices fabricated herein. Perovskite films had a thickness of ~400 nm.
Following spin-coating, the precursor films were immediately transferred to a sample
chamber for GIWAXS measurement and a single diffraction pattern was recorded at
room temperature as a reference (¢t = 0 min). Note that there was approximately a 2
minute (min) delay between spin-coating and the acquisition of this first image. After
acquisition of the initial image the hotplate temperature was raised to the desired
value (80°C, 90°C or 110°C) and films were heated in-situ for a period of up to 3 hours.
The hotplate experienced an overshoot of approximately 10°C upon heating, with its
measured temperature exceeding the target value within one minute for target
temperatures of 80°C and 90°C and within two minutes for a target temperature of
110°C. In all cases the measured temperature dropped to its intended value within 10
minutes of the acquisition of the first image. Further details of this temperature
overshoot are provided in Section 6.3 where the crystallization kinetics of the film are

explored.
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Figure 6.1 2D GIWAXS patterns recorded during an anneal at 80°C. Images are
presented at t = 0 min (a), 8 min (b), 45 min (c), 117 min (d) and 164 min (e). Part (f)
presents azimuthally integrated intensity profiles determined at these times. Part (g)
shows the evolution of the GIWAXS spectrum through the annealing process as a
contour plot of (normalized) azimuthally integrated intensity. Part (h) plots azimuthal
profiles for the q ~ 1 A1 diffraction peak during the anneal; a 5 point moving average

has been used in order to smooth the data.
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In Figure 6.1 a summary of the in-situ GIWAXS data for the 80°C annealing process is
presented. GIWAXS patterns are shown for ¢t = 0 (part (a)) as well as at the lowest
integrated intensity of the q ~ 1 A-1 perovskite scattering ring (8 min, part (b)), at 50%
of the maximum integrated intensity of this peak (45 min, part (c)), at the maximum
integrated intensity of this peak (117 min, part (d)) and at the end of the annealing

experiment (164 min, part (e)).

From Figures 6.1(a) and (b) it can be seen that the GIWAXS pattern for the precursor
film at early annealing times is characterised by a large number of diffraction rings
having a non-uniform intensity distribution in the azimuthal direction, indicative of a
polycrystalline sample with some degree of crystallite orientation present. In line with
previous reports, an unidentified crystalline precursor phase can be identified during
the early stages of the annealing process, as shown by the rings located around q = 0.45
A1 and q = 0.8-0.9 A1 [4,6]. As noted in Chapter 5, the diffraction peak at q ~ 1 Alis
widely attributed to the (110) plane of the tetragonal phase of the perovskite
CH3NH;3PblIz4Cly , although the (002) plane of the same structure, being located at q =
0.99 A1, may also provide a contribution to this feature [5,9-11]. It is apparent that this
broad feature having maximum intensity at q  1.00 A-is in fact composed of a number
of narrower peaks, with peaks evident at both q = 1.00 and 1.05 A-1. This observation is
consistent with the existence of a series of crystallites within the film having different
lattice constants, perhaps due to the coexistence of multiple perovskite phases [12,13].
At this point it is worth noting that the material commonly denoted CH3NH3PbI;..Clk
actually appears to be structurally similar to CH3NH3Pblz, as discussed briefly in

Chapter 2 [14,15].

Due to the relatively high ambient humidity in the experimental environment (RH =
40-45%), the yellow precursor film rapidly changed colour to grey during and
immediately after spin-coating. This colour change can be attributed to the formation
of perovskite upon exposure of the rapidly cooling precursor film to the ambient
atmosphere, as has been reported previously in the supplementary information of ref
[6]. Upon heating, the film returned to the bright yellow colour whilst, as can be seen in
Figures 6.1(a), (b), and (f), the intensity of the (110)-(002) diffraction ring dropped to
a minimum at ¢t = 8 min and the intensity of the precursor peaks increased, indicating a
return to the precursor phase. As the thermal anneal proceeded the intensity of the
perovskite (110)-(002) diffraction ring then increased, reaching a maximum integrated

