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“I believe there is no philosophical high-road in science, with epistemological signposts. No, we are in

a jungle and find our way by trial and error, building our road behind us as we proceed.”

Max Born (1882-1970)
“Civilization is in a race between education and catastrophe. Let us learn the truth and spread it as

far and wide as our circumstances allow. For the truth is the greatest weapon we have.”

H.G. Wells (1866-1946)



Abstract

The work documented in this thesis concerns optimization of stacks of semiconducting ma-
terials for photovoltaic purposes. Hybrid organic-inorganic metal halide perovskite (MHP)
is a promising semiconducting material for thin film solar cells, offering both high solar to
electrical energy conversion efficiencies and cheap fabrication costs. However, several issues
have so far acted as constraints to development of the technology such as sensitivity of com-
monly pursued fabrication techniques to atmospheric moisture and use of high temperature-
processed porous metal oxides which add to manufacturing costs and are incompatible with
high-throughput roll-to-roll processing on flexible substrates. In addition, many of the pro-
totypical charge selective materials used to achieve high performance are known to be in-
herently reactive with perovskites, especially in the presence of oxygen, moisture and even
ultraviolet light in some cases. In order to fully realise the potential of perovskite solar cells
it would be extremely advantageous to improve device performance, reproducibility and
stability in uncontrolled humid environments; both from the perspective of commerciali-
sation and of rendering the technology accessible to less specialist research labs. Initially,
work focuses on finding optimal electron selective materials for planar solution processed
perovskite devices under humid conditions. It is found that many of the most commonly
used metal oxides are not well suited to the task, presenting large barriers to charge extrac-
tion resulting in low photocurrents. In addition, zinc oxide is found to accelerate perovskite
decomposition to varying degrees depending on the method used for thin film fabrication.
On the other hand, introduction of solution-processed Cgg as a surface modifier is found to
reduce the barrier to charge extraction for all of the metal oxides studied. Consequently, ef-
forts are made to avoid metal oxide electron transport layers (ETLs) by optimizing Cgp-based
ETLs. Thin layers of the polymer polyethyleneimine (PEI) are found to be effective in achiev-
ing consistently high photovoltaic conversion efficiencies (PCE) with champion cells deliv-
ering over 15.2mW /cm? under AM1.5 illumination. Furthermore, these polymer-fullerene
bilayers are demonstrated to be versatile ETLs by fabricating flexible photovoltaic devices on
ITO-coated PET and PEDOT:PSS-coated PET as well as aluminium-doped zinc oxide (AZO)

as a low cost solution-processed alternative to ITO. PEl is also found suitable for stabilizing
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graphene at concentrations of approximately 0.66mg/mL in butanol, thereby permitting the
deposition PEI-graphene composite films via spin coating. Optimized composites act as an
effective barrier to perovskite decomposition whilst maintaining high PCE. Introduction of
PbCl, into perovskite precursor mix improved both photocurrent output and open circuit
voltage for devices made using single-step deposited perovskite via solvent-solvent extrac-
tion, although two-step deposition ultimately led to less cell-to-cell variability. Addition
of 30 weight% lead chloride (PbCl,) is found to be crucial in guaranteeing full perovskite
crystallization in highly humid environments, leading to much improved batch-to-batch re-
producibility. Higher PbCl; content is also demonstrated to improve performance of devices
based on transparent AZO electrodes deposited by spray pyrolysis. Cells showed good sta-
bility, retaining 75% of initial PCE after over 600 hours of storage in ambient without en-
capsulation. Performance reproducibility issues are also raised regarding the hole transport
layer (HTL) P3HT, with carbon nanotube (CNT)-PMMA composite layers found to give con-
sistently high photocurrents. Champion devices with HTL stacks of P3BHT / CNT / PMMA
delivered a PCE of 16.2% and outperformed P3HT-only HTLs by maintaining 80% of ini-
tial PCE after 900 hours. A thicker PEI-Cgy ETL is also demonstrated to improve device fill
factor leading to a stabilized PCE of 15.5% for P3HT-free devices containing only thin CNT-
PMMA HTLs. Finally, efforts are made to incorporate graphene as a p-doped material for

hole transport.
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1 Introduction and Thesis Outline

1.1 Motivation

FIGURE 1.1: View of Earth from the Moon taken during the Apollo 11 mis-
sion.

Scientific and technological breakthroughs made in the last couple of centuries have led
to an apparent dichotomy in the modern world. On the one hand, humankind has learnt
of the interconnectedness of all matter on our tiny fragile world. On the other hand, the
tools of science and engineering have largely been used to exploit and destroy in the name
of security and progress. There is strong evidence to suggest that humanity is heading for
catastrophe. The famous "Doomsday Clock" set by the Bulletin of Atomic Scientists primar-
ily to assess the risk of imminent global destruction by nuclear weapons was set to 2 minutes
to midnight in 2018. In addition to increasingly hostile rhetoric by leading politicians and
nations’ investments in their nuclear arsenals, the perils posed by anthropomorphic climate

change was cited as a contributing factor to moving clock to the closest it has ever been
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to midnight [1]. It is becoming widely accepted that the Earth is entering a new geologi-
cal epoch characterised by human activities and domination over its surface, atmosphere,
oceans and systems of nutrient cycling [2] [3]. Formalization of the so-called Anthropocene
hinges on whether the effects of humans on the biosphere and geosphere are substantial
enough to appear in rock strata as many scientists now believe to be the case. Concern
stems largely from measurements of global atmospheric carbon dioxide (CO;) levels. CO,
is the most important long-lived greenhouse gas (GHG), absorbing thermal infrared energy
radiated from the Earth’s surface and releasing it gradually. The example of baking tem-
peratures on the surface of Venus illustrates the dangers of a runaway greenhouse effect. In
the 1960s Dave Keeling demonstrated annual oscillations in CO, superimposed on a rising
background which has since come to be known as the Keeling curve as shown at the top of
Figure 1.2. Ice core data has revealed that this relentless rise in recent years has resulted in
COq levels not seen in over a million years (bottom of Figure 1.2). In fact the last time that
global atmospheric CO, was at a comparable level was more than 3 million years ago, when
global average temperature was 2 °C to 3 °C higher than pre-industrial levels and sea level
was 15-25 meters higher than today [4]. There is growing concern from some in the scientific
community that the 2 °C "Charney Sensitivity" (response of the climate system to a doubling
of CO; concentrations including all fast feedbacks) upon which Intergovernmental Panel on
Climate Change (IPCC) work is based, is an underestimate. Even the figure of 2 °C has been
suggested as being highly dangerous based on a combination of paleoclimate data, climate
modelling and modern observations [5]. This conclusion is even more alarming when it is
considered that climate sensitivity may vary nonlinearly, being significantly higher during
warm phases [6]. Furthermore, in addition to loss of albedo and direct heating as a result
of retreating ice sheets, the melting of permafrost may release huge quantities of methane
which is itself a much more potent GHG than CO; [7]. These factors have so far proven dif-
ficult to quantify but that only adds to the conservative nature of predictions made to date.
As if this wasn’t enough, there are worrying signs that entire ecosystems may be collaps-
ing with for example an estimated loss of between 76% and 82% in flying insect biomass in
Germany over the last 27 years [8] prompting talk of Earth’s ongoing sixth mass extinction
event which may have dire consequences for human civilization [9].

Given the central position of fossil fuels in the global economy, it may be argued that
the single most important measure that can be taken to combat the crisis is to replace CO,
producing fossil fuels with clean sources of energy. Not only is this important from an en-
vironmental point of view but also from an economic standpoint as fossil fuels are a finite

resource that is being depleted by an ever growing demand for energy. Many countries have
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FIGURE 1.2: Variation in atmospheric carbon dioxide levels in parts per mil-
lion (ppm) over the past 60 years (top) [10] and over the last 800,000 years
(bottom) [4].

made pledges to this end, with the Parliament of the European Union for example having re-
cently voted to double Europe’s 2015 renewable energy levels by 2030. However, care must
be taken in this regard as scientists have warned that the European directive, which treats
wood harvested directly for bioenergy use as a carbon-free or carbon-neutral fuel, would
likely accelerate deforestation and result in a net increase in atmospheric-CO; [11]. Solar and
wind energy on the other hand are advocated as more effective alternatives, with solar costs
already dropping below $US 0.02/kWh in some locations thereby making it more attractive
for electricity generation in particular, even with bioenergy’s incorrect GHG accounting [12]
[11].

Looking at the energy landscape today, it can be seen that renewables are providing
more and more energy with an estimated total contribution in 2017 of 2195 Gigawatts as
shown in Figure 1.3. Looking at the breakdown of different technologies it can be seen that
most of the growth in recent years has been in the use of solar photovoltaic (PV) and wind
power. However, considering renewable energies as a share of global electricity production
at the end of 2017 shows that fossil fuels still make up the lion’s share of global production
with solar PV accounting for less than 2%. This is a highly inefficient situation when one
considers that with the exception of geothermal and nuclear fission, the entire spectrum

from non-renewable fossil fuels to medium-term renewable biomass and on to renewables



4 Chapter 1. Introduction and Thesis Outline

such as wind, wave, tidal, hydro and solar power all ultimately derive their energy from

light radiating from the Sun.

Global Renewable Power Capacity, 2007-2017
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FIGURE 1.3: Global renewable power capacity between 2007 and 2017 (top)
and estimated breakdown by energy technology of global electricity produc-
tion at the end of 2017 (bottom) [13].

It therefore follows that effectively tapping even a modest fraction of the energy con-
tained in sunlight would meet the world’s needs. For example, covering just 0.3-0.4% of the
Earth’s surface with photovoltaic devices operating at a 20% light-to-electricity conversion
efficiency would meet current global requirements. Not only is such an efficiency attainable
with commercial modules but maximum theoretical efficiencies are as high as 31-33% [14]
for what are called single junction devices and efficiencies of 40-43% should be attainable in
a so-called "tandem" device by stacking materials in a multi-junction arrangement [15]. Al-
though module costs have dropped substantially in recent decades, high efficiency devices
currently available remain expensive to process and fabricate (particularly tandem cells) re-
sulting in long payback times. This is the main factor hampering widespread adoption of
solar PV and highlights the need to develop even lower cost solar cells with high efficiencies.
In order to achieve this goal, it would be extremely advantageous to use photovoltaic materi-
als that are both abundant and can be dispersed or dissolved in appropriate solvents. In this

way, inks or paints of these materials could ultimately be deposited using high throughput
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printing techniques which would dramatically lower device fabrication costs.

In recent years, many candidate materials having one or the other of these characteristics
to varying degrees have been identified and studied as detailed in Chapter 3. Of these, hy-
brid organic-inorganic perovskite semiconductors have shown particular promise by com-
bining optoelectronic properties similar to many of the inorganic devices used commercially
with easy solution-processability and abundance of their constituent elements. Champion
device efficiencies for perovskite solar cells have already surpassed the 20% mark, thereby
fulfilling one of the major requirements for commercial application. However, long-term sta-
bility of the technology has yet to be definitively demonstrated, with most of the highest effi-
ciencies having been reported using device structures and materials that are inherently reac-
tive upon exposure to moisture, oxygen and light. In addition, sensitivity of the perovskite
material to processing conditions (particularly humidity level) has resulted in reliance on
carefully controlled environments and glovebox conditions to guarantee high performance.
These are both obstacles to rapid commercialisation of the technology. Another family of
materials that has been much studied in the field of photovoltaics is that of low dimensional
carbon allotropes, as they display many superlative optoelectronic properties in addition
to impressive mechanical strength and chemical stability. Much less explored on the other
hand is the potential for carbon nanomaterials to enable simple low-temperature fabrication
and operation of perovskite devices under ambient (humid) conditions. Atmospheric car-
bon (in the form of CO;) is significant danger to the continued existence of organised human
life; how fitting it would be if (nanostructured) carbon was also the source of humanity’s sal-

vation.

1.2 Thesis outline

Given the needs outlined in the previous section, the work in this thesis will focus on opti-
mizing the performance of planar perovskite solar cells using simple processing techniques
in uncontrolled humid conditions. A variety of materials are examined for use in device
stacks with the general aim of minimizing fabrication cost. Chapter 2 introduces the princi-
ple materials used in devices fabricated over the course of the project. A general overview of
the development of photovoltaics is first given before introducing some of the major charac-
teristics and challenges associated with perovskite solar cells. A brief history on the discov-
ery and processing of carbon nanomaterials is then covered as is their applicability towards
photovoltaic devices. Chapter 3 explains the physics of charge transport in organic and inor-

ganic materials before introducing the basics of light-matter interactions and the behaviour
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at junctions of different materials. The main techniques used to process and characterise
devices are also covered. Experimental results are grouped largely by device layer, although
some overlap exists between chapters due to the iterative nature of device optimization.
Chapter 4 deals with establishing an effective electron accepting and hole-blocking layer for
planar devices. Zinc oxide nanoparticles (ZnO-NPs) are first examined as a candidate elec-
tron transport layer (ETL) material in low-temperature processed devices. Spray pyrolysis
and sputter coating are also considered to deposit ZnO and titanium dioxide (TiO;) films.
Solution-processed Cg is also investigated both in conjunction with the metal oxides or sim-
ply with thin polymer layers. Liquid-phase exfoliated (LPE) graphene is then studied as a
dopant to improve the barrier properties of otherwise insulating polymer layers. Chapter
5 focusses on optimization of solution-processed perovskite films in humid environments.
Single-step deposited layers are studied first, varying the ratio between organic and inor-
ganic precursors as well as the halide composition to determine the effect on optical and
electrical performance. Chapter 6 looks at improving the hole transport layer by addition
of carbon nanotubes. Several methods are developed and implemented to obtain polymer-
nanotube composites and the advantages and disadvantages of each relating to devices are
discussed. Efforts to p-dope graphene for application as top contact in regular architecture
devices are also made. Conclusions from all of the work carried out are drawn in Chapter 7

and used to outline future work.



2 Materials and Background

2.1 Overview of solar cell development

2.1.1 Three generations of photovoltaics

Humans have been harnessing the power of the Sun in various forms for millennia. There
are numerous accounts from antiquity of reflective surfaces being used to concentrate sun-
light to light fires, such as the famous example of the Greek philosopher Archimedes who
used the polished bronze shields of the defenders of Syracuse to set fire to Roman vessels
besieging the city in 212BC. However, for most of recorded history the energy extracted
from sunlight was restricted to thermalisation processes. In 1839, a young French physi-
cist named Edmond Becquerel reported that an electric current was produced when a silver
coated platinum electrode immersed in an electrolyte was exposed to light. This came to
be known as the "Photovoltaic Effect". The discovery of photoconductivity of selenium by
the English engineer Willoughby Smith in 1873 was followed three years later by the dis-
covery that a photocurrent could be produced from selenium contacted between two heated
platinum contacts [16]. Charles Fritts made the first solar photovoltaic cell in 1883 using
selenium and over the next decade attempted to demonstrate viability of the technology to
compete with coal-fired power plants. However, efficiencies below 1% meant that photo-
voltaic action would remain little more than a scientific curiosity and attention was instead
focused on exploiting the photoconductive effects of selenium and other materials for such
applications as photographic light meters. The theory of metal-semiconductor barrier layers
was developed by Walter Schottky, Nevill Mott and others during the 1930s. It described the
rectifying action that exists at the interface between a metal and a semiconductor such that
current flows preferentially in one direction and provided the basis for understanding that
all of the early photovoltaic cells were in fact thin film Schottky barrier devices.

The inadvertent discovery of a p-n junction in silicon by Russell Ohl in 1940 led to de-
velopment of a 6% efficient silicon solar cell by Chapin, Fuller and Pearson fourteen years

later in which a thin p-type layer was formed on top of n-type silicon by exposing it to
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Front contacts (Ag)

Anti-reflection coating
n-type Si
p-type Si

Al
Back Contact (Ag)

FIGURE 2.1: Simplified cross-section showing the general components of a
silicon photovoltaic device.

the gas boron trichloride [17][18]. Solar cell efficiencies rose significantly over the follow-
ing decades due to the superior photovoltaic behaviour and rectifying characteristics of p-n
junctions over Schottky barrier diodes. A simplified cross-section of a typical crystalline
silicon (Si) solar cell, as shown in Figure 2.1, consists of relatively thick p-type Si layer (a
few pum) coated with a thinner n-type window layer on one side and metallic layers on the
other. Photogenerated charges in the Si are separated by an electric field that acts across the
junction and are collected by the metallic contacts and used to do work in an external circuit.

However, for many years implementation of the technology was reserved for power gen-
eration in remote areas (such as on satellites in space) due to the prohibitively high cost per
Watt compared to fossil fuels. The oil crisis in the 1970s spurred the western world to fund
alternative methods for energy production and strategies for producing photovoltaic de-
vices more cheaply and with greater conversion efficiency were explored. Benefiting from
knowledge and expertise accrued by over half a century of tremendous investment and de-
velopment of the semiconductor industry, crystalline Si cells now reach record efficiencies of
over 25%, approaching the theoretical maximum for a single junction solar cell (32%) known
as the Shockley-Queisser limit[14]. In addition, the price of modules has dropped signifi-
cantly in recent years, reaching (as of 2017) below $3 (US) per watt for residential systems
and below $1 for fixed-tilt utility-scale systems[19]. However, gains have been largely due
to economies of scale and it is an open question how much further prices can drop and it
is quite possible that the cost of producing the high quality silicon needed for devices may
prove prohibitive.

As part of the effort to increase the commercial viability of solar energy, a range of al-
ternative photovoltaic technologies have been developed. Devices can now be grouped into
one of three generations, the first being those based on silicon. The second generation con-
sists of "thin film" materials (typically ~1um) such as amorphous silicon, gallium arsenide
(GaAs), cadmium telluride (CdTe) and copper indium gallium diselenide (CIGS) as active
component. One attractive aspect is that the thinner layers of these materials, made possible

by more efficient light absorbance (for reasons discussed in 3), can reduce fabrication costs
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and efficiencies for some of these devices are competitive with crystalline silicon. There are,
however, other concerns due to the scarcity and toxicity of elements used in these solar cells,
hampering widespread adoption.

The third generation of photovoltaics is made up of a broad group of technologies that
have the potential to avoid many of the limits associated with the previous generations.
In addition to abundance of the raw materials generally used, many of these technologies
are solution processable and thus hold great promise in providing extremely low cost de-
vices with high throughput manufacturing. Furthermore, many third generation technolo-
gies offer tunability of optoelectronic properties have the potential to surpass the Shockley-
Queisser limit by means of physical processes such as multiple exciton generation whereby
a single photon excites more than one electron. The main categories comprising third gener-

ation photovoltaics will be dealt with in turn in the following sections.

2.2 Organic photovoltaics

As with silicon-based solar technology, the field of organic photovoltaics (OPV) was studied
as far back as the 1950s[20], although very low efficiencies were achieved in small organic
molecule-based devices owing largely to the fact absorbed photons formed tightly bound ex-
citons (electron-hole pairs) that were far more likely to recombine than dissociate and drive
an electric current. A milestone was reached in 1986 with the first "donor-acceptor” device
consisting of a bi-layer structure in which a heterojunction between two materials aided ex-
citon dissociation resulting in an efficiency of around 1% [21]. The first polymer solar cells
were reported in the early 90s and soon the now popular "bulk heterojunctions" (illustrated
on the right of Figure 2.2) emerged as a means to reduce the path length to the interface for
any point in the cell and hence increase efficiency. Organic semiconductors can be treated
using similar principles as inorganic semiconductors and metals; instead of being excited
between conduction and valence bands (as detailed in 3), electrons are excited between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).