intensity at t = 117 min. This was accompanied by a simultaneous reduction in the
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intensity of the peaks attributed to the crystalline precursor phase, indicating
transformation of the precursors into CH3;NH3Pblz.Cli. In Figure 6.1(g) it can be
clearly seen that the precursor peak at q ~ 0.45 A has all but disappeared by ~115
min, an observation also seen in the radial profile of the diffraction measurement at
117 min shown in Figure 6.1(f). At the longest annealing times a new peak attributed
to Pbl, emerges at q ~ 0.9 A1 [4,16,17]. Due to the overlap of this peak with the
precursor peaks it is difficult to quantify the exact time at which it emerges. The
growth of this feature occurs alongside a relative reduction in intensity of the peak at q
~ 1 A1, suggesting that decomposition of the CHsNH3Pbls«Cl, is taking place. Whilst this
effect is relatively limited for the 80°C anneal, it is more evident at the higher annealing
temperatures of 90°C and 110°C for which GIWAXS data is shown in Figures 6.3 and
6.4. In particular, the application of a 110°C anneal for 187 min leads to almost
complete decomposition of the perovskite, as can be seen in Figures 6.4(f) and (g).
The relatively prompt onset of perovskite decomposition observed here is likely
attributable to the high relative humidity during the experiment (RH = 40-45%) [4].
Although the effect of beam damage accelerating this process has not been ruled out, it
is notable that similar experiments performed under a dry nitrogen atmosphere do not
lead to such rapid degradation. Evidence of this can be observed in Figure 6.2 where,
after a 170 minute anneal at a temperature of 90°C, a film annealed in air can be seen
to have decomposed significantly, as evidenced by the large Pbl, peak at q ~ 0.9 A+
whilst only a small peak remains at q = 1 A1 Meanwhile, a comparable sample
annealed under nitrogen shows only a small lead iodide peak with most material

remaining as perovskite.
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Figure 6.2 Azimuthally integrated radial profiles at an annealing time of 170 min for
an annealing temperature of 90°C where the anneal has been undertaken in either air

(RH = 40-45%) or under dry nitrogen.

By comparing Figure 6.1(a) with 6.1(d) it can be seen that some of the preferential
crystallite orientation observed at early times persists throughout the annealing
treatment. To determine the extent of this observation, Figure 6.1(h) presents
azimuthal profiles of the X-ray scattering intensity for the feature at q ~ 1 A1 (i.e.
intensity vs azimuth y, where y is the azimuth of q, and g4 in scattering vector polar
coordinates with y = 0° at positive q, and y = 90° at positive qyy [18]). Data is presented
at various times during the annealing process, with each trace normalised to its
maximum intensity (at y = 6°). The scattering intensity is initially observed to be
greater close to y = 0° indicating preferential orientation of the (110) and (002)
perovskite planes in the out-of-plane direction. Note however, that a relatively small
population of CH3NH3Pbls.4Cly crystallites show in-plane orientation, as evidenced by
the intensity of X-ray scatter close to y = 90° During the annealing process the
preferential orientation persists largely unchanged, although X-ray scattering intensity
does increase slightly at intermediate angles of y, implying that the annealing drives a
slightly wider distribution of crystallite orientations relative to the structures formed
during preparation of the precursor film. Preferential out-of-plane orientation of the
(110)-(002) diffraction ring has previously been observed for planar CHzNH3Pbl; and
CH3NH3PbIz«Cl; films on compact TiO, and PEDOT:PSS respectively [19,20]. In
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contrast, preferential in-plane orientation has been observed for CH3NH3Pbl5.Clk films

fabricated on mesoporous Al,03 scaffolds [21].

Similarly to Figure 6.1, Figures 6.3 and 6.4 present summaries of the in-situ GIWAXS
data for the 90°C and 110°C annealing processes respectively. In both cases GIWAXS
images are presented at t = 0 min as well as at times corresponding to the lowest
integrated intensity of the g ~ 1 A1 perovskite scattering ring, 50% of the maximum
integrated intensity of this feature, the maximum integrated intensity of this feature
and the end of the annealing experiment. By making a comparison between these
Figures, and in particular between parts (f) and (g) it can be seen that, unsurprisingly,
the transformation from precursor to perovskite proceeds significantly faster at higher
temperatures. In addition, the subsequent degradation of the perovskite is accelerated
at higher annealing temperatures. Preferential out-of-plane orientation for the (110)-
(002) feature is observed at all temperatures, although at 110°C the level of
preferential in-plane orientation is increased and there is no increase in scattering

intensity at intermediate angles as the anneal proceeds.
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Figure 6.3 2D GIWAXS patterns for a 90°C anneal. Images are presented at t = 0 min
(a), 5 min (b), 26 min (c), 56 min (d) and 180 min (e). Part (f) presents azimuthally
integrated intensity profiles at these times. Part (g) shows the evolution of the GIWAXS
spectrum through the annealing process as a contour plot of (normalized) azimuthally
integrated intensity. Part (h) plots azimuthal profiles for the q ~ 1 A diffraction peak

during annealing, a 5 point moving average has been used in order to smooth the data.
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Figure 6.4 2D GIWAXS patterns for a 110°C anneal. Images are presented at t = 0 min
(a), 1 min (b), 3 min (c), 10 min (d) and 187 min (e). Part (f) presents azimuthally
integrated intensity profiles at these times. Part (g) shows the evolution of the GIWAXS
spectrum through the annealing process as a contour plot of (normalized) azimuthally
integrated intensity. Part (h) plots azimuthal profiles for the q ~ 1 A1 diffraction peak

during annealing, a 5 point moving average has been used in order to smooth the data.
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6.3 Crystallization Kinetics

Following the approach of Moore et al. [5], it is possible to determine the activation
energy E4 for CH3NH3Pbl34Clx formation due to isothermal annealing of an MAI:PbCl;
precursor film. Films were annealed at the three different target temperatures (80°C,
90°C and 110°C) and monitored via in-situ GIWAXS measurements. Relative changes in
integrated intensity of the q ~ 1 At diffraction peak observed in the GIWAXS
measurements were used to gauge the fraction of material transformed into the
perovskite structure. The scattering ring at g ~ 1 A1 was used as a measure of this since
it is by far the most intense peak arising from the perovskite material as well as being
clearly distinguishable from the Pbl, and precursor peaks. First it is necessary to define
the fraction of material transformed into perovskite at a given time t as x(t). Defining
x(t) = 1 to occur at the maximum integrated intensity, the value of integrated intensity
at other times is then normalised to this. For each diffraction measurement the
integrated intensity of the q ~ 1 A1 peak was calculated by peak fitting using four

Gaussians.

Making the assumption that the transformation from precursor to perovskite is a
direct, solid state transition the activation energy for an isothermal process can be

determined using equation {1} [22]:

Eq
In(ty — t1) = 2%~ ko + Bz — ) W

R

where ty, is the time at which the transformed fraction is x, E, is the effective
activation energy for the transformation, R is the ideal gas constant, T is the
temperature, ko is known as the “rate constant prefactor” or “pre-exponential factor”
and B is a property which depends upon the transformed fraction of the film (it is a
monotonic function of x) which is invariant with time/temperature. The final two
terms on the right of equation {1} are constants, thus by plotting In(¢t.-tx:) against 1/RT
one can expect to find a linear slope of gradient E,. Here values of x; = 0.2 and x> = 0.8
were used, since these incorporate the bulk of the transformation whilst excluding the
noisiest data. It should be noted that in this experiment the transformations were in
fact not quite isothermal due to an overshoot on the hotplate as the temperature is
raised. In order to account for this, the calculations presented here have used the

average recorded temperature during the relevant time period, that is during the time
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period from t, to tz where x; = 0.2 and x; = 0.8. For target temperatures of 80°C and
90°C these average values are the same as the target value due to the long annealing
times (slow transformation from precursor to perovskite). For the target value of

110°C, however, this average temperature during the transition was in fact 119°C.

Despite the imperfect experimental procedure arising from the overshoot of the
hotplate, particularly in the case of the highest temperature anneal, fitting to the data
extracted from the GIWAXS measurements gives an activation energy of (85 * 9)
k] /mol, a value very similar to the (86 + 6) kJ/mol found by Moore et al. for the same

material system. The plot used for the determination of E, can be seen in Figure 6.5(a).

The value of E, calculated above can then be used to fit an appropriate model to the
data. The Avrami equation, also known at the Johnson-Mehl-Avrami equation, is
commonly used to describe isothermal transformations and is applied here in the

common form
x(t)=1—eF" {2}
where n is the growth exponent (which relates to the dimensionality of growth) and

is the rate constant for the transformation [23][24]. Application of an Arrhenius-type

equation for the rate constant in a simple rate equation, as is standard, then gives [22]

_Ea
B = k(T)t = koe R 3}
Combining equations {2} and {3} one finds
x(6) = 1 — e~Choel T @

By treating n and ko as constants which can be adjusted as fitting parameters, equation
{4} can be fitted to the x(t) data extracted from the GIWAXS measurements. The results
of this fitting are presented in Figure 6.5(b) and Table 6.1. As is common for such
transformations an ‘S’-shaped curve is observed on graphs of x(t) against log(¢t). This
can be rationalised by considering the initial low rate of transformation to correspond
to a period of nucleation, which is then followed by rapid growth before the

transformation rate again drops off once the majority of the material has been
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converted. As can be seen in Figure 6.5(b) there is a good fit between model and data,

in particular in the case of the 90°C annealing temperature.
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Figure 6.5 A graph for determination of activation energy (a). Part (b) presents the fit
of the model to the data for all temperatures; filled circles are experimental data points
whilst lines show the results of the model. Note that the ‘110°C’ data has been labelled
as such for consistency but the average temperature during the transformation period

was actually 119°C, as discussed in the main text.