Unlike small molecules which generally require thermal evaporation for device process-
ing, polymers offer the advantage of more facile solution processability and thus have at-
tracted considerable attention by the research community. However, among the disadvan-

tages of polymers is inherent variation in molecular weight and polydispersity which make
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FIGURE 2.2: Representation of energy level diagram (left) and bulk hetero-

junction (right) with distributed donor (red) and accepter (blue) phases in a

typical organic solar cell under illumination. The most studied donor and
acceptor materials, P3HT and PCBM are also shown.

batch-to-batch reproducibility difficult[22]. OPVs are typically built in a "bottom illumi-
nated" design in a stack consisting most commonly of an ITO-glass substrate onto which a p-
type material is deposited such as the conducting polymer poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) followed by a blend of poly-3-hexyl thiophene (P3HT)
as donor and phenyl-C61-butyric acid methyl ester (PCBM) as acceptor with n-type materi-
als like ZnO, LiF or bathocuproine and a metallic cathode. These materials offer the advan-
tages of simple roll-to-roll processing on flexible substrates of low weight semi-transparent
devices. However, these cells are limited by the energy required to drive efficient exciton
splitting at the interface, resulting in lower efficiencies (generally less than 10%) relative to
other technologies. Furthermore, materials tend to be very sensitive to oxygen and moisture
both during fabrication and operation resulting in glovebox processing and encapsulation

techniques being commonly employed.

2.3 Dye-sensitized solar cells

Dye-sensitized solar cells (DSSC) have a somewhat similar device architecture to bulk het-
erojunction solar cells in that a large surface area junction is employed for charge dissocia-
tion. This is achieved by means of a mesoporous wide bandgap n-type semiconductor (gen-
erally TiO;) onto which a thin layer of light sensitive dye is anchored as shown by the red
dots in Figure 2.3. Electron-hole pairs are dissociated with electrons travelling through the
n-type material and holes toward the counter electrode via the electrolyte. A built-in field
arises from the difference between the conduction band of the semiconductor and reduction

level of the electrolyte which blocks transfer of electrons to the electrolyte.
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FIGURE 2.3: Schematic representation of energy level diagram (left) and op-

eration (right) of a dye sensitized solar cell. Excitons in the dye are disso-

ciated with electrons transferred into TiO2 and holes to the hole transporter

which has traditionally been a liquid electrolyte, although solid state hole
transporters have been developed in recent years.

2.4 Perovskite solar cells

In 1839 Gustav Rose published a report on a mineral that he had come across during an ex-
pedition through the Russian Empire a decade before [23]. He identified the mineral calcium
titanate (CaTiO3) and named it "Perovskite" in honour of the Russian Mineralogist Lev Per-
ovski [24][25]. The term "perovskite" has come to lend its name to a crystallographic family
with a general stoichiometry ABX3. The B-site is traditionally coordinated octahedrally in a
BXg configuration as shown in Figure 2.4, with the A component situated in the cuboctahe-
dral cavity formed by the nearest neighbour X atoms in the A X1, polyhedron[26]. Of partic-
ular interest for photovoltaic applications are metal halide perovskites, in which the B-site is
usually occupied by a divalent metal such as Pb** or Sn?*, Ge?*, Cu®* or Ni**, with lead the
most widely employed for photovoltaics to date. Halide perovskites are generally solution-
processable semiconductors, typically employing an organic A site cation CH3NH3+ (MA)
or H,NCNH,+ (FA) and X site occupied by I, Br—, Cl~ and F~.

Organic-inorganic hybrid perovskites have been studied since the late 1970s, although
the first report featuring an organometal trihalide perovskite in a device analogous to a
DSSC was not until 2006 [27] followed in 2009 by an improvement to 3.8% [28] and to 6.5%
by 2011[29]. However, these perovskite devices suffered from rapid decomposition due in
part to the presence of liquid electrolyte and so it was the demonstration in 2012 of a solid
state perovskite device using CH3NH;3Pbl; on a mesoporous TiO scaffold with an efficiency

of 9.7% that drew much greater interest and made perovskite research the hot topic that it is
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FIGURE 2.4: A generic representation of the crystal structure of the form
ABX3. Lines are a guide to represent crystal orientation rather than bond-
ing patterns.

today[30]. Soon after it was demonstrated that long-range electron transport must occur in
within a continuous layer of perovskite by replacing TiO, with an inert Al,O3 mesoporous
scaffold achieving even greater efficiency[31]. This, coupled with the realisation that per-
ovskite devices free from a hole-selective layer still display reasonable efficiency[32], sug-
gested that MAPbX3 was a high-quality semiconductor capable effective transport of both
electrons and holes.

This led to the possibility of fabricating planar devices in which perovskite is sandwiched
between electron and hole-selective layers, resulting also to adoption by researchers of ma-
terials and processing techniques developed for OPV. This trend in historical development
is illustrated in Figure 2.5. Consequently, the operating mechanism for perovskite solar cells,
as illustrated in Figure 2.6, can be described as effectively a p-i-n junction in which photons

absorbed in the intrinsic perovskite layer excite electrons (create holes) into the conduction

Pt counter electrode

TiO2/CH3NH3PbI3

Spacer Al203/CH3NH3PbI3-xClx

Au counter Au counter

HTM (spiro-OMETAD) ETM (HTM)
CH3NH3PbI3
~400 nm
HTM (ETM]
OTE OTE
2009 2012 2016 )

FIGURE 2.5: Schematic representation (not to scale) of the development of

device structure for perovskite solar cells where OTE is optically transpar-

ent electrode, and ETM and HTM are electron and hole transport materials
respectively[26].
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FIGURE 2.6: Operating mechanism of planar perovskite solar cell in tradi-

tional titania-based structure (left) and inverted OPV-based structure (right).

In both structures an intrinsic perovskite layer is sandwiched between n-type

and p-type materials. J; and ], are leakage currents reflecting imperfect mi-

nority carrier blocking at the front and back transport layer where the front
is defined as the illuminated side[33].

band (valence band) which, due to low binding energy, immediately separate and diffuse
through the material in the direction of the built in electric field. When carriers reach the
correct selective layer it is energetically favourable for them to be collected whereas the op-

posite is true for the wrong selective contact.

2.4.1 Device fabrication

There are various methods for forming metal halide perovskites. The earliest technique
employed was that used in dye-sensitized solar cells (DSSC) and involved spin coating a
stoichiometric solution of the inorganic component, namely Pbl, or PbBrs;, and the organic
component CH3NH3I or CH3NH3Br onto a mesoporous titanium dioxide scaffold [28] [34]
[31] [30] [35]. In this method, crystallisation is achieved with evaporation of the solvent
which typically occurs fully only upon annealing due to the high boiling point of solvents
employed. Although stoichiometry can be carefully controlled, morphological variations
due to uncontrolled precipitation may hamper reproducibility. In order to combat this fact,
fabrication is often undertaken in low humidity or inert conditions within glovebox [36]
[37] [38] or else anti-solvents are employed for more instantaneous precipitation [39] [40]
[38] [41] [42]. Another of the most widely reported techniques which mitigates this issue
involves spin coating the inorganic component, namely Pbl,, onto a mesoporous titanium
dioxide scaffold and then immersing the substrate in an alcoholic solution containing the
organic methylammonium iodide component to achieve crystallisation [43] [44] [45]. Vari-

ants on this two stage method have evolved over time including thermal evaporation of
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FIGURE 2.7: Various techniques used to fabricate organic-inorganic per-

ovskite films. (a) Single-Step spin coating from common solvent. (b) Sequen-

tial or Two-Step deposition . (c) Co-evaporation. (d) Vapour deposition in a
furnace. (e) Spray coating. (f) Blade-coating. (g) Slot-die coating. [42].

the inorganic component [46], vapour-assisted crystallisation[47] [48] . Additionally, dual-
evaporation [49], and even layer-by-layer evaporation and conversion [50] have been used.
In addition to these methods, more commercially attractive high throughput techniques are

possible such spray deposition, blade coating and slot-die coating as shown in Figure 2.7.

2.4.2 Role of halide

Although Pbl; remains the predominant halide source (in conjunction with methylammo-
nium iodide or MAI) in high efficiency perovskite solar cells reported in the literature, other
important halide sources include both compounds containing bromide and chloride. Owing
to the different ionic radii of halides, the bandgap of perovskites varies with halide type and
so for example, mixed iodide-bromide mixtures in CHsNH;3Pb(I;_,Br;)s enable tuning of
the bandgap from 1.55eV at z = 0 to 2.2eV at = = 1[26]. Conflicting results have emerged
for the case of perovskites denoted in the literature by the formula CH3;NH3Pbl;_,Cl,, with

some studies claiming the presence of chlorine in the final film and others failing to detect



2.4. Perovskite solar cells 15

it. Further confusion arises from the fact that CI could be present in some capacity as for ex-
ample residual MACI or unconverted PbCl; rather than in the perovskite phase. However
in any case, the consensus seems to be that "mixed halide" using iodide and chloride pre-
cursors does in fact form the same material as the triiodide version. That being said, the use
of PbCl, instead of Pb in a 3:1 molar ratio with MAI in single-step deposited perovskites
has been repeatedly shown to result in increased grain size and film coverage with more
preferential crystallographic orientation[51] [52] [53]. This has been translated into longer
diffusion lengths and device performance [54]. Any difference between "mixed halide" and
triiodide perovskite films thus appears to be due to properties of the polycrystalline films

rather than the materials themselves.

2.4.3 Hysteresis

Solar cell performance is typically assessed via measurement of a JV-curve which is derived
explained in 3. The measurement involves sweeping an applied voltage and recording the
resulting current either in the dark or in the presence of a standard light source and is de-
signed to represent the steady-state power output from a cell at any given bias regardless
of scan speed or direction. However, hysteresis is a common phenomenon in perovskite
solar cells and involves differences arising in the current measured in the forward and the
reverse scan direction as shown in Figure 2.8. Despite a large body of research devoted to
the topic, the exact mechanism behind hysteresis remains an open question. Also, many
proposals have been put forward including interfacial capacitive effects, ferroelectric prop-
erties of perovskites, delayed electronic trapping and slow ion migration [55] [56] [57]. For
example, holding a cell at forward bias before measuring can result in an enhanced PCE
obtained while a reduced efficiency is attained by holding the cell at reverse bias before
measuring. Furthermore, the magnitude of the hysteresis generally depends on the scan
rate with very fast rates recording high PCE in both directions with low hysteresis, middle-
rates demonstrating high efficiency in the reverse bias direction and low in the forward bias
and very slow scans recording lower efficiencies in both direction with little hysteresis. The
simplest viable solution to obtain reliable device parameters reflecting performance under
true operating conditions is thus to apply slow scans speeds or better still to hold the device
at its maximum power point (MPP) voltage and measure the photocurrent over time until a
steady value of PCE is reached. The issue of hysteresis was encountered frequently through-
out this project, particularly for devices studied in 4 and so the measures detailed here were

employed to avoid erroneous extracted devices parameters as much as possible.
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FIGURE 2.8: Scan-dependent hysteresis commonly observed in the current-

voltage characteristics of perovskite solar cells (reverse bias direction in red,

forward bias in blue). Hysteresis tends to be particularly pronounced planar

devices where perovskite directly contacts compact TiO2 (shown on the right)

compared to devices with a mesoporous TiO; scaffold (shown in green on the
left) [55] .

2.4.4 Stability and toxicity

Stability is a major concern for hybrid-organic-inorganic perovskite and represents a bar-
rier to commercialisation of the technology. Humidity for example, plays a critical role in

degrading perovskite solar cell performance via the generally accepted overall reaction
CH3NH;3Pbl3(s) - CH3NHy(g) + HI(g) + Pbl, (2.1)

which shows that H,O deprotonates CH3;NHj3 resulting in the formation of degradation
products leaving behind Pbl,. It is worth noting that there is evidence of many intermedi-
ate and partially reversible degradation products formed during perovskite decomposition
but the above equation is satisfactory for most practical purposes [58][59]. This effect causes
problems during device fabrication to a greater or lesser extent depending on the exact de-
vice architecture employed as well as on the long term stability. It is thus commonplace to
undertake cell preparation within a glovebox or at least within a controlled humidity envi-
ronment to reduce moisture exposure. The use of these systems, though feasible on a labo-
ratory scale, would likely prove costly and difficult for large scale production. Another con-
sequence is that devices are routinely encapsulated to prevent oxygen and moisture ingress.
However, it is clear that care must also be taken in the choice of materials as many of the
prototypical charge selective layers are known to further degrade perovskites. For example,
under UV light exposure encapsulated devices featuring mesoporous TiO; have been shown

to degrade more quickly than control devices using Al;O3 due to light induced desorption of
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surface-adsorbed oxygen [60]. It is for these reasons that efforts were made throughout this
project to use simple processing techniques and relatively stable materials wherever possi-
ble with the aim of optimizing device performance and reproducibility under high humidity
processing conditions.

Another concern frequently raised is toxicity of lead used as part of devices. Even quite
low levels of lead exposure can lead to neurological, renal, cardiovascular and reproductive
problems with a particular risk to the nervous system amongst children and infants espe-
cially [61]. The Pbl; left behind after perovskite decomposition is partially soluble in water
and so rainwater on unencapsulated devices could cause lead to leach into soil and ground-
water. However, due to the thin film nature of the technology, it has been calculated that
even complete dissolution of perovskite modules would only result in an increase of 70 ppm
of lead to surrounding soil compared to the 50-200 ppm typically found in urban areas [62].
It has similarly been argued that the quantities of lead within perovskite solar cells is much
lower than that produced annually by other industries. For example, it has been calculated
that to power the entire US economy for one year using perovskites would require 160 t of
lead which is dwarfed by the 6200 t already used in the electronics industry and the 5900 -
93000 t generated through processing and combustion of coal [63]. Furthermore, from a re-
cycling the life-cycle perspective, the fact that perovskite cells of equally high efficiency can
be produced using lead from recycled lead-acid batteries is highly encouraging [64]. Taken
together these facts suggest that suitable encapsulation coupled with an end-of-life recycling
system should prevent a major risk from lead pollution, and could under optimal conditions

reduce environmental lead exposure.

2.5 Carbon nanotubes and buckminsterfullerene

2.5.1 Synthesis and properties

In 1985, during vaporization experiments of graphite by laser irradiation (in an attempt to
understand the creation of long chain carbon molecules in interstellar dust), Kroto and Smal-
ley discovered a remarkably stable molecular cluster of 60 carbon atoms [65]. The structure
was identified as a cage made up of 20 hexagonal and 12 pentagonal faces, resembling the
surface of a football in which every corner is occupied by a carbon atom. The molecule
was named "buckminsterfullerene” after the geodesic domes of architect R. Buckminster
Fuller and the discovery spurred more intense study by the scientific community to de-
termine what other carbon allotropes were possible. lijima identified "helical microtubules

of graphitic carbon" in 1991 produced via arc-discharge evaporation [66]. These nanoscale
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FIGURE 2.9: Methods for producing carbon allotropes (a) laser ablation and
(b) arc-discharge.

structures were arranged in concentric cylinders and came to be called "multi-wall carbon
nanotubes"(MWCNTS). Two years later lijima reported production of Inm diameter single-
walled carbon nanotubes (SWCNTS)[67]. The alternating double and single bonds between
carbon atoms coupled with the low dimensionality of these materials (effectively zero di-
mensional Cgp and one-dimensional CNTs) results in their outstanding optoelectronic prop-
erties.

As mentioned in the previous section, the earliest methods used for producing carbon
allotropes were laser ablation and arc-discharge. In laser ablation, intense laser pulses are
directed towards a piece of graphite within a tube-furnace at elevated temperature and a
flow of inert gas is used to direct the produced CNTs, fullerenes and other carbonaceous
material towards a cooled copper collector for further purification as shown in Figure 2.9(a).
In arc-discharge, two graphite rods housed in a chamber containing inert gas at low pressure
are held at a potential difference and then distance between them is reduced until an arc is
formed. The elevated temperature of the electric arc causes sublimation of the anode with
most of the nanotubes grown on the cathode. This set up is illustrated in Figure 2.9(b).

Although these methods can provide large quantities of material, they do not allow for
much control of structure and length of nanotubes and much subsequent purification is
needed. Other methods such as High Pressure carbon monoxide (HiPco) growth which
is closely related to many Chemical Vapour Deposition (CVD) processes have largely re-
placed these preliminary methods of nanotube production. The HiPCO process can produce
SWCNTs of high quality and selectivity via thermal decomposition of iron pentacarbonyl us-
ing a continuous flow of carbon monoxide as feedstock within a highly pressurized reactor
[68][69]. In CVD, hydrocarbon precursors such as C'Hy, CoH; and alcohols are dissociated
and carbon atoms are precipitated upon metal catalyst particles such as iron, cobalt and

nickel [70][71][72].
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The spherical caged structure of 60 carbon atoms known as Cgy has been confirmed as
one of the largest molecules identified in space [73] suggesting that buckminsterfullerene is a
remarkably stable and durable molecule as has indeed been demonstrated through collisions
experiments [74]. Theoretical predictions and experimental results have indicated that crys-
tals formed from Cs are n-type semiconductors with direct bandgap and the close packing
of C60 molecules in face-centred-cubic crystals results in a relatively high electron mobility
of the order of 0.1cm?/V's [75] [76]. Cgo and its derivatives have been investigated for use
organic transistors [77] and superconductivity applications when alkali-doped [78][79]. The
ability of hollow cage to entrap atoms of any size as well as the catalytic and anti-oxidant
properties of C'60 also have potential applications in fuel cells [80], spin dynamics for quan-
tum computing [81] as well as in the biomedical sector in drug delivery systems, pharma-
ceuticals and targeted cancer therapies [82] [83] [84]. However, by far the most successful
application of fullerenes to date has been as electron acceptor in the field of photovoltaics
due to their high ionization potential and the stability of the anion [76][85]. Carbon nan-
otubes have attracted a great deal of interest for a diverse set of applications due to their
superlative optical, electrical, thermal and mechanical properties. Depending upon chirality
(the arrangement of the carbon honeycomb with respect to the tube axis discussed further in
Chapter 3), CNTs can be either metallic or semiconducting with near ballistic transport and
intrinsic mobilities for the latter exceeding 100000cm?/V s which is amongst the highest for
any known semiconductor [86]. All CNTs have a direct bandgap which is zero in the case
of metallic tubes and a finite value for semiconducting CNTs that takes on a range of values
depending upon tube diameter and chirality. They have been constructed with a very large
length-to-diameter ratio (up to 132000000:1) [66][87] [88] and can thus their large molecular
size means that they can be studied as well defined engineering structures, being discussed
in traditional terms of moduli and stiffness. The geometry of their sp*-hybridized carbon
honeycomb lattice imparts exceptional mechanical strength, making them the strongest and
stiffest materials yet known in terms of their tensile strength and elastic modulus respec-
tively [89]. As such they have been used to considerably improve the strength of polymers
even at modest loading levels [90] and their high aspect ratio can prove useful in the pres-

ence of a percolating pathway for excellent thermal and electrical conduction.