Anneal n Ko

Temperature (°C)

80 2.10 £ 0.10 (1.10 + 0.10) x 10°
90 2.63 £ 0.06 (9.15 + 0.05) x 108
110 1.76 £ 0.28 (9.94 + 0.61) x 108

Table 6.1 Best fit parameters for the different annealing temperatures. For

comparison, Moore reported values of n = 2.43 and ko = 4.1x1010.

Having introduced the concept of the transformed fraction of material at a given time,
x(t), it is now possible to present a more comprehensive demonstration of the
accelerated decomposition of the perovskite film when annealed under air as opposed
to under nitrogen (as discussed earlier with reference to Figure 6.2). Figure 6.6

presents a plot of x(t) against annealing time for both air and nitrogen annealing
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environments, where the accelerated degradation under ambient conditions can very

clearly be seen.
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Figure 6.6 A plot of the transformed fraction of material, x(t), against annealing time

for an annealing temperature of 90°C under different environmental conditions.

6.4 In-Situ Grazing Incidence Small Angle X-Ray Scattering
(GISAXS) and Ex-Situ Scanning Electron Microscopy (SEM)

The use of GISAXS measurements to monitor the evolution in film structure during
thermal annealing complements the wide angle dataset by characterising the sample at
q values as low as 10-3 A-1. In real space this corresponds to length scales as large as
~400 nm, a size that is potentially commensurate with that of individual perovskite
grains [25-29]. Measurements were performed under nominally identical conditions to
the GIWAXS measurements, although relative humidity was slightly higher (RH = 45-
50% as opposed to 40-45% during the GIWAXS experiments). Perovskite films were
spin-cast onto glass/ITO/PEDOT:PSS substrates before being immediately transferred
to the hotplate which was already at the setpoint temperature. There was

approximately a 90 second delay between spin-coating and the acquisition of the first

image (t = 0 min).
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Quantitative analysis of GISAXS measurements is typically undertaken by modelling
the data using the Distorted Wave Born Approximation (DWBA) to simulate scattering
from periodic features in the film under investigation [30]. An attempt at modelling the
data presented herein was undertaken by Dr David Babonneau at Université de
Poitiers, France. Unfortunately, due to the irregular shape and large size distribution of
grains in the films (as can be seen in the SEM images of nominally identical films shown
in Figures 6.8 and 6.9) it was not possible to achieve a good fit to the data at low q
values. Nevertheless, whilst a quantitative analysis has not been possible, a qualitative
analysis can still provide useful information on the evolution of the film during the
annealing process. Assistance in this qualitative analysis was kindly provided by Dr

Babonneau.

Line profiles in qy were taken at the Yoneda Peak for each image [31]. The evolution of
the GISAXS scattering intensity in qy during a thermal anneal at 80°C is shown in
Figure 6.7(a). It can be seen that for annealing times longer than around 60 minutes
there is an increase in intensity at lower q values, although the shape of the spectrum
remains quite similar throughout the process. By plotting the data in terms of the
change in scattering intensity relative to that recorded at t = 0 min, it is possible to
more easily observe changes in the scattering spectrum as a function of time during
thermal annealing, as shown in Figure 6.7(b). It can be seen that during the first 30
min of annealing, the intensity at all qy values is slightly lower than that observed at t =
0, and that no clear features can be identified. At t > 40 min, there is an increase in
intensity at qy values below ~0.02 A-1, corresponding to length scales greater than ~30
nm. This increase in intensity gradually manifests itself as a peak in the spectrum
centred at ~0.005 A1, corresponding to a length scale of ~130 nm. Note that the lower
bound of the data presented here is at q, = 1.54 x 103 A1, corresponding to a length
scale of approximately 400 nm. These measurements thus suggest that as the
perovskite is formed from the crystalline precursor phase, there is an increase in the
fraction and number of structures within the film having length scales in the range 30
to 400 nm, and in particular an increase in the number of structures having length

scales between 100 and 150 nm.