2.5.2 Exfoliation and deposition

In order to study and exploit the many fascinating properties of fullerenes and CNTs, the
van der Waals bonds that typically cause aggregation of the materials into clusters on the

macroscopic scale must be overcome. There are various methods for manipulating carbon
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allotropes. For example, a common approach to form Cg films of arbitrary thickness is to
thermally evaporate fullerene powder under vacuum, thereby coating any substrate placed
above it in the chamber. Another more versatile approach is to disperse these molecular-
sized materials in organic solvents via liquid-phase exfoliation (LPE). In LPE, the choice of
solvent is crucial in determining both the quantity of material that can be exfoliated and the
stability of the resulting dispersion. The solubility parameters that govern the suitability of
a given solvent for dispersing a solute will be detailed later in the chapter but an ideal sol-
vent is one whose surface energy matches that of the nanomaterial. If the interfacial tension
[Nm~!] between liquid and nanomaterial is low then the solvent will be capable of stabi-
lizing the material against re-aggregation. Cgg is only sparingly soluble in the vast majority
of common solvents and so the fullerene derivative PCBM is typically used for solution
processing. Carbon nanotubes can be directly exfoliated in solvents with surface tension of
approximately 40mNm~! such as the polar solvents N-methylpyrrolidone (NMP), dimethyl-
formamide (DMF) and ~-butyrolactone (GBL). Exfoliated CNTs can also be stabilized against
re-aggregation in solvents such as water, isopropanol, acetone, and chloroform by Coulomb
repulsion using linear chain surfactants such as sodium dodecylbenzene sulfonate (SDBS)

[91], bile salts such as sodium cholate [92] or polymers.

2.5.3 Applicability in PV

Fullerenes were predicted to be relatively electronegative molecules and it was soon learned
that they are capable of accepting as many as six electrons[93]. The redox properties of Csy
were first harnessed in a manner relevant to photovoltaics in 1992 when photoinduced elec-
tron transfer was demonstrated in a mixture with the conducting polymer polyl2- methoxy,5-
(2’-ethyl-hexyloxy)-p-phenylenevinylene] (MEH-PPV) [94]. Early devices using a planar
polymer-fullerene junction yielded efficiencies well below 1% [85][95] due to low exciton
diffusion lengths in w-conjugated polymers. Higher efficiencies have been achieved by form-
ing a bulk heterojunction blend in which the donor and acceptor are intimately mixed with
optimized phase separation. As such, the fullerene derivative [6,6]-phenyl-Cgo-butyric acid
methyl ester (PCgoBM) has been widely used due to its improved solubility in organic sol-
vents.

Carbon nanotubes have been incorporated into virtually every part of the structure of
photovoltaic cells with varying degrees of success. The majority of devices studied to date
have exploited the low resistivity of CNTs by creating transparent electrodes composed of
debundled CNT networks arranged in a porous interpenetrating mesh. The high work func-

tion (4.8 — 5eV) of CNTs [96] [97] means that they have mostly found application as p-type
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contact electrodes[98][99], or else as hole selective contact in conjunction with a metallic
(gold) or metal oxide (ITO or FTO) anode [100][101] [102] [103] [104]. CNTs have also been
incorporated into the active layer in solar cells as an additive or as part of a hybrid structure
to improve charge separation and transport [105][106][107]. Semiconducting CNTs typically
exhibit p-type behaviour under ambient conditions [108] and as such, all-carbon heterojunc-
tions have been used to generate photocurrents [108][109][110] in which exciton dissociation
occurs primarily between CNTs and n-type fullerenes and an all-carbon solar cell has even
been demonstrated[111]. Implementing careful nanotube sorting and blending with [6,6]-
phenyl-Cr;-butyric acid methyl ester (PC7; BM) has been shown to yield a certified efficiency
of 2.5% by through broadband optical absorption offered by the polychiral nanotubes and
the smaller bandgap fullerene[112].

2.6 Graphene

2.6.1 Fabrication methods

The method first used to identify monolayer graphene was through micromechanical cleav-
age of graphite using adhesive tape [113][114]. Mechanical exfoliation of graphene ("Scotch
tape method" ) is illustrated in Figure 2.10(a). It remains the preferred method for funda-
mental studies as it produces graphene flakes of high quality. However, flake size is limited
to the size of single grains in the starting graphite (which is of the order of millimeters [115])
and it is a time consuming process with low throughput and thus is impractical for large-
scale applications. Other dry exfoliation methods include anodic bonding [116][117] and
photoexfoliation with laser ablation [118] [119].

Other top-down techniques to produce graphene are lithium ion intercalation in which
layers are exfoliated from the bulk crystal by means of the insertion of lithium ions and
liquid phase exfoliation (LPE), depicted in Figure 2.10(b), in which energy is supplied to
graphite powder in organic solvents (typically via ultrasonication) which exfoliates mono-
and few-layer graphene in a liquid dispersion. LPE is an attractive technique as it is capable
of producing large quantities of exfoliated material relatively simply. As for fullerenes and
CNTs, the solvent is chosen to match the surface energy of graphene and as such, polar sol-
vents such as NMP and DMF are suitable for direct exfoliation. A common bottom-up tech-
nique is chemical vapour deposition (CVD) in which a hydrocarbon gas (typically methane)
is injected into a high temperature furnace and is deposited on a metal foil (typically copper)

as shown in Figure 2.10(c)
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FIGURE 2.10: Common methods used to produce graphene. (a) Microme-
chanical cleavage. (b) Liquid phase exfoliation (LPE). (c) Chemical vapour
deposition (CVD). Adapted from [120].

2.6.2 Graphene photovoltaics

The identification of graphene and its superlative properties came at a time of heightened
interest in cheap renewable energy sources and so it is of no surprise that there has been
much work done to date on incorporating graphene into solar cells. Organic photovoltaic
devices in particular have proven fertile ground for demonstrating the potential of graphene
as they tend to suffer from lower mobilities and poor ambient stability compared to inor-
ganic devices, both deficiencies that graphene may help to address. In fact, graphene has
many favourable characteristics for application in photovoltaic devices. Its high conductiv-
ity coupled with the intrinsically high transparency afforded by its atomically thin nature
make it attractive as a transparent electrode. Its high mobility and ability to be easily doped
by heteroatoms has resulted in graphene being incorporated into every layer of photovoltaic
devices, either replacing existing commonly used materials or else in conjunction with them.

The solution processability of organic photovoltaic materials has naturally led to much
work using liquid-phase exfoliated (LPE) graphene as electrode and or charge selective ma-
terial. The difficulties in solution processing graphene in its pristine form has resulted in the
majority of device research using graphene oxide (GO) or reduced graphene oxide (RGO)
following from various forms of the Hummers method [121]. For example there have been
reports of using LPE graphene as anode to replace ITO. Xu et al. [122] made 25nm thick
graphene oxide (GO) films and then used hydrazine and various annealing treatments to re-
duce the films before making solar cells with a PBHT:PCBM blend as active layer, achieving
a conversion efficiency of 0.13%. Wang et al. [123] used thermal reaction of nanographene
molecules of giant polycyclic aromatic hydrocarbons to grow graphene films and obtained
an efficiency of 0.29% under one Sun illumination. Zhang et al. [124] made a graphene mesh
via standard photolithography and ozone etching and used it in a device to obtain 2.04%

conversion efficiency. At least part of the improvement in efficiency relative to other devices
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with solution processed graphene electrodes was due to a low sheet resistance without com-
promising too much on transparency (150€2/sq and 8% transmittance ay 550nm respectively
before mask-based etching versus 7508 /sq and 65% after etching). Konios et al. [125] used
a laser-based patterning technique to create a graphene micromesh, achieving an efficiency
of 3.05%.

Liu et al. [126] used P3HT as donor together with RGO as acceptor and obtained a maxi-
mum efficiency of 0.88% for 10wt% of functionalised graphene oxide, with lower concentra-
tions being insufficient for a continuous donor-acceptor interface and significant graphitic
aggregation and hence reduced hole mobility occurring at higher concentrations. Yu et
al. chemically grafted Cg, onto RGO to act as a hybrid acceptor together with P3HT as
donor[127]. The barrier properties of graphene have also been demonstrated. For example,
Kim et al. [128] directly spin-coated graphene oxide on top of an aluminium contacted OPV
and found that the device was more stable than control devices, demonstrating the barrier
properties of graphene.

Although oxidizing graphene offers several advantages such as improved solubility in
a wider range of solvents and creation of a tunable bandgap depending on the degree
of oxidation, it also destroys the m-conjugation of the lattice resulting in reduced electron
mobility[129][130]. There is also evidence that the presence of hydroxide and carboxylic
groups hamper device stability [131]. These groups may be removed and the conductivity
improved by chemical and thermal reduction but such treatments cannot fully restore the
properties of graphene in its pristine form.

Graphene grown by chemical vapour deposition has shown greater promise for high per-
formance transparent electrode applications primarily because it does not have to contend
with many of the difficulties associated with conductivity of solution-processed films such
as structural defects induced during redox treatments, removal of surfactants and significant

flake-to-flake contact resistance and lateral disorder [132][133].
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3 Theory and Experimental
Methods

3.1 Introduction

The aim of this chapter is to explain the theory behind materials used in this work as well
as the operating principles of tools used to characterise them. The focus is on determining
the optoelectronic properties of a variety of materials and their composites whilst paying
attention to morphology. Materials are examined both individually and as composites or
in stacked arrangement. A semi-classical approach to understanding electron transport in
solids if first adopted before introducing the effects of orbitals, crystal lattice structure and
resulting energy bands on charge distribution and transport. These concepts and the de-
rived equations are then used to explain the superlative properties of carbon nanomaterials
and perovskites used in this work before introducing the basic physics of semiconductor de-
vices and solar photovoltaics in particular. Finally, the main methods used to fabricate and

characterise materials and devices are outlined.

3.2 Charge Transport in thin films

The Free Electron Model, combining the semi-classical Drude Model and quantum mechani-
cal Fermi-Dirac statistics, provides a simple and yet effective method of understanding elec-
trical and thermal conductivity in metals. The valence electrons in a metal are assumed to
be completely detached from their ion and so are free to move throughout the crystal lattice
which, when coupled with the assumption that electron-electron interactions are negligible,
results in the notion of an "electron gas". If a particle is considered to have three degrees of
freedom in which to move (z, y and z) then Boltzmann’s law states that each particle has
thermal energy (E;) given by

Er = ngT (3.1)
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where the energy is measured in joules and kp is Boltzmann’s constant (kg = 1.38 * 10723
J/K). In the absence of a potential field, the kinetic energy of a particle of mass m moving

with average velocity v is mv?/2 and so

1
Zmw" = —kpT (3.2)

op = 1 kBT (3.3)
m

where vr is the thermal velocity. However, this motion is random and does not result in any

therefore

net current. Applying a potential for a time ¢ across a solid containing free electrons results
in an electric field that accelerates the electrons in a direction opposite to that of the applied

field. Treating the electrons as classical particles, Newton’s law gives

dv
F=mea=m.— = Eq. 34
Mel = Me q (34)
where F is the vector electric field, g, is the charge of an electron (—e = —1.6 x 107'°C) and

the effective mass m. is introduced to account for the forces experienced by the electrons due
to the crystal lattice. m,. differs from the mass of a free electron in a vacuum, with a large
m. implying that the conduction electrons are strongly influenced by the atomic potentials.

Integrating with respect to time gives
‘g get
o) = [ (2= Byt = %p = vyt (35)
0

where E is assumed to be independent of time. This component of velocity (v4) due to
the electric field is called the drift velocity and so the net motion of an electron in an applied

electric field is the sum of the thermal and dift velocities or
v = v + vg (3.6)

However, 3.5 would predict an indefinitely linearly increasing velocity with time which
is clearly not the case. This is due to the fact that collisions and obstructions originating
from the presence of the material lattice have not been taken into account. Defining the
mean time between collisions 7 as the relaxation or scattering time and assuming that each
collision results in the electron losing all of its momentum gained by the electric field means

that 3.5 can simply be altered by integrating between time ¢ = 0 to ¢t = 7 so that the drift
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velocity is given as
qeT
Me

Vg = E=uFE (3.7)

where 1 is the mobility of the material with units m?/Vs~!. A consequence of this picture
of charge transport is that a high 1 is a result of low effective mass and low scattering. The
classical current density .J through a material can be obtained by multiplying the unit charge
g by the total number of electrons crossing a unit plane through the material per second

Ncvgq, where N, is the number of electrons per unit volume.

GeT o _ €T

€ me

J = qeNevg = qeNe N.FE (3.8)

with units A/m?. All of the terms in 3.8 are properties of the material and can be grouped

together to define the conductivity o so that

o=2"N, 3.9)

with units of Siemens per meter (S/m = 1/Qm). It can thus be seen that a large conductivity
can result from a high mobility, large electron density or a combination of the two.

In order to get a more expansive understanding of charge dynamics it is necessary to in-
troduce the ideas of quantization and electron orbitals. Electrons surrounding the nucleus of
an atom occupy discrete energy levels. Atomic orbitals are described by a unique combina-
tion of three quantum numbers n, I and m; which correspond to electron energy (known as
the principal quantum number), angular momentum and magnetic quantum number (gives
the spatial variation of the angular momentum) respectively. Electrons can also be thought
of as spinning on their own axis with a constant spin angular momentum m, which varies
only in direction (ms; = +/ — 1). Each orbital can accommodate two electrons, each with
opposite spin. The naming convention for ! = 0,1, 2,3 is "s,p,d,f" and so on alphabetically.

When a pair of atoms is brought together, their atomic orbitals combine to form pairs of
molecular orbitals with energy slightly higher and lower than they were in isolation. This
is illustrated for the simple case of molecular hydrogen in Figure 3.1. When a large number
of atoms come together in a solid, the atomic orbitals split into a large number of levels
so close in energy that they effectively form a continuum which can be thought of as an
energy band of allowed energies. These bands are due to the atomic or molecular orbitals
and as such their energy distribution depends upon the electronic properties of the atoms
and the bond strength between them. Likewise the bands are occupied or not depending

upon whether the original molecular orbitals were occupied. The lowest unoccupied band
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FIGURE 3.1: Bonding in molecular hydrogen [134].

is referred to as the conduction band (CB) and the valence electrons are contained in the
highest occupied band or valence band (VB). If the VB is partly full or if it overlaps with the
CB then the material behaves like a metal under an applied field as there is an availability
of empty states at similar energies make it easy for an electron to be excited or scattered into
neighbouring states resulting in good conduction of heat and electricity at a macroscopic
level. If the valence band is separated from the conduction band by an energy gap (£,) and
is completely occupied then the solid is a either a semiconductor or an insulator, with the
former being distinguished roughly by an E, in the range 0.5 to 3eV. The band structure
can be predicted exactly when the solid forms a regular crystal, with the adopted crystal
structure depending on such factors as the number of valence electrons.

A primitive cell represents the smallest assembly of atoms that can be repeated to form
the entire crystal. Three primitive basis vectors a1, a2 and a3 define the cell and the direct

lattice sites can be defined by the set

R = maj + nas + pas (3.10)

where R is a position vector and m, n and p are integers. In three dimensions there are
14 different types of lattice that can be generated by this set, some of which are illustrated
in Figure 3.2. Compounds can be considered as combinations of one or more of these lat-
tices. The wurtzite structure often taken by zinc oxide for example can be considered as
two interpenetrating hexagonal close-packed lattices and the zincblende structure as two in-

terpenetrating face-centered cubic lattices. Miller indices are a convenient way to define the
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various planes in a crystal lattice and can be determined by finding the intercept of the plane
with the basis axes of the primitive cell and then taking the reciprocal of these numbers and
reducing to the smallest integers that maintain the ratio. This is illustrated for a simple cubic
crystal at the bottom of Figure 3.2.

A reciprocal lattice is a useful mathematical representation of planes within a crystal and

is defined in relation to the primitive basis vectors as follows

a9g * a3 as * aj ai * a2

by =2r— 2" pmgp ATT2 (3.11)

b =2r—m+—
! ay-(ag x ag) ay.(as * ag) ay-(as * ag)

The corresponding general reciprocal lattice vector G is given by

G = hby + kby + Ibs (3.12)

where h, k and [ are integers. Each vector in the reciprocal lattice is normal to a set of
planes in the direct lattice and volume of a primitive cell in the reciprocal lattice is inversely
proportional to that in the direct lattice. A Wigner-Seitz cell is constructed by choosing a
lattice point and drawing a perpendicular bisector plane across each line joining the chosen
point to its nearest equivalent neighbours. This technique can be applied to the direct lattice
and the reciprocal lattice. In the case of the reciprocal lattice, the resulting cell is called the
first Brillouin zone. All of the information about the reciprocal lattice is contained in the first
Brillouin zone. Reciprocal space is also variously referred to as momentum space, Fourier
space and k-space. The reciprocal lattice is useful for visualising the relationship between
energy and periodically varying wave vectors as the coordinates of the wave vectors k can
be mapped against the coordinates of the reciprocal lattice.

The Schrodinger equation can be used to locate the energy levels of an atom or molecule.
It is essentially a statement of conservation of energy in a system, using a wavefunction as a
mathematical tool to determine the probability distribution of particles.

h2
2me

[-—V2+ V(") U(r, k) = B(k)¥(r, k) (3.13)
where 7: is the reduced Plank constant,  is the wavevector and V() is the potential energy.
In a crystalline solid we are able to take advantage of the fact that atomic potentials vary peri-
odically over an infinite periodic lattice and thus the probability distribution of the electrons
must also be periodic. Bloch’s theorem states that if the potential energy V(r) is periodic

in the direct lattice space then the solutions for the wavefunction ¥(r, k) in the Schrodinger
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FIGURE 3.3: Diagram of direct and indirect bandgap materials, represented
in k-space. The CB minimum and VB maximum take have the same k values
in a direct gap material, and different ones in an indirect gap material.

equation are of the form of a Bloch function given as
U(r, k) = ug(r)e*” (3.14)

where u;;, possesses the periodicity of the lattice and is found (along with eigenenergies
E(k)) by solving the Schrodinger equation for each band i and for each k. The resulting
map of energies E vs wavevector k is the crystal band structure and is usually visualized by
plotting E(k) against |k| for the most important directions in the crystal.

Within the conduction band, a minimum of energy E(k) may occur at a value of k cor-
responding to an important direction in the crystal. Near to such a minimum (k=k.o), E(k)
may be approximated by a quadratic equation

Rk — keol?

E(k)=FE,
(k) 0t 2Mee

(3.15)

where E.y = E.(k:0) and m.. is the effective mass introduced earlier for conduction band
electrons and is defined by the atomic potentials. For a hole near a valence band maximum
at k = k,o a similar energy approximation can be made as

h2|k_ kv0|2

E(k) = Ey — o

(3.16)

where E,o = E,(k,0). Equations 3.15 and 3.16 are also statements of conservation of energy
in that the first and second terms represent the potential and kinetic energy respectively.

This has important implications for optoelectronic devices as semiconductors are described
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either as direct or indirect depending on whether momentum transfer via phonons (crys-
tal lattice vibrations) are involved in absorption and emission processes. If the conduction
band minimum (CBM) and valence band maximum (VBM) have the same value of k (di-
rect bandgap) then momentum is not involved and electron transfer between energy states
is relatively simple. However absorption and radiative recombination require momentum
transfer in the case of indirect bandgap materials, making the process less likely. The two sit-
uations are illustrated in Figure 3.3. This is reflected in the absorption coefficient & which in
real terms means that indirect bandgap material solar cells such as those based on crystalline
silicon (5i) must be thicker to absorb enough photons whereas direct bandgap materials may
be much thinner.

As mentioned previously, each quantum state can be occupied by two electrons of dif-
ferent spin (this is in accordance with the Pauli exclusion principle). This means that there
should be two electrons per value of k so that a crystal volume with dimensions L x L % L can
support (L/27)? different values of k. Following from the requirement that kL /27 must be
an integer for a wavefunction confined in a region of width L and including spin degeneracy,

the density of states (DOS) per unit crystal volume g(k) is given as

2

g(k)d3k = O

d*k (3.17)

where it is assumed that the electron levels are close enough for the integral over & to be a
good approximation to the sum of k states. Using the band structure E(k) to convert the
integral over wavevector space into an integral over energy and assuming band structure

isotropy about the band minimum at k£ = 0 results in

g(k)d®k = g(k) * Ank*dk (3.18)
from which
g(E)dE = g(k) * 47k? « %dE (3.19)
Substituting for g(k) results in
2 , dk
g(E) = il Amh? x o (3.20)

where k? is obtained from 3.15 and is given as

2Mice
k? = o3 (E — E) (3.21)
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This means that the DOS for the conduction band is given as

1 2Mee

5252 )/2(E — Eu)/? (3.22)

ge(E) = (

In order to understand how the states are filled, it is worth introducing a distribution
function f(k, ) such that f is the probability that at a point r the electron state of wavevector
k is occupied. For the case in which a system is in thermal equilibrium, the distribution
is spatially invariant and Fermi Dirac statistics may be employed. In this approach, f is

dependent upon £ only implicitly through the electron energy as follows
f(k;r) = fo(E(k), EF,T) (3.23)

where Ey is is the Fermi energy, defined as the energy level up to which states are filled in a
material at absolute zero and is a measure of the statistical potential energy of the distributed
electrons. The Fermi Dirac distribution function fy(E, Er,T) gives the probability that an

electron state at energy E will be occupied at some temperature 7" and takes the form

1

Jo(E,Ep,T) = e(E—Er)/ksT 4 |

(3.24)

Electron and hole density distribution can thus be obtained by multiplying the density of
states by the appropriate probability distribution function. The total density of electrons in

a conduction band of minimum energy E. is given by

n | " 4e(E) folE, Ex, T)dE (3.25)
E.

Similarly, the density of holes in the valence band is given by

E,
p= / 9o(E)(1 — fo(E, Ep,T))dE (3.26)

— 00

If the Fermi level is far enough from the band edges (a reasonable assumption given that
it lies somewhere in the bandgap at absolute zero) then f, can be approximated by the

Maxwell-Boltzmann form. Therefore, in the conduction band where £ >> EF,

foE,Ep,T) ~ elFr=E)/ksT (3.27)
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and in the valence band where F << Ef

1— fo(E,Ep,T) ~ E-Er)/koT (3.28)

Using these approximations simplifies the expressions for the integrals in equations 3.25
and 3.26, allowing n and p to be solved directly as
n = NeePr=F)/ksT  p = N, lFo=Br)/ksT (3.29)
where N, and N, are constants given by

Mee(ve) kyT
omh?

3
2

NC(U) = 2(

) (3.30)

From these equations it can be seen that the electron and hole densities vary exponen-
tially with position of the Fermi level and that for any material at a given temperature the

product np is constant and given by

np = N N,e Fa/keT (3.31)

This constant property of the material can be defined as the intrinsic carrier density n;. At
finite temperatures, thermal agitation occurs in intrinsic semiconductors resulting in contin-
uous excitation of electrons from the valence band to the conduction band, with an equal
number of holes left behind in the valence band. This is balanced by recombination of elec-
trons in the conduction band with holes in the valence band such that at steady state the net
result is n = p = n;. Likewise, it is sometimes convenient to write n and p in terms of n; and

the intrinsic potential energy E;,

n = n;efr—F)/ksT p= nieBi=Er)/ksT (3.32)

3.2.1 Organic materials

The Free electron Model provides a good approximation to electrical conduction in metals
but deviations may arise in cases where strong electron-phonon interactions are present,
electron-hole scattering is non-negligible or charge hopping occurs, among others. Such
phenomena occur in electron conduction in organic materials.

Carbon is a material of special significance as it can exist in different phases depending

upon the hybridization of its valence electrons. For example, carbon atoms are bonded in
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tetrahedral arrangement in diamond by forming four sp® orbitals which is the same struc-
ture as crystalline silicon. Carbon atoms can also take the semimetallic graphitic structure
in which three valence electrons are involved in sp? hybridized o-bonds, leaving the fourth
orbital p, which is oriented perpendicular to the other three loosely involved in bonding
with another plane of carbon atoms and relatively mobile. Organic materials in which the
carbon backbone has alternating double and single bonds (where a double bond consists of
one o-bond and one 7-bond) allows for effective electron delocalization and is said to be «-
conjugated. Many 7-conjugated polymers become highly conducting upon redox treatment
and can thus be tailored for optoelectronic processes. Some crystalline organic solids can
be treated using similar principles as inorganic semiconductors and metals as intermolecu-
lar forces are strong and carriers may be considered to occupy bands much like inorganic
crystals. However, in more amorphous organic solids and polymers intramolecular forces

dominate and electron-hole pairs are considered tightly bound.

3.2.2 Carbon nanotubes

As mentioned in the previous chapter, carbon nanotubes can be thought of as sheets of sp?-
hybridized carbon atoms rolled into a cylindrical shape. This is illustrated in Figure 3.4.
An individual nanotube can be defined by the particular axis with a circumference vector C'
given by

so that nanotubes are identified by (n, m) and categorised as either "arm-chair" for n = m and
0 = 30°, "zigzag" for n or m = 0 and ¢ = 0° and "chiral" for all other intermediate angles.
Nanotubes are metallic if (m — n)/3 is an integer or else semiconducting for other chiral
angles. This is a consequence of the fact that although the wavevectors along the axis of the
nanotube remain continuous (for an infinite tube), the wavevectors along the circumference
of the nanotube have periodic boundary conditions and are quantized. Plotting the allowed
vectors into the Brillouin zone for graphene results in a set of parallel lines whose length,
number and orientation depend on the chirality (n,m) of the nanotube. This is illustrated
in the map of density of states (DOS) versus energy for a (9,0) and (10, 0) nanotube shown
in Figure 3.4. This confinement in directions perpendicular to the nanotube axis means that

the sum over k states in equation 3.20 must be taken in one direction resulting in

1. 2Mmee

5253 )'/2(E - B.)7Y/? (3.34)

gng(E) = (
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FIGURE 3.4: Illustration of nanotube chiralities (left) with density of states for
a (9,0) and (10,0) nanotube [135][136].

It can be seen that close to band extrema, the DOS diverges as the inverse root of the energy
and the "spiky" behaviour at energies close to the band edges are referred to as "Van Hove
singularities". The DOS at the Fermi level (E = 0) is finite for metallic nanotube and null for
semiconducting one, with the bandgap of the latter depending inversely on the nanotube
diameter. The dependence of band structure on chirality means that the majority of as-

produced carbon nanotubes are semiconducting, with one third being metallic.

3.2.3 Graphene

The structure of graphene can be described as a triangular lattice with a basis of two atoms
per cell. This is illustrated in Figure 3.5. The bonding and anti-bonding o-bands are well
separated in energy (> 10eV at the Brillouin zone centre I') and can thus be neglected from
consideration, leaving only the two m-bands. The electronic wavefunctions from different
atoms in the hexagonal lattice overlap and the p, electrons can be treated as independent of

the other valence electrons. The obtained dispersion relation is thus

kg
E+ (ky, ky) = :I:’yo\/l + 4 cos( \/32 a) cos(%a) + 4 cos?( ga) (3.35)
for nearest-neighbour interactions only, where a = V/3a.. (with carbon-carbon distance

ace = 1.42 Angstoms) and v, = 2.9 — 3.1eV is the transfer integral between first-neighbour
m-orbitals. With one p, electron per atom, the negative energy branch (-) in equation 3.35
is completely full and the positive 7w+ branch is completely empty. The occupied and un-

occupied bands touch at K and K’ points at the corners of the first Brillouin zone shown
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FIGURE 3.5: Illustration of graphene unit cell and brillouin zone .

in Figure 3.5. Expanding equation 3.35 about K (K’) gives linear 7 and pi* bands near the

Dirac points as shown to the right in Figure 3.35(c) with energy

E + (k) = £hop|k]| (3.36)

where k = k — K and vp is the electronic group velocity or Fermi velocity given as vp =
V37,a/(2h) = 105m/s. This represents a striking departure from the usual quadratic ap-
proximation as in such cases the velocity depends upon both energy and momentum with
v = \/2E/m whereas vr in graphene results in massless Dirac quasiparticle behaviour. In
effect the p, electrons behave as if they have no mass, travelling at relativistic speed of ap-
proximately ¢/300 which would predict very high charge mobilities in pristine graphene.
Pristine graphene can be chemically doped at doping levels of N; = 1'2 cm 2 while main-
taining charge carrier mobilities of = 10° cm?/(Vs) or higher in which case the theoretical

lower bound for sheet resistance (Rspeet) of graphene is [137]

1 6240
euN;N N

Rsheet = (337)

where N is the number of stacked graphene monolayers. It is for this reason that graphene

is believed to be a potential replacement for ITO in some transparent electrode applications.

3.3 Perovskites

The term "perovskite" has come to lend its name to a crystallographic family with general
stochiometry ABX3. The B-site is traditionally coordinated octahedrally in a BXg config-
uration, with the A component situated in the cuboctahedral cavity formed by the nearest
neighbour X atoms in the AX;; polyhedron[26]. In metal halide perovskites, the B-site is
usually occupied by a divalent metal such as Pb** or Sn?*, Ge?*, Cu?* or Ni**, with lead

the most widely employed for photovoltaics to date. Chlorine (Cl) and the heavier halides
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FIGURE 3.6: (a) Illustration of the crystal structure of perovskites relevant to
the current work where in the organic cation blue = N, black = C and white
= H [140]. (b) Bonding diagram for [PbIs]*~ octahedra without considering
spin-orbit coupling (SOC)[141]. (c) Electronic band structure of CH3NH3PbIs
calculated using quasiparticle self-consistent GW theory (QSGW) including
the effects of SOC. Zero denotes the valence band maximum (VBM) and or-
bital contributions are indicated by I 5p (green), Pb 6p (red) and Pb 6s (blue).
[142].

bromine (Br) and iodine (I) generally occupy the X-site. The typically monovalent A-site
cation can range from a single atom to a variety of organic molecules such as formamidium
(FA) and methylammonium (MA) as shown in Figure 3.6(a). The lack of covalent bonds
between the organic and inorganic species offers some degree of flexibility in the overall ge-
ometry of the structure, as well as a low barrier to reorientation and contributes to dielectric
and ferroelectric properties [138] [139] .

The exciting properties of metal lead halide perovskites for optoelectronic applications
stem largely from material band structure and density of states (DOS). The basic BX¢ build-
ing blocks primarily determine the electronic band structure near the band edge and so
orbital diagrams of isolated [BXs]*~ clusters provide a solid foundation for understand-
ing the structure at higher dimensions[141][26]. Accordingly, as shown in Figure 3.6(b), for
[Pblg]*~ units the Pb 6s-1 5p o-antibonding orbital comprises the HOMO while Pb 6p-1 5p
m-antibonding and Pb 6p-I 5s o-antibonding orbitals constitute the LUMO[141]. Compara-
ble character is retained in 3D CH3NH3Pbl; perovskite where the valence band maximum
(VBM) is approximately 3:1 I 5p to Pb 6s and the conduction band minimum (CBM) is non-
bonding with majority Pb 6p along with contribution from I p states[26]. Furthermore, as
illustrated in Figure 3.6(c), the VBM and CBM lie on the point in reciprocal space (k-space)

resulting in a direct gap semiconductor with strong optical absorption and luminescence.
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FIGURE 3.7: Illustration of n-type impurity doping in the crystal bonding of

Si (left) and the band diagram (right). The extra electron is loosely bound

to the donor atom and is thus delocalised. The Fermi level is shifted closer

to the conduction band (CB) such that the supply of an ionization energy E,,

would result in complete delocalisation of electrons promoted to the CB and
net current flow.

3.4 The p-n junction

The true value in semiconductors lies in two important properties that set them apart from
other materials. The first is that they can be doped with impurities, thereby allowing the
resistivity to be varied. The second is that when these impurities are ionized, and the car-
riers are depleted, they leave behind a charge density that results in an electric field and
sometimes in a potential barrier. In intrinsic silicon, each Si atom shares its four valence
electrons in sp® hybridized bonds with four other Si atoms in a highly ordered tetrahedral
arrangement. As such, the electrons are all part of stable directional covalent bonds and
the material has poor conductivity at ambient temperatures under low light intensity. Intro-
ducing an impurity atom into the crystal lattice with a higher number of valence electrons
results in electrons being donated to the lattice in the conduction band. This is illustrated
in Figure 3.7 where the extra valence electron of phosphorous is donated to the lattice as a
negative charge, resulting in n-type silicon. Similarly, when an impurity atom with fewer
valence electrons is introduced into the lattice (such as boron with three valence electrons)
then a vacancy is created with a positive charge. This positively charged hole in the valence
band will accept additional electrons to form four covalent bonds and results in p-type sili-
con. When materials doped with different quantities or types of impurity atoms are brought
into intimate contact, band bending occurs in order to equalize the Fermi level as shown in
Figure 3.8.

The electron and hole carrier densities at thermal equilibrium were derived at the end of

Section 3.2. Under the presence of an applied voltage however, carrier densities on both sides
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FIGURE 3.8: Schematic representation of a p-n junction solar cell under open
circuit conditions.

of a junction are changed and the product pn no longer equals n?. Replacing the Fermi level

at equilibrium Er with the quasi-Fermi levels for electrons (Er,) and holes (EF,) results in

Ep,—E; Ei—Erp
n=mn;e FBT p=nse FBT (3.38)
and the product becomes
9 Eppn—Epyp
np=nje *BT (3.39)

Inside the depletion region, Er,, and EF, remain relatively constant therefore the follow-
ing relation may be used

qV = Epy — EFp (340)

This situation is shown schematically in Figure 3.9(b). Combining this with 3.39 gives the

electron density at the boundary of the depletion-layer region on the p-side where x = —Wy,
as
n? (v i
ny(Wap) = e F57/ = npye 5T (3.41)
Dp

where n,, is the equilibrium electron density on the p-side and where p =~ p,,. Similarly at

the n-type depletion boundary (where x = Wyy,)

qV

Po(Wan) = pnoe'F57) (3.42)
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FIGURE 3.9: (a) Equivalent circuit of a p-i-n photo absorbing heterostructure

such as perovskite-based devices used in this work. (b) Energy level diagram

of the intrinsic part shown in (a) showing band offsets with the n and p-type
layers as well as quasi Fermi levels under illumination[140].

In the neutral region there is no electric field and assuming low-injection, the continuity

equations in the n-type material reduce to

dzpn Pn — Pno
— =0 3.43
dx? D,7, (3.43)

This equation can be solved using 3.42 and p,(x = o) = p,, as boundary conditions

resulting in

o [T 1)
Pn(®) = Pno = prole ¥87" — 1le T» (3.44)
where L, = \/D,7, Atz = Wy, the hole diffusion current J, is given as
dp; qDppno (2%
Jp = —aDp—t | Wan = 7219" el FsT) — 1] (3.45)
Similarly, for electron diffusion current on the p-side
dp qDnnno; (97
n=—qDp—2 | Wap = 2= F5T’ — 1 3.46
J, q dz ‘ dp L, [6 B ] ( )
The total current is then
(F5T)
J=Jp+ Jp = Jole 5T — 1] (3.47)

— gDppno | gDpnpo q
where Jy = T H o LoNe T LN,
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used to describe the behaviour of a solar cell without illumination. For a cell under reverse
bias, the current will quickly approach J, which is termed the reverse saturation dark cur-
rent whereas the current through the cell increases in an exponential fashion with voltage
under forward bias. In this way the cell preferentially allows current to flow in one direction

over the other and is thus a rectifying diode.

3.4.1 Equivalent circuits and modelling

As discussed in the previous section, a solar cell behaves like a diode in the dark due to
doping asymmetry of its constituent layers and resultant band bending near the junction(s).
Within an electrical circuit under illumination, an ideal solar cell is best modelled as a diode
in parallel with a constant current provider. Given that photocurrent scales directly with
area, it is useful in this context to replace current I with current density J. This is illustrated
in Figure 3.10 where the diode and current source are connect to an external load R; which
provides a voltage drop V. As can be seen from the arrows in the figure, the total current
J(V) is equal to the diode current Jp minus the constant current provided by the current

source (J,.). This is captured in the following equation
J(V) =Jp — Jsc (348)
Inserting the ideal diode equation yields

qV.

J(V) = J[e"sT —1] — Jsc (3.49)

Under illumination in the absence of an external load (i.e. V' = 0) the solar cell acts as a
current provider and the current density across the cell J(V') = J,. which is the condition of
short circuit (SC) and explains the naming convention of J,.. Another consequence of this
equation is that under conditions in which no current is flowing in the external circuit (i.e.
J(V) = 0 as illustrated in Figure 3.8) then Jp equals J,. and the open circuit voltage V,. is
obtained as

kBT Jsc 1)~ kT ln(JSC)

Voe = —1 N —
q n( Jo q Jo

(3.50)

In either of these cases (V,. or Js.) the power density P delivered by the solar cell is zero.
There must exist a load between these two conditions where the power extracted is greatest,

thatis P,,, = J,,V,,. The fill factor F'F' can thus be defined as

(3.51)
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FIGURE 3.10: General parameters used to characterise the behaviour of solar

cells. (a) Current-voltage curve for photovoltaic device under illumination

(red) and in the dark (black) where the shaded area represents the maximum

power attainable. (b) An equivalent circuit diagram for a solar cell where

Jsc represents current generated from absorbed photons, Jiar« represents the
diode dark current and R, and R, are parasitic resistances.

which gives an idea of how well the solar cell performs. The power conversion efficiency
(n ) can be defined as the ratio of of the maximum power output to the incident power

density P, of the incoming radiation. It is given as

IV S Voo F'E
- Py P;

(3.52)

where P;,, is usually taken as 1000W /m? as this is the standard Air Mass 1.5 spectrum.

In real cells however, power is dissipated through non-idealities in the device. One
source of losses is due to the choice of materials used such as resistance to charge flow
through the plane and across the interface between individual layers as well as along the
plane of electrodes. Another source of losses mainly reflects imperfections in device ge-
ometry where holes within and non-homogeneous thickness of layers compromise effective
rectifying action. These imperfections can be represented electrically by two parasitic resis-
tances, one in series (R;) and one in parallel (R,;) with the cell in the equivalent circuit as
shown in Figure 3.10(b). From the diagram it is evident that series resistance should be min-
imized (i.e. Rs — 0) and shunt resistance maximized (R, — o0) if solar cell output is not to

be compromised. The resulting current through the cell is then given as

a(V—JRs) V — JR,
J=Jole” 5T — 1]+ —2 — J,. (3.53)

Additional recombination mechanisms are accounted for by introducing an ideality factor
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n;q which may take a minimum value of 1. Many practical devices are better described by
placing an additional diode in parallel with the diode shown in the equivalent circuit in

Figure 3.10(b) resulting in

q(V—JRg) a(V—JRs) V — JRS
J=Jn [e nig1kBT — 1] + J02[€ nia2kBT — 1] + 7]% — Jse (354)
sh

A variety of approaches may be used to obtain values for the various parameters in equa-
tions 3.53 and 3.54. Polynomial fits to small portions of the current-voltage curve may be
used to extract Jsc, Voc, Jmpp and Vy,p,. Additionally, series and shunt resistances may be
approximated by taking the inverse slope of such fits near V,. and J,. respectively. More
sophisticated approaches involve fitting current-voltage data directly using equation 3.53
or 3.54.