Plotting the logarithm of scattering intensity against q2 at low q values (known as a
Guinier analysis) allows for further qualitative analysis [30]. This is shown for gy in
Figure 6.7(c), whilst Figure 6.7(d) presents a similar plot for g (taken at gy = 0.003 A-

1). As the annealing process proceeds, the slope of the curve close to q, = 0 (Figure
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6.7(c)) decreases, a feature attributable to a decrease in the average (lateral) diameter
of the scatterers in the film. Similarly, an increase in the slope after the Yoneda peak in
gz as seen in Figure 6.7(d), indicates an increase in the average height of the grains.
Together, these observations suggest a change in the aspect ratio of crystal grains
during the annealing and transformation process. Finally, the shift of the Yoneda peak

towards larger g, values can be attributed to an increase in the density of the film.
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Figure 6.7 Evolution of the GISAXS data slice in gy during an 80°C thermal anneal (a)
and the same data presented as a relative intensity as compared to the data at 0
minutes (b). The Guinier analysis for data slices in qy and q, are shown respectively in
parts (c) and (d). Parts (e) and (f) respectively show detector data for annealing times
of 0 min and 120 min; the slight shading on the right side of the feature is due to the

beam-stop, data was thus taken from the left side of the scattering feature.
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In order to further investigate these changes in length scales, nominally identical films
were annealed at 80°C for various lengths of time under a relative humidity of ~45%
before being imaged via scanning electron microscopy (SEM) and atomic force
microscopy (AFM). From the SEM images presented in Figures 6.8 and 6.9 it can be
seen that as the annealing time is increased from 60 to 120 min the film morphology
evolves from one dominated by large micron sized grains separated by significant
voids to one composed of many features at smaller length scales (hundreds of nm). At
annealing times longer than 120 min the film morphology appears to stabilise and
remains comparatively unchanged with further annealing. The decrease in apparent
grain size and increase in the quantity of features with length scales of hundreds of nm
during the period from t = 60 to 120 min is commensurate with the qualitative analysis
of the GISAXS measurements described above. Atomic force microscopy images of the
perovskite surface, as shown in Figures 6.10 and 6.11, further confirm this evolution
in length scales within the perovskite film during annealing. Note that films annealed
for times of less than 60 minutes were not sufficiently stable to be imaged via SEM or

AFM.

The change in length scales during the period from ¢t = 60 to 120 min is accompanied by
an increase in the film surface coverage from ~80% to ~95%. This process is of
particular importance due to the necessity of high surface coverage for the fabrication
of high performance solar cells. Low surface coverage due to large voids in the
perovskite film can be expected to lead to a reduced efficiency in solar cells due to both
reduced light absorption (reduced Js¢) and additional leakage paths resulting in a
reduction in shunt resistance (reduced Voc and FF) [32,10]. The evolution of the film to
the more continuous morphology as observed at longer annealing times appears to be
linked to the change in length scales as evidenced by the GISAXS data. In particular, the
largest changes in GISAXS data and observed film morphology both occur in the period
from t = 60 to 100 min. This evolution is likely to be critical in the formation of the
continuous and uniform films necessary for high performance perovskite solar cells

prepared using a one-step process.
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Figure 6.8 Scanning electron microscopy images of films annealed at 80°C for periods
of 60 (a), 80 (b), 100 (c), 120 (d), 140 (e) and 180 (f) min. Red scale bars correspond
to 5 um.
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Figure 6.9 High magnification scanning electron microscopy images of films annealed
for periods of 60 (a), 80 (b), 100 (c), 120 (d), 140 (e) and 180 (f) min. Red scale bars

correspond to 1 pm.
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Figure 6.10 Atomic force microscopy images of films annealed at 80°C for periods of
60 (a), 80 (b), 100 (c), 120 (d), 140 (e) and 180 (f) min. Root mean squared surface

roughness values for the measurements are 68, 51, 58, 42, 47 and 47 nm respectively.
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Figure 6.11 Atomic force microscopy images of films annealed at 80°C for periods of

80 (a), 100 (b) and 120 (c) min.