For a data sequence such as current density measurements J;, Js,...,Jn, the Method
of Least Squares assumes that measurements are samples from a normal distribution with

mean J and standard deviation o(.J;) where

(3.55)

Therefore, in order to fit data to an equation with parameters to be determined j where
pis a vector consisting of R, Rsp, Jse, Jo1, Joz and n;g4, it follows that ] can be determined as

a function of V and ' by minimizing the sum

N
mln Z |J J(Vi, p)|)2 (3.56)

where pg is the optimum set of parameters for the fit. In the case where noise exists in
both voltage and current measurements, equation 3.56 may be modified using the method

of Orthogonal Distance Regression such that

(3.57)

where ¢(V') and o(J) are noise levels in current and voltage and fitted values are repre-
sented by VZ and jl-. Fits to data in this work were obtained via the software "IVFIT" which
makes use of equations 3.53, 3.54 and 3.57.

The amount of photocurrent generated at zero applied bias (i.e. J,.) depends on the

incident light spectrum and the amount of light that the cell can absorb. The wavelengths
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FIGURE 3.11: Solar spectral irradiance at AM1.5 ([143]) with the coloured

area corresponding to visible wavelengths (left) and diagram of photon ab-

sorption in a semiconductor (right). Photons with energy equal to E, pro-

mote electrons with no energy wastage, leaving a hole in the valence band.

Photons with energy greater than E, promote an electron to a higher state
resulting in loss of excess energy as heat.

absorbed depend upon the bandgap of the semiconductor where photons with energy larger
than the bandgap may be absorbed by exciting an electron from the VB to the CB or a higher
energy state. Photons with energy below the bandgap are generally not absorbed as there is
no suitable state to which electrons may be excited. However, photons that excite electrons
to states much greater than the CBM will undergo rapid thermal decay as depicted in the
band diagram in Figure 3.11 with excess energy being lost as heat. Therefore there is a certain
trade-off in material bandgap between capturing as much of the spectrum as possible whilst
minimizing thermal losses. V. is likewise affected as the maximum voltage generated is
that held by extracted electrons (U =qV) and is thus at best equal to the material bandgap.
Given the dependence of photocurrent on the incident energy spectrum, a fixed reference
is required. The solar spectrum is of most interest for photovoltaic energy conversion and
is defined as representing the solar spectrum at ground level for mid-latitude regions at a
solar zenith angle of 48°. This definition is useful as it represents the overall yearly aver-
age for mid-latitudes and is referred to as the Air Mass 1.5 spectrum (AM1.5), with a total
irradiance of 100W/m?2. The AM1.5 spectrum is shown in Figure 3.11. Another important
consideration, as introduced previously, is the absorption coefficient («) of the semiconduc-
tor. In general the absorption coefficient is related to the integral of the DOS in the CB and

VB so that for a direct bandgap semiconductor where the DOS vary parabolically, it is given

by

o(E) = A(E — E,)'/? (3.58)
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where A is a material-dependent constant. Indirect bandgap materials can be described
by the same equation but by increasing the exponent to 2 to account for the necessary pres-
ence of a phonon during the absorption event.

The photocurrent density can thus be calculated by integrating the product of the ab-
sorbance of a particular material and the AM1.5 spectrum with the wavelength-dependent
External Quantum Efficiency (EQE) which is the probability of an incident photon of energy
E delivering one electron to the external circuit. Accordingly, the total short-circuit current

density generated by the cell is given by

=g / EQE(E)®ars(E)dE (3.59)

3.5 Electrical measurements

The Four-probe method was used to measure film resistance as contact resistance made be-
tween probe and the material surface is accounted for and removed by the inclusion of the
two additional probes. The method works by applying current to the two outer probes
and measuring the potential drop between the two inner probes as shown schematically
in Figure 3.12(b). In this way, both the contact and spreading resistances associated with

two-probe methods are eliminated. Equations 3.8 and 3.9 define Ohm’s Law as
J=0FE (3.60)

In the case of describing current flowing in a wire, equation 3.60 can be expressed in the
more recognizable form

V=IR (3.61)

where V is the potential drop along the wire and R is the resistance which dependent on
the dimensions of the wire. For a wire with length L and cross-sectional area A as shown in

Figure 3.12(a), the resistance can be defined as

R=p (3.62)

SHE
o |

|

where the resistivity p is a material-dependent constant equal to the inverse of the con-

ductivity. For the case of thin films of width W and thickness ¢, equation3.62 becomes

L L
R=-—= = Ripeet = 3.63
= Roheer (3.6
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FIGURE 3.12: (a) Geometry of thin films relative to bulk conductors as de-

fined in the text. (b) Four-point probe. (c) Schematic of the electrical Hall

effect in thin conducting materials. An applied magnetic field B causes a

Lorentz force on charge carriers driven by a DC current through the sheet,

resulting in a transverse voltage which varies with B and depends on carrier
type[144].

where Rpee: is the dimensionally independent (where ¢ is assumed small) quantity known
as the sheet resistance. For four equally spaced probes with separated by a distance D on a
square sample shown in Figure 3.12(b) where D >> ¢, the sheet resistance may be approxi-

mated as

(3.64)

The mobility and charge type of films was determined by measuring the Hall effect. The
setup is shown in Figure 3.12(c) where a current is passed along a thin film in the presence
of a magnetic field B perpendicular to the surface. Under such conditions the carriers expe-
rience a Lorentz force Fy, = ¢(v x B) leading to a build up a transverse electric field and thus

of charge carriers. The resulting potential is referred to as the Hall voltage and is given by
VH = IB,LLHRsheet (365)

Therefore the Hall mobility (1) can be determined from the Hall voltage and sheet resis-

tance as
Vi

= — 3.66
IBRsheet ( )

122z

A Keithley 2400 digital multimeter in four-wire mode generally used for all electrical
measurements, including device current-voltage testing of devices in conjunction with cus-
tom built labview software and a Xenon lamp calibrated to AM1.5 intensity using a silicon

reference cell (ReRA Solutions Model RR-1002).
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3.6 Absorption Spectroscopy

Light can interact with matter in a number of different ways. Some light will be reflected
from the surface while the rest propagates through it. If the energy of the radiation is close
to that of the molecular transitions then it will be absorbed by the material and any light
that reaches the back surface will again either be reflected or transmitted. The combination
of these interactions determines the amount of light transmitted through the material and
thus the incident and transmitted light can be related to one another. If an incident beam I
is propagating in the x-direction and represents the optical intensity at z = 0 and I is the

transmitted light. This defines the transmittance as

Iy
T=— .67
7 (3.67)

If the intensity of the beam at position z is I(x) then the decrease in intensity in an incre-
mental slice dx is given by:

dI = —al(z)dz (3.68)

where « is the absorption coefficient of the medium. Integrating over the entire intensity

range and over the entire path length [ gives Beer’s Law:
I(x) = Ipe™ " (3.69)

In the case of solutions or colloidal dispersions this relation can be used to determine

concentration C' via the empirical Beer-Lambert Law:
I = Iy107 ¢! (3.70)

where € is the extinction coefficient which depends on the frequency of the incident light and

is greatest where it is most intense. Absorbance can thus be defined as:
A=—Infraclly =—InT (3.71)
combining with equation 3.70 we see that for a solution or colloidal dispersion
A=¢eCl=0oNI (3.72)

where o is the optical cross section [m?] and N is the number of molecules per volume. The

1

units for € is [Lg~'m™!] for C is [mgmi~'] and the sample thickness [ is in [m]. In the case
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FIGURE 3.13: Light scattering processes.

of solid samples, € and C' are replaced with o [m™1] yielding

A=al (3.73)

In general, absorption is measured as a function of wavelength A or equivalently by pho-
ton energy E of incident radiation. As discussed in the previous sections, the energy levels
in an atom or molecule are discrete as are the vibrational and rotational energies. Electrons
must acquire sufficient energy in order to make a jump to a higher level and therefore the

incident photons must have at least this energy in order to be absorbed. This is given by

he
E=— 74
: (374)

The result is an absorption spectrum. The vibrational energy levels of a molecule are much
more closely spaced than the electronic energy levels. Photons of lower energy than that
required for a change in electronic structure (infra red light )can thus still be absorbed by
causing vibrational energy changes. Rotational energy levels are closer still and can thus
cause absorption of far infra red and microwave radiation. These phenomena help explain
the broad humps (as opposed to sharp peaks) typically observed in the absorption spectrum
of a UV-visible spectrophotometer. Spectra were measured using a Perkin Elmer UV-vis NIR
Lambda 1050 spectrophotometer.

The above discussion concerning absorption spectroscopy assumes that the difference
in incident and transmitted light intensities is entirely due to absorption in the material.
However, Rayleigh and Mie scattering events (depicted in Figure 3.13) can cause a significant
change in the intensity of light reaching the detector in a manner that may or may not be
wavelength dependent. The use of an integrating sphere can account for these scattering
events. The sphere is approximately 150mm in diameter and the inner wall is coated with
a diffuse white reflective coating. The difference between an ordinary spectrophotometer
and one equipped with an integrating sphere is that in the former, scattered light leaving

the sample is lost and is thus incorrectly attributed to absorption by the material whereas
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in the latter the scattered light is re-scattered and accounted for. The term used to describe
and quantify the light emanating from a diffuse surface is the radiance L, the flux density
per unit solid angle. For input flux ®;, reflectance p, illuminated area A and total solid

reflectance angle =, the radiance is given as

Dip
L= 3.75
I (3.75)
Expanding to an infinite power series after multiple reflections results in
D,
L= p (3.76)

AT p1— )

where the port fraction f represents the area of the opening ports from which light can
escape. The first term is similar to equation 3.75 and the second is a unitless quantity which
can be referred to as the sphere multiplier M/ which accounts for the increase in radiance due
to multiple reflections. Accounting for the geometrical setup in this manner allows the true

absorbance spectra to be obtained.

3.7 X-Ray Diffraction

Crystallographic information can be derived by analysing X-ray diffraction (XRD) patterns.
As already mentioned, the periodic arrangement of atoms in a crystalline structure leads to
the presence of periodic atomic planes referred to as lattice planes where the type of atoms
and length of unit cell vectors determines lattice spacing (d). When ordered materials are
illuminated with plane wave electromagnetic radiation of appropriate wavelength, interfer-

ence occurs following Bragg’s Law such that
n\ = 2dsind (3.77)

where d is typically on the order of a couple of Angstroms meaning that X-rays must be
used. As shown in Figure 3.14, a of 26 should reveal intensities positions where Bragg’s Law
is satisfied resulting in small broad peaks for materials with short range order (amorphous)
and sharp peaks for materials with long range order (crystalline). The peak positions and
the d-spacings that they represent thus provide information about the location of lattice
planes in the crystal structure. Although the height of peaks may be used as a qualitative
measure of relative intensity, relationships between peaks in a given pattern provides a more

accurate measure with the strongest peak assigned an intensity of 100 by convention[145].
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FIGURE 3.14: Illustration of Bragg diffraction (left) and general XRD patterns
for amorphous and crystalline materials (right).

XRD patterns were obtained either from a PANalytical X'Pert Pro or a Bruker D8 Advance

with monochromized Cu Kol radiation.

3.8 Spin Coating

Spin coating is a process whereby solution containing a desired solute is spread on a hori-
zontal rotating substrate resulting in ejection and evaporation of the solvent leaving a liquid
or solid film. The simplicity and relative ease with which the process can be set up coupled
with the thin and uniform films of controllable thickness that can be achieved has made spin
coating a widely used technique both in laboratory environments and in the microelectron-
ics industry[146][147]. The general process is illustrated in Figure 3.15(b). The ink is first
dispensed either on a static substrate (1) or on a substrate rotating at high speed (generally
at least 1500rpm) (2) such that the majority of the ink is flung off and the remaining material
is dried by airflow leaving a plasticised film (3) before the solvent is fully removed to leave
the dissolved or dispersed molecules on the surface (4). The thickness ¢ of resulting films
generally follows an inverse relationship with spin speed squared or ¢ & 1/+/w where w is
the angular velocity. An important consideration for spin coating is wettability of ink on
the desired substrate which is characterised by the contact angle of the liquid on the sur-
face. A high contact angle means that the ink will tend not to spread out resulting in poor
substrate coverage and film uniformity. Contact angle is increased by use of high surface
tension solvents or low energy substrates and so UV/ozone or oxygen plasma treatment

of the substrate is commonly employed. Limitations and disadvantages of spin coating are
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FIGURE 3.15: (a) Image of the spin coating set up.(b) Step-by-step illustration

of the spin coating process. (c) Surface wetting considerations where a large

contact angle means poor wettability and a low contact angle means good
coating of the substrate[147].

low throughput (single substrate at a time) relatively high concentrations generally neces-

sary and high material wastage with more than 90% of ink lost during coating.

3.9 Spraying

Spray coating is an extremely attractive deposition technique as it offers the possibility to
deposit high purity products over large areas at low cost[148][149][150]. Other advantages
include that uniform thin films of arbitrary thickness may be grown with high material usage
and that due to the solution-processed nature of films, dopants may intentionally be added
with relative ease. Figure 3.16 shows the home-built set up used along with an illustration
of the general method of spray pyrolysis. Deposition of metal oxides was carried out in a
custom built confined environment (Abbess 18" Cube) at atmospheric pressure, employing
an air blast atomizer nozzle (PNR model MAD 0331) with N as carrier gas (151/min) placed
at a distance of 26cm from the deposition substrate. Undoped and doped metal oxides were
deposited on glass slides heated at 420 °C during the deposition process and oxygen con-
centration inside the chamber was monitored using an O, sensor (Sensortechnics, model
XYA1). For aluminium ad indium-doped ZnO films, thermal postgrowth treatments were
carried out in full nitrogen atmosphere in a separate Bell-jar chamber.

Spray coating is also a useful technique for depositing coatings of organic materials. The
process involves a very sharp needle being inserted into nozzle of either 150um or 600m
(depending on the material being sprayed). As the needle is withdrawn from the nozzle
an annulus is formed and the nanomaterial ink can then run down the needle and escape
through the annulus. Nitrogen at high pressure is directed through the a gap around the

annulus, forcing the solution to atomise with droplet size depending on the pressure of Ns.
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FIGURE 3.16: Set up used for deposition of metal oxides by spray pyrolysis
(left) and illustration of the deposition process (right)[151].

The resulting mist is directed towards a target substrate which may or may not be heated
depending on the desired film qualities and the nature of the solvent. In Chapter 6, disper-
sions of CNTs in chloroform (0.1375mg/mL) were spray deposited onto device stacks using
a Harder & Steenbeck infinity airbrush secured to a JANOME JR2300N robot as shown in
Figure 3.17. The flow-rate was 2.5 mm?.s~! and the back-pressure was between 30 and 55psi.
The nozzle had a diameter of 150pum and the substrate was either kept at room temperature

or heated to 60 °C during deposition.

I AN l|||

FIGURE 3.17: Set up used for spray deposition of CNT networks.
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4 Optimizing Electron Extraction
Materials for Improved Solar Cell
Characteristics with Reduced

Hysteresis

4.1 Introduction

As discussed in Chapter 2, most high efficiency perovskite solar cells to date have relied ei-
ther on high temperature processed porous metal oxide scaffolds or on an inverted structure
using acidic and hygroscopic PEDOT:PSS and evaporated ETLs processed in glovebox con-
ditions. The aim of work carried out in this chapter was to optimize ETL performance for
ambient processed planar perovskite solar cells. Zinc oxide nanoparticles produced using a
sol-gel technique are the first material considered for this purpose. Various spray pyrolized
metal oxides are then studied both as ETL and as transparent cathode in the case of bi-
nary oxides doped with donor impurities. Solution-processed fullerenes are also combined
with metal oxides in devices followed by optimization of metal oxide-free polymer-fullerene
ETLs. Finally, polymer-graphene composites are considered towards the improvement of

device stability.

4.2 Zinc oxide nanoparticles for facile deposition at low tem-
peratures

Zinc oxide has been much studied as an n-type contact material in the field of organic pho-
tovoltaics [153, 154, 155, 112, 156, 157, 158] and more recently in perovskite solar cells [159]
[160] [161] [162] [163] [164]. Interest in the use of zinc oxide over the more traditionally used

titanium dioxide (TiO2) stems primarily from its superior intrinsic mobility and the fact that
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FIGURE 4.1: SEM image of plain ITO (a) and ITO coated with ZnO-NPs from

an aggregated dispersion (b). (c) Absorption spectrum of ZnO-NP disper-

sion. (d) Size dependence of the optical band gap taken from [152]. (e) ITO

coated three times with an optimized ZnO-NP dispersion. (f) XRD pattern of
ZnO-NP film on glass.
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it can be grown in a large variety of nanostructured morphologies by a number of different
wet and dry methods, many of which are low cost. Additionally, there is the possibility to
tune its conductivity by extrinsic doping which is attractive for certain applications such as
transparent electrodes [155]. Zinc oxide nanoparticles are of particular interest as they can
be deposited from solution at room temperature and may be processed below 150 °C, which
is compatible with flexible substrates.

Zinc oxide nanoparticles were produced by adapting a published procedure [165]. Briefly,
zinc acetate dihydrate (2.95g) was first dissolved in methanol (125mL) at 60 °C. A solution
of potassium hydroxide (1.48g) in methanol (65mL), also at 60 °C, was then added to the
acetate solution in a dropwise fashion over 10 minutes under vigorous stirring. Some pre-
cipitates formed but dissolved again. After 5 minutes the solution became and remained
translucent. After 90 minutes the nanoparticles started to precipitate and the solution be-
came turbid. After 135 minutes the heater and stirrer were removed and the nanoparticles
were left to precipitate. The mother liquor was removed and the precipitate was washed in
fresh methanol (60mL) for 5 minutes before being placed in equal volume vials. Centrifu-
gation was carried out (4000rpm, 4 minutes) to better separate nanoparticles from solution,
and the process was repeated a minimum of four times to minimize residual hydroxides and
acetates in the sediment.

Previous reports of similarly prepared zinc oxide nanoparticles have used different sol-
vents to disperse them, such as butanol or chloroform or combinations of butanol and chlo-
roform and methanol at concentrations generally between 6mg/mL and 50mg/mL for spin
coating [166] [167] [168]. However, it was found that these solvent combinations (at least
in the volume ratios reported) caused rapid aggregation of the ZnO sol resulting in pre-
cipitation and non-homogeneous coverage of substrates for any combination of (nominal)
concentration and spin speed as illustrated in Figure 4.1(b). In our case it was found that
a chloroform-methanol mixture with a 90:10 ratio by volume provided almost optically
clear dispersions even at concentrations greater than 100mg/ml. UV-visible absorption
spectroscopy can provide a convenient way to quantify particle size in the colloid due to
quantum size effects below approximately 7nm[169]. The absorption spectrum for a disper-
sion diluted to 0.05mg/mL is shown in Figure 4.1(c). The bandgap E, can be determined
quite simply by identifying the excitonic peak (or shoulder) and recording the wavelength
at which absorption is 50% of that at the peak (called ), /;) as illustrated in the Figure. By
comparing A/, with data collected by other researchers [152] of the size dependence of the
optical gap as shown in Figure 4.1(d), the ZnO nanoparticle size in the colloid was deter-

mined to be approximately 3.8nm. The presence of methanol was found to improve the
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stability of the dispersions relative to neat chloroform. Additionally it was found that lower
concentrations coated repeatedly resulted in better coverage films as shown in Figure 4.1(e)
therefore ZnO films were formed by spin coating 5mg/mL dispersions at 3000rpm. The
thin nature of the films produced coupled with the small size of the nanoparticles resulted
in short broad peak in the X-ray diffraction patterns (Figure 4.1(f)), however the hexagonal

wurtzite structure of ZnO was discernible.