In comparison to the results obtained during an anneal of the precursor film at 80°C, a
higher annealing temperature produces a more marked change in the shape of the
scattering spectrum. This can be seen in Figure 6.12 which shows the scattering
intensity at various times during an anneal at 115°C. Large changes in the scattering
spectrum at early annealing times can be attributed to the rapid transformation of the
film from precursor to perovskite at an elevated temperature, as observed from the
GIWAXS measurements. The morphology of such films, however, is characterised by
significant voids at all annealing times, as can be seen in SEM images of nominally
identical ex-situ samples (presented in Figure 6.13). These films can thus be expected
to lead to poor efficiencies when utilised in solar cells, and, as detailed in Chapter 5,
previous reports have found that annealing temperatures in excess of ~100°C do

indeed lead to reduced solar cell performance [16,32].
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Figure 6.12 Evolution of the GISAXS data slice in qy during a 115°C thermal anneal (a)
and the same data presented as a relative intensity as compared to the data at 0

minutes (b) and as a Guinier plot (c).
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Figure 6.13 Scanning electron microscopy images of films annealed at 115°C for

periods of 10 (a), 20 (b), 40 (c), 60 (d), and 80 (e). Red scale bars correspond to 5 pm.

6.5 The Role of Annealing Treatments on Device Performance

In order to correlate solar cell performance with the evolution of perovskite films
during the annealing process, films nominally identical to those used for the X-ray
scattering measurements were fabricated into complete perovskite solar cells having
the structure ITO/PEDOT:PSS/CH3NH3Pblz4Cl,/PC70BM/Ca/Al. Perovskite films were
annealed at 80°C under a relative humidity of ~45% for lengths of time varying from

80 to 180 min. 3 substrates (containing a total of 12 devices) were fabricated for each
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annealing time. Results shown are from a reverse JV scan at a scan rate of 0.5 V/s; no
light soaking was used as it was not found to improve the performance of the devices.
Device metrics for the resulting solar cells are presented in Table 6.2. Histograms
showing the spread of device performance for each annealing condition are presented
in Figure 6.14(a) whilst current-density against voltage curves for typical devices are
shown in Figure 6.14(b). Films annealed for less than 80 min could be seen by eye to
have not fully converted to perovskite and can thus be expected to exhibit poor device
performance as well as limited device lifetime. As the annealing time increased from 80
to 100 and then 120 min, average device power conversion efficiency (PCE) increased
from 7.8% to 10.7% and finally 12.2%. This improved efficiency arises due to an
increase in short circuit current density (Js¢) from 15.8 to 17.2 and finally 18.4 mA/cm?,
and an increase in fill factor (FF) from 50.6 to 64.0 and then 68.8%. At annealing times
longer than 120 min, PCE began to reduce with all device metrics undergoing a

reduction.

The observed trends in device performance can be understood with reference to the
GISAXS, GIWAXS and SEM data presented above. Initial increases in performance can
be attributed to the combined effect of two processes. Firstly, the increased annealing
time leads to an increase in surface coverage and a reduced number of voids and
pinholes in the film, resulting in an enhanced Jsc and FF. Concurrently there is a more
complete conversion of precursor materials to the perovskite, and indeed the
maximum efficiency of devices corresponds closely to the annealing time at which the
integrated intensity of the q ~ 1 A1 GIWAXS diffraction peak takes its maximum
integrated value (117 min). This correspondence is confirmed in Figure 6.13(c),
where PCE and x(t) (the fraction of transformed material as defined in Section 6.3) are
presented as a function of annealing time. Finally, at long annealing times the
perovskite begins to undergo decomposition into various products including lead
iodide, as observed via the in-situ GIWAXS data, leading to a reduction in device

performance as might be expected.
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Annealing PCE (%) (max) Jsc (mA/cm?) Voc (V) FF (%)
Time (min)
80 7.8+1.0(9.2) 15.8+0.9 0.979 £ 0.006 50.6 + 3.7
100 10.7 £ 0.5 (11.3) 17.2+0.3 0.972 £ 0.004 64.0 £ 3.0
120 12.2+£0.3(12.7) 18.4 £ 0.1 0.966 + 0.004 68.8+1.2
140 11.9+0.2 (12.2) 18.3+£0.1 0.951 + 0.005 68.4 £0.7
180 8.8+0.5(9.4) 17.5+0.2 0.893 £ 0.012 56.7 £3.2

Table 6.2 Solar cell performance for devices employing perovskite layers annealed at

80°C for lengths of time from 80-180 minutes.
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Figure 6.14 Histograms of solar cell power conversion efficiency for devices

employing perovskite layers annealed at 80°C for lengths of time from 80-180 minutes

(a) and current-density against voltage curves for typical devices (b). Part (c) shows

PCE and x(t) as functions of annealing time.
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In order to confirm that no significant hysteresis is observed in the current density
against voltage characteristics for these devices, forward and reverse scans were
performed on a typical pixel annealed for a period of 120 min. As can be seen in Figure

6.15 the device exhibits minimal hysteresis for the scan rate used (0.5 V/s).
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Figure 6.15 Forward and reverse scans of a typical perovskite solar cell in which the

perovskite layer has been thermally annealed at 80°C for 120 minutes.

6.6 Conclusions

A variety of in-situ and ex-situ techniques have been utilised in order to characterise
the formation of the perovskite CHsNH3PblIz«Clx during the thermal annealing in air of a
precursor film deposited using a ‘one-step’ spin-coating procedure. Through in-situ
GIWAXS measurements the evolution of a crystalline precursor film into the perovskite
structure and the subsequent decomposition of the perovskite could be monitored. The
activation energy for the transformation from precursor to perovskite has been
calculated to be (85 + 9) k]J/mol, a value in line with a recent report on the subject.
Preferential orientation in the out-of-plane direction is observed throughout the
annealing process at all annealing temperatures investigated. In-situ GISAXS
measurements show that during a thermal anneal at 80°C there is an evolution in

length scales within the film, with a large increase in features having size in the
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range 30-400 nm. Concurrently there is a change in the aspect ratio of grains due to a
decrease in lateral diameter and an increase in height, as well as an increase in the
density of the film. This evolution in length scales is correlated with an increase in
film surface coverage which is known to lead to improved device efficiency.
Devices fabricated using perovskite films annealed at 80°C for lengths of time from
80 to 180 min show efficiencies which can be explained on the basis of in-situ X-ray
scattering and ex-situ SEM measurements with an optimised annealing time

resulting in devices having an average PCE of 12.2%.
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Chapter 7: Conclusions and Further Work

7.1 Conclusions of Work Undertaken

Whilst many advances have been made in the field of solution processed solar cells,
there is still much work to be done if they are to fulfil their potential and reduce the
cost of commercial photovoltaic devices. A number of barriers exist to the
commercialization of these devices, including the costly and mechanically brittle
nature of the electrode material indium tin oxide, the use of solution deposition
techniques which are not compatible with large-scale roll-to-roll production, and a lack
of understanding of the physical properties of promising new semiconducting
materials such as organometal halide perovskites as well as how such properties relate

to PV device performance. Here I have attempted to explore solutions to these issues.

In Chapter 4 multilayer oxide/metal/oxide semi-transparent electrodes were
investigated as a replacement for indium tin oxide, with TeO./Ag/Mo03; (TAM) and
MoO3/Ag/Mo0O3 (MAM) multilayer electrodes being fabricated. At low thicknesses of
the silver film the TAM electrodes exhibit significantly higher transmittance as well as a
lower sheet resistance than their MAM counterparts, attributable to the formation of a
more continuous silver film on the TeO; seed layer. Due to this effect, the percolation
threshold for the TAM structures occurs at 8 nm as compared to 10 nm for the MAM
structures. The optimised TAM electrodes thus have an average transmittance of
77.1% over the wavelength range 350-700 nm whilst the optimised MAM electrodes
have a reduced average transmittance of 71.7% over the same range. When applied as
the transparent front electrode in PCDTBT:PC70BM polymer solar cells, the higher
transmittance of the TAM electrode leads to an enhanced Js¢ and thus an enhanced PCE,

although both indium-free electrodes are outperformed by their ITO counterpart.

Chapter 5 presented the first published work on employing a solution-processing roll-
to-roll compatible deposition technique for the fabrication of the photoactive layer of a
perovskite solar cell. Following an optimisation process, such devices exhibited
average power conversion efficiencies of 7.8%, a value comparable with spin-coated

reference devices. Maximum power conversion efficiency was 11.1%, the highest
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reported PCE for a spray-coated solar cell at that time. Devices exhibited a light soaking
effect which enhanced PCE largely due to an increased Voc. No substantial differences
between spun and sprayed perovskite films were observed under scanning electron
microscopy or wide angle X-ray scattering. Ultrasonic spray-deposition of the
PEDOT:PSS hole transport layer in solar cells which employed spray-cast perovskite
layers was also successfully demonstrated, with no loss in average PCE in comparison
to spin-cast PEDOT:PSS. A two-solvent approach allowed uniform PC70BM electron
transport layers to be deposited via spray-coating, however it was not possible to
successfully incorporate these into high performance solar cells due to large reductions
in Jsc and FF when thick (>100 nm) PCBM layers were processed in air. Finally, a two-
step perovskite fabrication procedure based on the immersion of spray-coated PbCl;
layers into an MAI solution was able to produce working solar cell devices, however

average efficiencies did not exceed 5%.