4.2.1 Optimizing zinc oxide layer thickness

In order to ascertain the optimum ETL thickness, devices with structure ITO/ ZnO NP/
Perovskite/ P3HT/ TiAu were fabricated with 1, 3, 5 and 7 coats of ZnO and all other pa-
rameters left unchanged. The general device stack is illustrated in Figure 4.2(a). During per-
ovskite fabrication it was noticed that the typically employed thermal annealing step (100 °C
for 10min to 1 hour) used to increase grain size resulted in complete degradation of the film
in less than one minute when the perovskite was in direct contact with ZnO. Given the fact
that perovskite could not be annealed upon the ZnO nanoparticle films, devices were fabri-
cated without the typically employed annealing step as the role of perovskite stoichiometry
is still an open question. Indeed, a slight excess of Pbl, has been observed to be beneficial in
some device configurations [170] [171] [172].

Figure 4.2(b) shows representative JV-curves for each of the ZnO coatings and device
characteristics extracted from fits to these curves are displayed in Table 4.1. Looking at the
JV-curves it is apparent that the cells with three coats of ZnO have the highest photocurrent
due to their lower series resistance, implying a more complete coverage of underlying ITO
than in the case of a single coat. Increasing the number of coats further resulted in increased
R, and hence decreased J ;. as would be expected for a thicker ETL.

As the number of ZnO-NP coats increased there was a trend towards an increasingly
pronounced anomalous peak in the vicinity of the maximum power point (MPP). This in-
dicated the presence of a barrier to carrier extraction resulting in a build-up of charge car-

riers. This phenomenon was found to be more pronounced for initial consecutive reverse

[ R.(2cm®) | Ro(2em?) | PCE(%)

1x ZnO 46 2x10% 27
3x ZnO 16 4x10% 3.3
5x ZnO 29 45x10% 2.54
7x ZnO 36 4.5x10* 2.79

TABLE 4.1: Extracted device parameters for devices with different number of
ZnO NP coatings as ETL.
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bias scans as shown in Figure 4.2(c) and especially when sweeping over a wider voltage
range (Figure 4.2(d)). However, even for the case of 3 coats of ZnO, the calculated R, was
in excess of 2092 cm? which signified significant carrier recombination in this device config-
uration. Scans in the dark showed decent rectification behaviour (Figure 4.2(e)) though a
semilog plot (Figure 4.2(f)) suggesting a capacitive effect remained even in the absence of
light whereby charge built-up in the reverse bias scan direction. This was consistent with

the roll-over effect observed at large forward bias both under illumination and in the dark.

4.2.2 Fullerenes as surface modifier

The aforementioned charge accumulation phenomenon suggested by scan direction, range
and rate-dependent hysteresis lead to the conclusion that energy level mismatch at the inter-
face between the active layer and ETL must be at least partly responsible for the limited pho-
tocurrent densities. Fullerenes and their derivatives have been widely documented to reduce
hysteresis and passivate boundaries in perovskite cells, usually being employed in inverted
devices as a solution-processed PCBM layer or a thermally evaporated Cg layer. Though
Céo is less soluble than its derivatives, it has sufficiently high solubility in dichlorobenzene
(DCB) to be simply spin coated on the ZnO film. Additionally, the low solubility of Csp in
most solvents is a useful quality for withstanding the deposition of subsequent solution-
processed layers for device fabrication.

When 10mg/mL Cgy was spun on the ZnO nanoparticle layer before depositing per-
ovskite as depicted in Figure 4.3(a), a dramatic effect on device performance was observed.
As seen in Figure 4.3(b), the presence of Cg resulted in a much higher photocurrent in both
scan directions due to a reduced R;. This improvement can be attributed to a reduction in
recombination at the interface between ETL and active layer. There are two likely explana-
tions for this result; either the fullerenes promote effective electron extraction towards ITO
due to improved band level matching or they provide more effective hole blocking from
their low lying HOMO and thus suppress electron injection from ITO into the active layer
through defect levels in ZnO. Of course there is also the possibility that Cy fills pinholes
to better prevent direct contact between the ITO and higher layers of the device stack but
this is unlikely as suggested by relatively large dark currents under low bias in the dark

(Figure 4.3(b)).
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FIGURE 4.3: Effect of Cso as surface modifier. (a) Schematic of de-

vice stack. (b) Current-voltage curves for champion device with structure

ITO/ZnO/ Ceso /Perovskite/P3HT /TiAu. "MPP" represents with current ex-

tracted under constant bias at the maximum power point. (c) Scans per-
formed in the dark on the same cell in (b).

4.2.3 Effect on perovskite stability

As mentioned in section 4.2.1, the thermal annealing step typically employed after per-
ovskite deposition to increase grain size and remove residual solvent resulted in complete
degradation of the film in less than one minute when the perovskite was in direct contact
with ZnO. This was a somewhat surprising finding given the number of high efficiency
perovskite solar cells reported in the literature. Thermogravimetric analysis (TGA) was per-
formed on the ZnO-NPs in the hope of ascertaining probable causes of this effect. As seen
in the inset of Figure 4.4(a), the nanoparticle samples lost approximately 5% of their mass as
they were heated to 200 °C with significant mass loss between in the range 150 °C - 350 °C be-
fore stabilizing at 80% of the original mass at temperatures above 600 °C. This indicated the
presence of a substantial amount of other material. To get a better qualitative understanding
of the nature of the impurities, Fourier-transform infrared spectroscopy (FTIR) was also car-
ried out as shown in Figure 4.4(a). The FTIR spectrum revealed a broad band at 3340cm !
which may be attributed ti the O-H mode of vibration signifying the presence of hydroxides,

likely due at least partly to absorbed water.
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FIGURE 4.4: (a) FTIR spectrum of ZnO-NPs with prominent peaks indicated.
Inset shows TGA of the same material. (b) Fluorescence lifetime of ZnO
nanoparticles (ZnO-NPs) measured using TRSPC setup showed a relatively
long-lived emission around 520nm. (c) Steady-state photoluminescence mea-
surements of ZnO-NP films on glass slides before and after applying anneal-
ing treatments. (d) Image of perovskite films on ZnO substrates after 6 min-
utes annealing on a hot plate at 100 °C (left to right: Untreated ZnO, annealed
at 200 °C in air, annealed at 300 °C in N3, annealed in air followed by anneal-
ing in Na2. (e) XRD measurements of treated films shown in (d).
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Many peaks associated organic species were also detected, particularly stretching modes
of C-O and C=0 between ~1340 cm~! and ~1600 cm~! as well as wide absorption bands
in the region ~800-1100 cm~!. ZnO-NP films were also measured using steady-state pho-
toluminescence as shown in Figure 4.4(c) as it has been shown that the presence of various
defects and impurities can be identified using this simple characterisation technique [173].
A broad peak in the green (520nm) can be attributed to emission involving oxygen vacancies
(Vo) due to incomplete oxidation during ZnO synthesis which would result in chemisorbed
species such as OH ~, consistent with TGA and FTIR results. Time-resolved photolumines-
cence of the ZnO revealed a long-lived decay as shown in Figure 4.4(b). Presence of oxygen
vacancies, hydroxide groups (OH ~) and residual acetate ligands on the ZnO nanoparticle
surface would likely hamper device performance and cause degradation of perovskite as
has since been reported [174] [167] [158].

In order to reduce the hydroxide content and fill oxygen vacancies as well as burn off any
residual organic species on the ZnO surface, the films were annealed at 200 °C for 1 hour in
air, 1 hour in N3 and 1 hour in air followed by 1 hour in N3. All three annealing treatments
resulted in removal of the V, related emission but introduced twin peaks in the near-infrared
(~770nm and 800nm), particularly for the Ny annealed film as shown in Figure 4.4(c). To
assess the effectiveness of the annealing treatments, perovskite films were deposited on each
of the ZnO layers and annealed on a hot plate at 100 °C for 6 minutes. Figure 4.4(e) shows
X-ray diffraction (XRD) measurements of films after the short annealing treatment. It can
be seen that the peak at 12.7° belonging to Pbl; is particularly prominent for the film on
N, annealed ZnO and that the peak at 14.1° associated with the (110) plane of perovskite
is almost completely suppressed. The perovskite film on air annealed ZnO fared slightly
better, with a stronger peak at 14.1° and a weaker Pbl, peak and the air and N, annealed
ZnO resulted in the least decomposition into Pbl,. This result can be observed visually in

the degree of yellowing visible in the films as shown in Figure 4.4(d).

4.3 Spray-pyrolysis of metal oxides

Spray pyrolysis has been used extensively as a relatively simple, low cost technique for
depositing transparent conductive oxides [175] [176] [177] [178] [179] [180] [181] [149]. The
method generally involves directing a fine spray of an alcoholic solution containing metal
salts towards a heated substrate such that pyrolytic decomposition in the vicinity of the
substrate forms the desired product, with the escape of associated volatile bi-products in the

vapour phase. In the field of perovskite solar cells, the spraying technique has been applied
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FIGURE 4.5: (a) Transmittance spectrum of intrinsic ZnO grown by spray

pyrolysis (iZnO) with inset showing reflectance spectrum and high optical

transparency of the film. (b) XRD pattern of 60nm thick iZnO film on ITO-
glass substrate.

mostly for depositing dense hole blocking layers of TiO, on sputtered fluorine-doped tin
oxide (FTO) substrates.

Films of undoped (intrinsic) zinc oxide (60nm thick) were grown in ITO for comparison
with the sol-gel ZnO nanoparticle films. From Figure 4.5(a) and (b) it can be seen that the
films were highly transparent and displayed the characteristic wurtzite structure of ZnO. De-
vices comprised of ITO/ iZnO/ Perov/ P3HT/ TiAu were fabricated as depicted in Figure
4.6(a). Typical cell response for such devices under one sun illumination (Figure 4.6(b)) was
poor with a small inverse slope near V,,. indicating a large series resistance. Dark JV-scans
(Figure 4.6(d)) showed a degree of hysteresis, suggesting charge build-up but also low dark
current in the low to medium voltage range which together indicate a pinhole-free film with
decent hole-blocking ability. However, fitting revealed that the cells had very high series
resistance, particularly for scans measured in the forward bias direction as shown in Ta-
ble 4.2. This resulted in low fill factor and short circuit current which can be explained either
by excessive thickness of an insufficiently conductive ZnO film or by band level mismatch
in the vicinity of the interface between active layer and the ETL. Given that the thickness
of sprayed ZnO films (60nm) was in the typically reported range, the latter explanation is
more convincing. Energy level mismatch could be due either to a shallower ZnO conduction
band relative to perovskite or possibly from partial decomposition of the active layer itself
resulting in an energy barrier for electron extraction imposed by lead iodide.

Annealing metal oxides under nitrogen atmosphere has been shown to decrease sheet
resistance which can be attributed to removal of chemisorbed species such as OH, O;, O~

O™~ and trap passivation at grain boundaries by neutral nitrogen molecules [150] [148].



4.3. Spray-pyrolysis of metal oxides

65

L)

(c)

Log Current Density (mA/cm?)

00 02 04 06 08

20
P3HT “E ®  Reverse
(HTL) ﬁ 154 ° F_orward
3 —F!t
Perovskite z =i
S 101
o
iZnO (ETL) | =
3 °T
ITO \"*\\
0 T ra. T

1.0
Voltage (V)
20 ( )1000
. —=—iZnO/Perov (Reverse)
—<— 1st Reverse “E 100 4|—e—izZnO/Perov (Forward) »
—<—2nd Reverse O 4 iZnO-N,/Perov (Reverse)
154 | » Forward E 104 Fit
—— Fit Forward = 1] » 1ZnO-N,/Perov (Forward)
—— Fit Reverse = 1
104 5 014
(m)
g 0.01 4
51 3 0.0014
S 1E-41
> B
0 T T T T 1E-5 T T T T T T
0.0 0.2 04 0.6 0.8 1.0 02 00 02 04 06 08 10 12
Voltage (V) Voltage (V)

(e)

FIGURE 4.6: (a) Schematic of device stack where "iZnO" refers to intrinsic

ZnO deposited by spray pyrolysis. (b) Current-voltage curves for devices

consisting of ITO/iZnO/Perov/HTL/TiAu. (c) Current-voltage curves for

devices in which iZnO was subjected to 30 minutes annealing at 320 °C under

Nas. (d) Semilog plot of scans performed in the dark on devices shown in (b)

and (c). (e) Devices from (b) (left) and (c) (middle) compared to a ZnO-free
device (right) after 3 months storage in ambient in the dark.
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| | R,(Qcm?) | R, (Qcm?) | PCE(%)

iZnO (Rev.) 195 =107 27

iZnO (For.) 65 1.8x 10" 1
iZnO-N, (Rev.) 2 22x10° 5.1
iZnO-Nj (For.) 1.1 5.1x107 16

TABLE 4.2: Extracted device parameters from fits to JV-scans for devices with
intrinsic ZnO deposited by spray pyrolysis as ETL (iZnO as-deposited or
iZnO-N; after annealing at 320 °C under nitrogen).

Ns-annealing (320 °C for 30 minutes) was therefore carried out on iZnO films before device
fabrication to study the effect on JV-characteristics. A similar peak in photocurrent around
the maximum power point as was observed for the ZnO nanoparticle films was present in
reverse bias scans as shown in Figure 4.6(c). This peak was found to become more significant
with successive scans in the same direction, suggesting a build-up in charge within the active
layer to be at least partly responsible. The nitrogen annealing treatment was found to greatly
reduce R, for both scan directions as extracted from fits in Figure 4.6(b), indicating that trap
passivation by Ny may indeed reduce recombination at the interface between iZnO and
perovskite. The shunt resistance was also markedly improved, with an increase in R, by an
order of magnitude in the reverse direction and a five-fold increase for forward bias scans.
This result indicated that the more conductive ETL (at least in the in-plane direction) due
to grain boundary passivation did not compromise hole-blocking ability in the direction
perpendicular to the film surface and may even have improved it. However, fits to scans
under illumination gave much larger R, values than in the dark which was consistent with
the hypothesis of band level mismatch which is exacerbated under illumination.

As previously mentioned, titanium dioxide (TiO;) is the most widely used ETL in per-
ovskite solar cells and so it was grown by spray pyrolysis on fluorine-doped tin oxide (FTO)
substrates and devices were fabricated using identical processing for other layers. Fig-
ure 4.7(a) shows a typical JV-response for devices employing a 20nm thick layer of TiO, as
ETL. Cells made with perovskite deposited on as-grown TiO, (after a UV-ozone treatment
to clean the surface and improve wetting as typically employed in the literature) displayed
low Js¢, FF and V,.. However, applying a post-annealing treatment of the TiO films (500 °C
in air fo 30 minutes) before carrying out subsequent processing steps markedly improved all
three JV-scan parameters as shown in Figure 4.7(b). This result indicated that the as-grown
films were oxygen deficient resulting in the presence of a high density of trap states and
hence poor charge extraction. The improvement was thus attributed to filling of oxygen va-
cancies in TiO; by the high temperature annealing treatment in air which would be reflected

by a significant drop in R,. Successive scans in the reverse bias direction showed improved
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FIGURE 4.7: Current-voltage curves for devices consisting of

ITO/TiO2/Perov/HTL/TiAu where "TiO; stands for titanium dioxide
grown by spray pyrolysis.(a) JV-curves for devices made with 20nm thick
as-grown TiOz. (b) Current-voltage response of a typical device where the
TiO; layer was sintered at 500 °C for 30 minutes in air before perovskite
deposition. (c) Semilog plots of the JV-curves in the dark for the device
shown in (b). (d) Current-voltage curves for a device with 45nm thick TiO»
layer plotted alongside data from (b) with fits using the one-diode model.

photocurrent, particularly when the scan speed was reduced by using a shorter delay time
between data points. Scans in the forward bias direction had approximately the same J,.
and V,. but lower FF which is consistent with other reports using similar device structures.
Repeated scans over a smaller voltage range around the maximum power point showed the
true power conversion efficiency to be between the values calculated using a full scan in
either direction. Maximum power point (MPP) tracking demonstrated a promising device
efficiency with an increase in power output from 4.9mW /cm? to 5.4mW /cm? over several
minutes under constant illumination. To better characterise the devices, fits to the JV-data
were carried out using the One-diode model.

Increasing the thickness of the ETL to approximately 46nm resulted in decreased device
performance as shown in Figure 4.7(d), due primarily to increased series resistance as shown
in Table 4.3. The large R,, particularly for forward biased scans, resulted in more severe
hysteresis and a lower maximum power extracted from the cells. X-ray diffraction revealed

that even after post-annealing at 500 °C in air, the films were amorphous in nature. A high
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TiO, device | R,(Qcm?) | R, (Qcm?) | Ny | Jse (MA/cm?) | Voe (V) | FE |
20nm Rev.(Dark) 8.8 4.6x10° 2.28 - - -
20nm For.(Dark) 2.04 1.1x10° 2.05 - - -
20nm Rev.(Light) 6 515 1.07 9 0.956 0.69
20nm For.(Light) 24 202 1.68 10 0.95 0.5
45nm Rev.(Dark) 13.2 1.1x10° 2.42 - - -
45nm Rev.(Light) 11.2 2.4x10% 297 7.75 0.94 0.65

TABLE 4.3: Extracted device parameters for devices with 20nm thick TiO»
deposited by spray pyrolysis as ETL.

concentration of trap states is a consequence of the disorder inherent in amorphous materials
and therefore will adversely affect mobility and the effectiveness of electron extraction from
perovskite. This effect is consistent with the measured R, for TiO; films of thickness within
the typically employed range. Attempts were made to improve the conductivity by fluorine-
doping but the fluorine precursor was not taken up during pyrolysis.

Finally, due to its high mobility even at lower processing temperature as well as im-
proved band level alignment with methylammonium perovskite, tin oxide (SnO;) was spray
coated on FTO and devices fabricated. However, although X-ray reflection showed a nom-
inal thickness of 60-65nm, profilometry revealed the presence of sharp micrometer-scale
peaks that protruded from the SnO, surface. Consequently devices fabricated with SnO,
were completely shunted. Grinding the SnO, films briefly using an abrasive improved the

JV-response but significant shunting remained.

4.3.1 Doped binary oxides

Having established that intrinsic zinc oxide was incompatible with high performing methy-
lammonium lead halide perovskite cells processed under ambient conditions, it was won-
dered if perhaps doped binary oxides may offer more favourable energy level alignment.
There have in fact been reports of high performing devices in which highly doped trans-
parent materials serve as both charge selective layer and electrode [182, 183, 184, 185, 186,
187, 188]. Given the solution-processed nature of the metal oxide film formation, it was
relatively simple to dope donor species by addition of the appropriate salt to the alcoholic
precursor solution. For example, indium (In) doping could be achieved by adding InCl; to
a solution of zinc acetate dihydrate (Zn(CH3COO),.2H50) in methanol. Figure 4.8 shows
SEM images of ZnO:In films with different In content. Undoped (0%) films were made up
of hexagonal-shaped grains which grew in a columnar structure with decreasing grain size
towards the film surface. The hexagonal stacks perpendicular to the substrate showed a pre-

ferred orienntation along the c axis and reflected the hexagonal wurtzite crystal structure of
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FIGURE 4.8: SEM images of ZnO films deposited via spray pyrolysis with

0%(a), 1% (b) and 2% (c) indium (In) concentration relative to Zn. Adapted

from [150]. (d) Transmittance measurements of aluminium-doped (AZO) and
In-doped ZnO (IZO) films.

ZnO. The number and angle of tilted stacks increased and grain size decreased as the dopant
concentration was raised first to 1% (Figure 4.8(a)) and then 2% (Figure 4.8(b)). This change
in preferred nucleation direction may be attributed to etching of ZnO by HCI formed by
reaction between InCl3 and H>O molecules present in the solvent or from dihydrogenated
zinc acetate[150]. The resulting films were of a compact nature with high transparency and
clearly defined thin-film interference fringes in the visible region (Figure 4.8(d)).