In Chapter 6 a variety of in-situ and ex-situ techniques were employed in order to
study the formation of CH3NH3Pblz..Cly during the thermal annealing in air of a
precursor film deposited using a one-step spin-coating technique. In-situ GIWAXS
measurements allowed the evolution from crystalline precursor to perovskite to be
studied and for the activation energy of this transformation to be determined as (85 *
9) k]J/mol. Preferential out-of-plane orientation was observed for both the precursor
and perovskite crystallites and persisted throughout the annealing process. In-situ
GISAXS measurements showed that during a thermal anneal at 80°C there is an
evolution in length scales within the film, with a large increase in crystallites having
sizes in the range 30 to 400 nm. Concurrently the average height of such crystallites
appears to increase. This evolution in length scales is correlated with an increase in
film surface coverage, as evidenced by scanning electron microscopy images, which
is known to lead to improved device efficiency. Devices fabricated using perovskite
films annealed at 80°C for lengths of time from 80 to 180 min showed efficiencies
which can be explained by the in-situ X-ray scattering and ex-situ SEM
measurements. An optimised annealing time for such films lead to an average
efficiency of (12.2 £ 0.3)%.
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7.2 Further Work

A clear extension of the work in Chapter 4 would be to undertake an investigation of
the origin of the V¢ loss which was observed in polymer solar cells employing indium-
free multilayer electrodes. It is hoped that this would allow for a reduction in the Vy¢
loss, leading to a notable enhancement in PCE for the indium-free devices. Another
obvious and worthwhile extension of this work would be to utilise flexible substrates
for fabrication of the electrodes, and to undertake a test of their performance after
repeated bending cycles at different bending radii. Finally, the application of these
electrodes to other polymer:fullerene blends that exhibit higher PCEs could be
undertaken, and the fabrication of spray-coated perovskite solar cells on flexible,
indium-free electrodes would provide a very nice link to the work on perovskite

devices presented in Chapter 5.

Within the scope of applying ultrasonic spray-coating to the fabrication of perovskite
solar cells, as discussed in Chapter 5, there are a myriad of further investigations to be
undertaken, many of which are currently underway at Sheffield. An improvement in
device PCE for the one-step process is a clear objective, for example by utilising higher
purity materials. More thorough optimisation of annealing temperature and PCBM
thickness may also lead to enhancements in efficiency. More significantly, a transition
to the normal, rather than inverted, architecture might well increase PCE and would
certainly be worthwhile as a proof of concept in any case. A detailed investigation of
the effect of humidity on film formation and device performance could also prove
interesting owing to the particulars of the film formation processes. There are also a
wide variety of novel processes used in recent literature on spin-coated devices which
could potentially be transferred to spray-coated devices to improve their efficiencies.
Such processes include the addition of additives such as HI or DIO to the precursor
solution [1], the application of novel perovskite materials such as formamidinium lead
trihalides [2], alternative annealing procedures such as vacuum-assisted annealing and
‘flash’ annealing [3,4], the application of solvent annealing [5,6], Lewis-base

passivation [7] and so forth.

More directly related to the work presented here, further investigations to uncover the
causes of the observed light soaking effect for spray-cast perovskite solar cells as well
as the loss of performance for air processed PC70BM would be of interest. Any

improvement in the smoothness of the perovskite layer may also reopen the possibility
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of the successful deposition of PCBM via spray-coating in air by allowing the use of a
thinner PCBM film. Finally, transfer of the ultrasonic spray-coating procedure to a
nitrogen environment would be advantageous in allowing exploration of materials

which require processing under an inert environment.

With regards to further in-situ X-ray scattering work as extensions to Chapter 6, it
would be interesting to investigate the very earliest stages of the film formation during
different deposition procedures. In-situ deposition via spray-coating whilst performing
X-ray scattering would, for example, allow characterisation of the film during its drying
phase and the initial formation of the precursor structure. An attempt at this
experiment was in fact made during the course of this work, using a simple pneumatic
nozzle rather than the ultrasonic system employed in Chapter 5. Unfortunately
however, a number of experimental issues were encountered with the set-up including
excessive movement of the substrate during solution deposition as well as
contamination and clogging problems with the spray-head, and a repeat of this

experiment with improved methods has yet to be undertaken.
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