Perovskite films were first deposited on ZnO:In with 2% In (IZO) and on ZnO films
doped with 1% Ga and 0.8% Al and devices were fabricated as depicted in Figure 4.9(a).
Current-voltage response for cells using either doped oxide was found to be similar with
typical behaviour shown in Figure 4.9(b). Scanning in the reverse bias direction from 1.2V to
0V resulted in very little photocurrent output with similar-shaped JV-curves to what was ob-
served previously for devices with ZnO nanoparticle (ZnO-NP) or iZnO deposited by spray
pyrolysis on ITO as ETL. Again, slight increases in J,. were found with repeated scans. A

more significant increase in photocurrent was observed when the scan range was enlarged



Chapter 4. Optimizing Electron Extraction Materials for Improved Solar Cell
70
Characteristics with Reduced Hysteresis

to 1.5V-0V. This suggested that biasing the device at higher voltage raised the maximum
current that could be extracted from the cell under illumination. Indeed, when the cell was
held at 1.2V for one minute immediately prior to performing a scan in the reverse bias di-
rection, a J,. of over 22mA /cm? was observed. However, the nature of this improvement
proved transient as subsequent scans decayed back towards the lower values of ;. recorded
for earlier scans. This behaviour under bias indicated the presence of significant energy level
mismatch at the interface between photoactive layer and 1ZO.

Attempts were made to improve band-level matching by inserting interlayers between
the IZO and perovskite layers. TiO2 was applied but device performance remained very
poor. What’s more, the high temperature annealing treatment in air which was found nec-
essary for effective charge extraction was incompatible with IZO whose electrical properties
deteriorate massively at even relatively modest temperature treatment (>200 °C) in the pres-
ence of oxygen[150]. Undoped ZnO (iZnO) was also applied between IZO and perovskite (as
shown in Figure 4.9(c)) but the resulting current-voltage behaviour (Figure 4.9(d)) was sim-
ilar to the case of devices with perovskite deposited on ITO/iZnO. It thus became clear that
photocurrent extraction for devices using the current setup was not markedly changed by
simply raising the Fermi-level of the ETL towards the conduction band via doping. It should
also be noted that unlike devices in which perovskite was deposited directly on ITO, shunt-
ing was largely absent from those based on 1ZO interfaced with perovskite as confirmed
by Ry, of at least 1.6x10%*Qcm? from fitting the dark-JV data (Figure 4.10(c)). One possible
explanation for the difference would be that growth of more compact and pinhole-free per-
ovskite films was favoured on IZO over ITO which could be conceivable from the point of
view of nucleation dynamics on substrates with greater surface roughness[190]. However, a
more likely reason would be linked to the degradation of perovskite in contact with ZnO as
discussed previously.

Given that Cgy was found to improve charge extraction from devices with ZnO-NP ETLs,
it was a natural step to apply them to IZO-based devices. Spin coating a layer of Csp
molecules on IZO before perovskite deposition (as depicted in Figure 4.10(a)) had a dramatic
effect on the performance of resulting devices. Figure 4.10(b) shows the current-voltage re-
sponse of the champion cell for devices consisting of IZO/ Cgy/ Perov/ P3HT/ TiAu. As
was the case for IZ0O/iZnO/Perov cells, initial scans in the reverse bias direction showed
a peak in photocurrent around 0.7V-0.8V but the size of the peak diminished as the delay
time between voltage steps was increased leading to stabilized photocurrent output with a
FF of 0.67. A degree of scan-dependent hysteresis remained but even forward bias scans

recorded PCE of almost 9%. The relatively high performance was all the more remarkable



4.3. Spray-pyrolysis of metal oxides

71

(a)

—_
(=3}
-

[pe]
w

%

m
Ny
o

P3HT

—=—1 Rev
—4—2 Rev
[—#&—3 Rev (1.2V-0V
—8— 4 Rev
—w—5 Rev
—4—6 Rev (1min @1.2V)
—&—7 Rev (1.5V-0V)
—%—8 Rev (1.5V-0V)

1.2V-0V,

)
)
)

1.5V-0V)
1.5V-0V)

-
(8]
L

Perovskite

[/

VA®)

w
L

Current Density (mA/ci
=

Glass —| 0d

00 02 04 06 08

iZnO

(e)

- a s Perovskite

00 02 04 06 08
Voltage (V)

(1

25
. —4— 1 Rev|
o —4— 2 Rev
204
g ——3 For
g
=15
=
w
 urd
& 101
I=
e
5 54
O
0 . v

FIGURE 4.9: (a) Schematic of device stack in which ZnO doped with 2wt%
indium (IZO) deposited on glass by spray pyrolysis serves as both trans-
parent cathode and ETL. (b) Current-voltage response under illumination of
cells using the stack depicted in (a). (c) Schematic of device stack in which
a thin (60nm) layer of intrinsic ZnO (iZnO) was grown on IZO prior to per-
ovskite deposition. (d) Current-voltage response of devices depicted in (c).
(e) Energy level diagrams for device stack shown in (a). (I) Simplified con-
duction band diagram depicting energetic barrier to electron injection from
perovskite into IZO. (II) Built-in potential at the perovskite/IZO interface un-
der illumination at short circuit conditions (electrons shown in red, holes and
cations in blue and green respectively). (III) Under an applied forward bias
where "1" indicates kinetic drift of cations and holes towards the interface.
(IV) At large forward bias (V) the accumulation of cations and holes creates
an upward band bending ("2") described by surface voltage V. Recombina-
tion between accumulated charges and the IZO region ("4") and with elec-
trons in the bulk ("3") are also indicated. Adapted from [189].
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given that scans in the dark displayed large current densities under low bias suggesting
incomplete film coverage resulting in a large degree of shunting. Two facts combined to ex-
plain the result. Firstly, a non-homogeneous thin film of Cgy molecules was to be expected in
the absence of a crosslinking agent given their partial solubility in DMF used for perovskite
deposition together with the fact that Cy itself was deposited via spin coating. Secondly,
a low R, indicated more incomplete coverage of the photoactive layer relative to devices
without fullerenes. Indeed, many cells on the device with champion performance were so
severely shunted that PCE remained low. The reason for incomplete perovskite coverage
was unclear but an interesting phenomenon occurred over time. An example is illustrated
in Figure 4.10(d) where a cell (referred to as "Cell 1") which was initially highly shunted
(i.e. on Day 1) displayed much improved R,;, when measured again almost two months
later, with a V. of over 1V. After 96 days the performance did begin to deteriorate with a
maximum PCE of 7.7% extracted under constant bias (MPP), roughly the average of values
suggested by reverse and forward bias scans. A significantly larger R, was present after
166 days but the cell still displayed a PCE of almost 5% as shown in plot of PCE against
time in Figure 4.10(e). The net result was that PCE of the champion cell (referred to as "Cell
8") converged with other cells up to 96 days after initial testing before following a similar
trend of gradual deterioration in power output thereafter. One possible explanation for this
result would be that a change in photoactive layer morphology brought about by perovskite
decomposition could act to fill gaps in the film and improve R,;, and hence PCE. Although
its exact influence on device performance remains something of an open question, Pbl, left
behind as a decomposition product could fulfill this role, resulting in at least a temporary
improvement in cell performance. This hypothesis would be consistent with visible yellow-
ing of the device active area with time (inset of Figure 4.10(e)) and SEM images of aged

perovskite films shown in Chapter 5.

4.3.2 Doped binary oxides in conjunction with fullerenes for indium-free

fully solution processed solar cells

Performance of devices using Cg as surface modifier to improve photoexcited electron ex-
traction from perovskite to IZO was highly encouraging considering the low cost nature of
the solution deposition methods used for all layers (i.e. spray pyrolysis and spin coating)
coupled with much lower content of indium used in the transparent cathode relative to sput-
tered ITO (2%-3% InCl; in IZO films versus approximately 74%-90% In,O5 in ITO)[191][192].

However, devices displayed low shunt resistance with many poor-functioning cells on a
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FIGURE 4.11: (a) Current-voltage curves for champion cell with AZO as
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parison. (c) Plot of PCE extracted from maximum power point tracking
against time for cell shown in (a).

given freshly prepared device which is undesirable from the point of view of commerciali-
sation. Furthermore, to take full advantage of the financial savings associated with solution
processed transparent conducting oxides (TCOs) it would be better to avoid the use of in-
dium entirely. Despite its roughly factor of 2 lower conductivity than the best achieved
for ZnO:In, Al-doped ZnO (AZO) maintains excellent transparency (Figure 4.8(d)) and the
combination of facile texturing during or after processing coupled with abundance and non-
toxicity of its constituents makes AZO a truly low cost and attractive alternative to ITO.
Steps taken to achieve high performing devices using AZO as TCO involved optimizing
processing parameters during device fabrication. For example, owing to the micrometer-
scale thickness used to guarantee sheet resistance below 80(2/sq, minimal patterning of AZO
was found to be beneficial (due to the combined thickness of other device layers being less
than 1xm) as was coating a layer of nail varnish along the etched edge. In this way, any
shunting paths created by direct contact between TiAu and AZO along edge of the AZO

were avoided. Another measure found to enhance performance involved optimizing the
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precursor composition used in fabricating the perovskite layer which forms the basis of ex-
periments carried out in Chapter 5. Finally, deposition conditions for the Cgy-based ETL
were found to be important for reproducibility of device performance as discussed towards
the end of this chapter. The combination of these factors resulted in devices with an average
PCE of 10.05% and a ratio of standard deviation to mean PCE of 0.07. The current-voltage
response of the champion cell is shown in Figure 4.11(a). Although hysteresis remained
present with a FF of 0.64 under forward bias and 0.68 for reverse bias scans, applying a con-
stant bias near the maximum power point confirmed that scans in the reverse bias direction
were representative of device behaviour under true operating conditions. Furthermore, the
maximum power extracted from the cell was stable over at least a few minutes under con-
stant bias and illumination as shown in Figure 4.11(c). At least one factor contributing to
the improved performance relative to initial devices fabricated on IZO was increased Ry, as

suggested by the lower dark current under low bias in Figure 4.11(b).

4.4 Sputtered metal oxides

Sputter coating has been used in recent years for the preparation on hole-blocking layers
for solar cells[49] [193] [174][194] [195]. Radio frequency magnetron sputtering (RFMS) in
particular has been employed with varying degrees of success, with high efficiencies having
been reported even without high temperature treatments [46] [195]. TiO, grown by REMS
technique has the advantage of being able to grow uniform pinhole-free films with carefully
controlled layer thickness and substrates greater than 3m in width can be coated in indus-
trial scale systems [196] [197]. Additionally, the possibility of low temperature processing is
attractive for flexible substrates [198] and thus worthy of attention. In this way, the costs as-
sociated with a vacuum-based technique together with the engineering complexity of radio
frequency magnetron controlled sputtering can be at least partially offset by relatively large
area deposition compatible with roll-to-roll processing

TiO films with thicknesses of 10nm and 20nm were first deposited on ITO-glass sub-
strates and devices fabricated. Figure 4.12(a) shows the JV-response measured from open
circuit voltage to short circuit current of a device comprising 10nm thick TiO; as ETL sput-
tered at room temperature with a 5-minute UV ozone treatment to improve wettability and
surface coverage by perovskite. Initial scans showed a high series resistance when measur-
ing from 1.2V-(-0.2V). However, increasing the scan range to measure from 1.35V and then
from 1.5V to (-0.2V) resulted in an (artificially) decreased series resistance and an associ-

ated improvement in fill factor and Js.. Similar to what was observed for devices where
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FIGURE 4.12: Current-voltage response of devices with metal oxide ETLs

processed at room temperature. (a) Typical response of cells with 10nm

thick TiOz deposited by RFMS as ETL. (b) Typical response of cells

with 20nm thick TiO2 as ETL (c) JV-response of cells with structure

ITO/TiO2(10nm)/Ceso /Perov/P3HT/TiAu. (d) Semilog plots of scans per-
formed in the dark for devices in (a), (b) and (c).

IZO was interfaced directly with perovskite, holding the cell at voltages above V,. for 20
seconds immediately prior to performing the scan resulted in an apparent improvement in
device performance. However, in the case of TiO, the decay in photocurrent was more rapid
resulting in a slight peak at around 0.65V. When the scan direction was reversed (i.e. scan-
ning from J,. to V), a very pronounced hysteresis was observed with low photocurrents
measured. Increasing the thickness of TiO; to 20nm resulted in similar device behaviour
(Figure 4.12(b)) although the maximum power extracted from cells under the same testing
conditions was somewhat lower. This was due to a larger R, consistent with a thicker ETL
and when coupled with the dark-JV curves suggests that shunting is not the limiting factor
in such devices.

The severe hysteresis and scan rate-dependent JV can be explained by a combination of
possible mechanisms. Defect states are inherent in more amorphous materials and higher
densities of such states have been shown to enable significant charge transport at least 0.8 -

2.0eV below the conduction band edge of TiO5 [199][200]. The presence of such states within
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the bandgap may cause unwanted recombination through electron injection from anode to
perovskite (shunting effect) or may trap photogenerated electrons resulting in a lower pho-
tocurrent. Additionally, the improvement in photocurrent for reverse bias scans after pre-
biasing the cells at large (greater than V) positive voltage would suggest the presence of an
energy barrier for electron extraction due to mismatch between the conduction bands (CB)
of the active layer and TiO,. When no bias is applied to the cell, the CB of TiO, is raised
relative to the CB of perovskite, thereby presenting an energy barrier for the extraction of
photoexcited electrons. When the cell is held in reverse bias whilst illuminated, Fermi-level
splitting results in an increased barrier to charge extraction as the CB of the ETL is raised
further relative to that of the perovskite. Conversely, when the cell is under forward bias,
the barrier to electron extraction is reduced and photocurrent is more readily produced.

In an attempt to passivate surface defects and to possibly improve band level matching
for electron extraction, devices were fabricated with a layer of Cy molecules spin coated
from solution onto UV ozone-treated 10nm thick TiO, films. Typical JV-curves for such de-
vices under different scan rates and directions is shown in Figure 4.12(c). Although relatively
high J,. was recorded for intermediate and fast (i.e. 0.92V/s) scan rates in the reverse bias
direction, the series resistance remained high for all scan speeds. The effect was even more
pronounced for scans in the forward bias direction. Such behaviour is consistent both with
the high R, and R, obtained from fits to the dark-]V curves and with the hypothesis of
significant band level mismatch between TiO, and perovskite.

Having established that room temperature processed TiO; deposited via RFMS from a
ceramic target under and argon atmosphere is unsuitable for high efficiency perovskite cells
using the current setup, alternative ETLs were sought. Zinc oxide was the obvious candi-
date due to its improved electrical characteristics allowing for better performance using near
ambient processing techniques. Additionally, it was hoped that there would be improved
stability of perovskite films in direct contact with sputtered ZnO due to a lack of residual or-
ganic species associated with solution processed films. ZnO films with a thickness of 20nm
were grown at room temperature (hereafter referred to as "RT-ZnQ") from a ceramic target
on ITO-coated glass slides.

As seen in Figure 4.13(a), cells with structure ITO/ RT-ZnO/ Perov/ HTL/ TiAu showed
reduced hysteresis relative to devices with room temperature sputtered TiO, of equal thick-
ness (20nm), although they still behaved similarly to what was observed for iZnO and ZnO-
NP ETLs in that J;. remained low. Clearly significant recombination was taking place re-
sulting in only modest photovolatic conversion efficiency. Furthermore, PCE declined with

successive scans as shown in Figure 4.13(b). As was the case for devices with spin coated
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ZnO-NP films, application of Cgg as surface modifier had a dramatic effect on photocurrent
extracted from cells with RT-ZnO (Figure 4.13(c)) with J,. under reverse bias approaching
20mA /cm?. However, both J,. and FF declined with successive scans. Device degradation
was obvious when a slow scan was performed over a reduced voltage range from 0.8V-0.73V
as the photocurrent fell over the 5-minute period from 14mA /cm? to 11mA /cm? as the ap-
plied bias was gradually decreased. Curiously, devices made with Cgy deposited on ZnO
grown at 300 °C were highly shunted. The combination of a low Ry, of 400Qcm? extracted
from fitting the dark-JV curve with an R; of over 10Qcm? resulted in modest device per-
formance as shown in Figure 4.13(d). However, annealing the ZnO films at 320 °C under
an Ny atmosphere before coating Co resulted in much improved device performance. As
was the case for devices with perovskite coated directly upon N3 annealed iZnO deposited
by spray pyrolysis, a peak in photocurrent remained present for initial reverse bias scans as
shown in Figure 4.13(e). However, the peak was less pronounced than for the other device
configurations and reduced with successive scans. A significant degree of hysteresis was
still present but slow scans in a reduced voltage range around the maximum power point
(MPP) ensured that reverse bias scans were indeed representative of the true conversion ef-
ficiency under operating conditions with a maximum power output of 14.6% under one sun
illumination. The lack of an initial peak in photocurrent upon illuminating the cell around
the MPP and steady output thereafter as shown in Figure 4.13(f) suggested a reduction in
charge-trapping and an improved stability relative to the non-annealed ETLs.

It was soon realised that as-deposited ZnO rapidly degraded perovskite upon heating
no higher than 100°C. Figure 4.14(a) shows the x-ray diffraction pattern of a freshly de-
posited perovskite film on ZnO. After heating on a hotplate for 10 minutes at 100 °C, peaks
associated with Pbl, grew significantly at the expense of those associated with perovskite.
A control film grown on glass on the other hand saw only an increase in crystallinity upon
annealing. Scrubbing the sputtered ZnO films with detergent (Alconox) followed by son-
ication treatments in acetone, deionised water and IPA was found to improve the stability
as perovskite was capable of withstanding at least 10 minutes of annealing with little or no
degradation.

Typical JV-scans of a device comprising perovskite on RT-ZnO after copious scrubbing
with detergent and solvent washing and sonication steps is shown in Figure 4.14(b). Fitting
the data from scans performed in the dark (Figure 4.14(d)) revealed that devices had a strong
resistance to shunting with Ry, of between 2x10°Qcm? and 9x10°Qcm? depending on scan
direction. However, R, of over 20Qcm? for reverse scans and 23.6Qcm? for forward bias

resulted in J. of approximately 6mA/cm?. As previously discussed, large R; may be due
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FIGURE 4.13: Current-voltage response of devices with 20nm thick sputtered
ZnO ETLs. (a) Device consisting of room temperature deposited ZnO inter-
faced with perovskite. (b) Evolution of PCE with time for cell shown in (a). (c)
JV-response of cells with structure ITO/ZnO(@RT)/Cso/Perov/HTL/TiAu.
(d) Typical response of a device with the same structure as (c) but where ZnO
was grown at 300 °C. (e) JV-response of a device with same structure as (d)
but where ZnO film was post-annealed at 320 °C under N». (f) evolution
of photocurrent under constant bias near the maximum power point for cell
shown in (e) going from dark to illumination.
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[Toc mA/cm®) [ Voo (V) [ FF | PCE(%)

RT-ZnO (Rev.) 6.9 095 066 | 432
RT-ZnO (For.) 6.04 095 | 046 | 2.8
ZnO-N; (Rev.) 11.54 004 [081| 88
ZnO-Nj (For.) 76 094 | 052 | 3.69

TABLE 4.4: Extracted device parameters for devices with 20nm ZnO de-
posited by sputtering either at room temperature (RT-ZnO) or at at 300 °C
with subsequent annealing at 320 °C under nitrogen (ZnO-N3).

| Ry(Qem?) | Ry (Qem?) | Jo (mA/cm?) | Niq |

RT-ZnO (Rev.) 6.4 6.9x10° 2.8x107° 1.78
RT-ZnO (For.) 1.08 1.95x10° 2x10719 1.73
ZnO-N3 (Rev.) 1.2 2.33x10° 1.2x1073 1.99
ZnO-N3 (For.) 0.23 1.65x10° 9.3x107° 2.06

TABLE 4.5: Extracted device parameters for devices with 20nm ZnO de-
posited by sputtering either at room temperature (RT-ZnO) or at at 300 °C
with subsequent annealing at 320 °C under nitrogen (ZnO-N3).

to recombination caused by defects within or at the surface of the ETL. Therefore, zinc oxide
films were annealed under a nitrogen (N3) atmosphere in an attempt to passivate defects and
hence improve device performance. Devices fabricated with Ny-annealed ZnO did indeed
show some improvement in photocurrent as shown in Figure 4.14 (c). However, the presence
of a peak near the maximum power point which grew as the scan speed decreased in the
reverse bias direction resulted in significant hysteresis and signified charge trapping in the
device. Accordingly, R, and FF were measured to be 11.44Qcm? and 0.51 in forward bias
direction and 6.43Q2cm? and 0.77 in reverse bias respectively as extracted from fits to the data.
True conversion efficiency most likely lay therefore between the 3.68% and 8.45% suggested

by fits to each scan direction.

4.5 Metal oxide-free electron selective layers

Having observed the effectiveness of solution-processed Cs in increasing photocurrent in
conjunction with metal oxide ETLs, it seemed natural to establish whether a fullerene-based
layer could be used as the sole ETL material. To date, fullerenes and their derivatives such
as PCBM have mostly been used in inverted architectures due to the solubility of PCBM in
solvents typically used for perovskite deposition and the fact that Cgy can be coated con-
formally onto rough perovskite layers via thermal evaporation. However as already men-

tioned, inverted devices generally require more controlled processing conditions and are
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more prone to rapid degradation in humid and oxygen-rich environments. Although pris-
tine Cgo has limited solubility in most solvents, thereby limiting the maximum attainable
film thickness, it was reasoned that the lack of solubilizing chains would improve integrity
of the ETL upon exposure to solvents during the deposition of subsequent layers.

Fullerenes were dispersed in dichlorobenzene (DCB) at a concentration of 10mg/mL by
mild shaking and were deposited via spin coating at 1500rpm for 50s followed by anneal-
ing on a hotplate for 2 minutes at 100 °C. It was found necessary to subject ITO substrates
to 10 minutes of UV ozone treatment prior to coating Cgy. Devices were first fabricated
with structure ITO/ Cgo/ Perovskite/ P3HT/ TiAu as depicted in Figure 4.15(a). Although
the JV-response in the dark revealed significant shunting in the absence of a metal oxide
hole-blocking layer (Figure 4.15(b) and (d)), initial sweeps showed high J;. in both scan di-
rections. Slow scans around the maximum power point (MPP) confirmed high performance,
although the power output tended to degrade under repeated scans and at near constant ap-
plied bias under illumination. The exact mechanism of the degradation was unclear but it
was evident that a solution-processed Cj layer on its own was not sufficient for consistent
and reliable device performance.

It was wondered whether a polymer could be used in conjunction with Cgg to improve
surface coverage and shunt resistance. Polyethylenimine (PEI) is a simple aliphatic polymer
containing many amine groups organised in either linear, branched or dendritic form. It
has found many areas of application, particularly in fields that can exploit its polycationic
nature. It has been used as an adhesion promoter in biological applications [201] and as
an additive to coatings and printing inks, cosmetics and detergents [202]. Another area of
application is in carbon dioxide capture, either impregnated upon a porous scaffold or by
cross-linking [203] . Although polyethyleneimines lack 7 - conjugation and are thus large
bandgap insulators, it has been demonstrated that branched PEI and PEI-ethoxylated (PEIE)
can act as electrode surface modifiers in organic electronics [204] and as n-type dopant for
ETLs in organic photovoltaic (OPV) devices [158]. These properties have naturally begun
to find use in perovskite solar cells. For example, a thin layer of PEI has been used as a
buffer layer between perovskite and zinc oxide [167] and more recently as a dual functional
additive in the fullerene electron accepting layer of an inverted perovskite solar cell [205].
It has also been shown to improve the wetting of perovskite precursor in inverted devices,
thereby demonstrating that it is not limited in application to facilitating electron collection

[206].
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FIGURE 4.15: (a) Schematic of device with Cgo as ETL between ITO and
perovskite. (b) Typical current-voltage response of device shown in (a). (c)
Schematic of device with a layer of cross-linked polyethylenimine (PEI-CL)
between Cgo and perovskite. (d) JV-response of champion cell with struc-
ture ITO/Ceo/PEI-CL/Perov/HTL/TiAu. (e) Semilog plot of JV-scans in the
dark for cells shown in (b) and (d). (f) Response of cell with same structure
as (c) under repeated scans with 1s delay time between voltage steps under
illumination and after short rest time in the dark.
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In an effort to protect Cgy from partial removal by DMF during the deposition of per-
ovskite precursors, PEI was first applied on top of the fullerene layer along with the crosslink-
ing agent Poly(propylene glycol) diglycidyl ether (hereafter referred to as "PEI-CL") in a
manner developed for OPV fabrication [207]. A device stack consisting of ITO/ Cgo/ PEI-
CL/ Perovskite/ HTL/ TiAu is depicted in Figure 4.15(c). The presence of a thin layer of
PEI-CL improved fill factor and reduced hysteresis (Figure 4.15(d)) resulting in a maximum
power output of 15.1mW /cm?. The dark current was markedly reduced relative to Cgp-only
cells as shown in Figure 4.15(e). Furthermore, unlike Cgp-only devices, cells with a PEI-
CL capping layer displayed a much more stable output under constant bias. A curious ef-
fect was noted whereby successive reverse bias scans under constant illumination recorded
lower J;. and V,. (and hence maximum power output) as shown in Figure 4.15(f). How-
ever, upon resting the cell for 30 seconds in the dark before performing a repeat scan the
JV-characteristics began to recover, approaching the maximum power output given by the
slow scan. This behaviour suggests a certain photoinduced capacitance-voltage (CV) signal
which has recently been attributed to bulk polarization as well as polarization states at the
interface which may affect carrier transport and recombination [208] [209] [210].

Despite the improved device performance with the polymer capping layer, some cells
continued to exhibit shunting behaviour. This was attributed to non-uniform surface cover-
age of Cgg on ITO. Indeed, it was observed that Csy deposited on clean glass or ITO sub-
strates did not always form a uniform film, even though the substrates were UV-ozone
treated. As already mentioned, PEI has been used as an adhesion promoter and so it was
reasoned that a layer of PEI deposited on ITO would improve the uniformity of Cg, cover-
age. This hypothesis was confirmed visually and via absorption spectroscopy as shown in
Figure 4.16(a). Spin coating DMF on top of the films removed a significant portion of Cg
molecules from both but more of a film remained for the PEI/Cg, sample. This result corre-
sponds well with a recent publication in which thermally evaporated Csy was deposited on
PEIE [211]. Cell-to-cell variation in devices comprising ITO/ PEL/ Cgy/ Perov/ P3HT/ TiAu
was lower than that for devices with Cso /PEI-CL ETLs, resulting in a higher mean efficiency
and lower standard deviation based on 8 cells per substrate. However, PEI/Cgo-based de-
vices tended to be more shunted due to the lack of protective effect afforded by PEI-CL to
Cso removal by DMF during perovskite deposition.

These results raised the question of whether device performance could be maximized by
combining the two techniques resulting in Cs( films with good uniformity and thickness af-
ter perovskite deposition. As seen in Figure 4.16(b), although the PEI/ Cg film was slightly

affected during coating of PEI-CL, the resulting stack was much more robust to subsequent
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FIGURE 4.16: (a) Transmission measurements of Glass/ Cgo and Glass/ PEI/
Ceo before and after spin coating DMF. (b) Transmission measurements of
Glass/ PEI/ Cso and Glass/ PEI/ Cso / PEI-CL before and after spin coating
DME. (c) Schematic of device with Cgo coated onto a layer of polyethylen-
imine (PEI) and cross-linked polyethylenimine (PEI-CL) between Cso and
perovskite. (d) Typical JV curves for cells comprising ITO/ PEI/ Cso/ PEI-
CL/ Perovskite/ P3HT/ TiAu. (c) . (e) Semilog plot of JV scans in the dark
for device shown in (c). (f) Comparison of mean PCE and the ratio of stan-
dard deviation to mean PCE (StD/Mean) for a batch of devices with ETLs
comprising Cgo/PEI-CL, PEI/Cso and PEI/Cso/PEI-CL.
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DMF exposure. Devices made with PEI/ Cgg/ PEI-CL as ETL, depicted in Figure 4.16(c),
displayed low dark current under bias (Figure 4.16(e)) which resulted in high efficiency de-
vices as shown in Figure 4.16(d). Fitting the forward bias scan as shown in the figure gave
a FF of 0.6, V,. of 0.97V and R, of 4.16Qcm? which were all improvements on the PEI/Cg
reference. However, some cells showed similar power conversion efficiency (PCE) to the
PEI/Cgo devices which may be attributed to disruption of the Cg film due to interaction
between underlying PEI and butanol used to deposit PEI-CL. Figure 4.16(f) compares mean
PCE and the ratio of standard deviation to mean PCE (based on 8 cells per device) for three
devices each using a different fullerene-based ETL. Mean PCE rose when Cgy was coated
onto ITO whose surface had been modified by application a thin layer of PEI relative to
Cso on ITO. Transmission measurements of films before and after spin coating DMF sug-
gested that the increased PCE was largely due to improved surface coverage of Cgy on PEI
rather than bare ITO, which resulted in reduced cell-to-cell variation and hence lower ratio
between standard deviation and mean PCE (StD/Mean). Devices in which PEI/ Cy bilayers
had been coated with PEI-CL saw a further increase in mean PCE due to protection afforded
to the Cs layer by the crosslinked polymer. However, the slight increase in mean PCE was

accompanied by a larger standard deviation (StD) resulting in a higher StD/Mean.

4.5.1 Optimizing polyethylenimine thickness

As part of device optimization, it was important to test the dependence of device perfor-
mance on PEI thickness. Figure 4.17(a) shows how mean efficiency (measured via slow scans
in the reverse bias direction on fresh devices) varies with increasing PEI concentration. Each
data point is accompanied by a standard deviation calculated based on a minimum of 8 cells.
As previously mentioned, respectable device efficiencies were achievable with Cgo coated
directly upon ITO, however substrates required UV ozone treatment immediately prior to
deposition and still often resulted in poor surface coverage which led to large batch-to-batch
variability. Furthermore Cgo-only devices were significantly shunted with lower V,. and
sometimes degraded rapidly under a constant applied load and illumination. When a very
dilute solution of PEI in 1-butanol (0.05 mg/mL) was spun on ITO before coating Cso there
was a corresponding drop in conversion efficiency and an increase in standard deviation.
However, increasing the concentration to 0.135mg/mL had a different effect, raising the
mean efficiency above 13% with a reduced standard deviation. When the concentration was
increased to 0.202 mg/mL and 0.27 mg/mL there was a slight decrease in mean efficiency
but it was only at concentrations above 0.337 mg/mL that the mean efficiency dropped be-

low that which could be achieved using Cgp-only ETLs. Increasing the PEI concentration
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FIGURE 4.17: (a) Variation of mean PCE with concentration (and hence

thickness) of the PEI adhesion layer for a batch of devices comprising

ITO/PEL/Ceso/Perov/HTL/TiAu. (b) Ratio of standard deviation to mean
PCE against PEI concentration for devices shown in (a).

yet further to 2.16 mg/mL markedly reduced device performance and concentrations of 5
mg/mL and above resulted in negligible device output. Plotting the ratio of standard devi-
ation to mean PCE against PEI concentration as in Figure 4.17(b) revealed a general trend of
decreasing ratio as the concentration was reduced.

This trend in device performance may be explained as follows: very low PEI concentra-
tion (i.e. 0.05 mg/mL) was insufficient for providing a conformal coating of polymer upon
ITO which resulted in regions of different surface energy and hydrophilicity and hence un-
even (g coverage. Concentrations above 0.135 mg/mL were enough to fully coat the ITO
surface and thus provide improved adhesion of Cg5y molecules during spin coating but the
insulating nature of PEI resulted in an increasing R, as the PEI layer was made thicker with
correspondingly lower photocurrent. Although 0.135 mg/mL was found to give the best de-
vice performance during thickness optimization studies, some batch-to-batch variation was
noted. Presumably this was due to the very dilute solution only barely covering the entire
surface of ITO resulting in a heightened sensitivity to any variation in concentration. On the
other hand, it was observed that a (nominal) concentration of 0.27 mg/mL was more for-
giving in this regard resulting in better batch-to-batch reproducibility. For this reason 0.27

mg/mL was used as the standard PEI concentration for further experiments.

4.5.2 Varying Cg, concentration

The effect of Cgp concentration on device performance was studied with the hope of optimiz-
ing the metal oxide-free ETL and to gain further insight into device design considerations.

The concentration of Cgy was first varied from Omg/ml (i.e. perovskite deposited directly on
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PEI on ITO) to 10mg/ml which was assumed to be the highest concentration at which Csg
remained reliably and completely dispersed. Increasing (nominal) Cgy concentration past
10mg/mL was found to reduce mean efficiency (based on four devices with 8 cells each) as
shown in Figure 4.18(b), indicating a dispersibility limit of Cso in DCB. The susceptibility of
fullerenes to removal by DCB prohibited the build up of a thicker Cy film by multiple depo-
sitions. Therefore, in an attempt to increase the Cg film thickness still further, PEI was de-
posited on a 10mg/mL coating of Cgg before spinning another fullerene layer ("2XPEIL/Cg(")
as the PEI layer would at least partially protect underlying Cgo. This process was also re-
peated a second time to build up an even thicker ETL ("3XPEI/Cj") and typical JV-curves
(taken in reverse bias direction) for devices made with such films is shown in Figure 4.18(a).

In the absence of a fullerene layer, devices produced very little photocurrent. This would
be expected for perovskite films with incomplete coverage as electrons could thus be injected
from ITO into the HOMO of the HTL wherever there was no perovskite to prevent direct
contact between them. Depositing 1mg/mL Cg (in DCB) already markedly improved the
photocurrent by reducing recombination losses with further improvements as the concen-
tration was increased first to 2mg/mL and then 5mg/mL and 10mg/mL. It is worth noting
however that in the case of 5mg/mL Cs, although initial scans were similar to those for
10mg/mL, there was rapid deterioration in J,. with a stabilized output more comparable to
cells with 2mg/mL Csg. Depositing PEI on top of the fullerenes adversely affected perfor-
mance which may be explained by the fact that although butanol is a non-solvent for Cs,
partial removal of underlying PEI would likely affect integrity of the Cgo film. However,
upon spin coating a second Cg layer ("2XPEI/Cs¢"), performance largely recovered and
was comparable to a single Cgo deposition. Curiously, measured photocurrent near the MPP
was somewhat erratic as seen in Figure 4.18(c) and (d). Repeating the procedure (i.e. three
coats of Cgo) gave a generally higher J;. with more stable photocurrent output as shown in
Figure 4.18(e) and (f). Another manner in which to increase Cgg film thickness would be to
spin a higher concentration dispersion. However, mean device efficiencies decreased as the
(nominal) Cg concentration increased as shown in Figure 4.18(b). This result was likely due

to incomplete dispersion of Csg which led to pinholes and inhomogeneities from aggregates.

4.5.3 Flexible devices

In order to demonstrate the applicability of polymer-fullerene bilayers to flexible substrates,
devices were also fabricated on PET-ITO for comparison. Figure 4.19(a) shows a typical
JV-response for devices made on PET. One-diode fits to the data revealed a large R, of ap-

proximately 8.16Q2cm? and fill factor of 0.66 resulting in a mean conversion efficiency of
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FIGURE 4.18: Variation in photovoltaic response with Cgo concentration. (a)
Typical JV-response for devices made with different concentration Cso de-
posited by spin coating. (b) Effect of higher Cso concentration on mean
device power conversion efficiency (PCE). (c) JV-curves for device compris-
ing ITO/2XPEl/Cso /Perovskite/P3HT /TiAu. (d) Slow scan near the maxi-
mum power point for cell shown in (c). (e) JV-curve for device comprising
ITO/3XPEI/Cso /Perovskite/P3HT /TiAu. (f) Slow scan near the maximum
power point for cell shown in (e).
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8.38% which was lower than the best achieved on glass substrates. However, this was com-
parable to the mean efficiency for glass-ITO devices fabricated in the same batch which also
displayed high R, as illustrated in Figure 4.19(b). This led to the conclusion that there was
some other factor in device fabrication that sometimes led to high R, which outweighed the
contribution made by a larger sheet resistance of ITO on PET versus glass. The source of this

batch-to-batch variability in R, will be elucidated in the following chapters.
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FIGURE 4.19: (a) Typical JV-response of a device comprised of

PET/ITO/PEI/Ceso/Perov/HTL/TiAu. (b) Comparison of cell shown in (a)

with control device based on ITO-glass. (c) Schematic of flexible ITO-free de-

vice on PET. (d) Response of a cell with structure shown in (c) along with fit
using the One Diode model. Inset shows device being flexed.

Finally, in order to really push the versatility of PEI-fullerene bilayers devices were made
on top of 50pum thick PET films coated with a layer of the conductive polymer poly (ethylene-
dioxythiophene) :poly(styrene sulphonate) (PEDOT:PSS) coated from a stock solution of Cle-
vios PH1000 containing 5 vol% dimethylsulphoxide (DMSO) and 0.5 vol% Triton X-100 sur-
factant in a manner similar to an established method[184]. All of the resulting cells were
highly shunted but some maintained a higher V,. as shown in Figure 4.19(c) resulting in a

maximum power output of 6.2mW/ c¢m?2. One diode fits to the data gave a FF of 0.42 and Ry,
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of 101Qecm?. The presence of high photocurrents with J. of almost 20mA /cm? suggested
that high conversion efficiencies could be achieved through more careful device fabrication,
for example by extending the width of the PEDOT:PSS strip shown in the image and mask-
ing the disruption caused by the step height by applying nail varnish along the edge to

insulate it from the gold counter electrode.

4.6 Liquid-Phase Exfoliated graphene for improved stability
of perovskite with ZnO-based TCOs

Although high efficiencies were achieved for perovskite cells using metal oxides in conjunc-
tion with fullerenes, it was noted that devices were always affected to a greater or lesser ex-
tent by the presence of ZnO. The degree of device susceptibility to degradation ranged from
severe in the case of ZnO-NP films and unwashed sputtered films and to more moderate for
scrubbed and Ns-annealed films deposited by sputtering and spray pyrolysis. However, all
devices with ZnO-based layers regardless of deposition methods and annealing treatments
eventually decomposed at least partially, suggesting that ZnO itself may act as a catalyst to
perovskite degradation in the presence of air and moisture.

Curiously, although there have been many reports of perovskite solar cells using ZnO-
based ETLs, relatively few have studied the stability of resulting devices. However in recent
years the instability issues associated with the use of ZnO in perovskites have been begun
to be acknowledged and addressed. In addition to the presence of hydroxides and resid-
ual acetates and other organic materials noted already, the alkaline nature of ZnO itself has
been highlighted as a cause of degradation via deprotonation of methylammonium ions
[212, 213, 186, 214, 215], in a process which may be accelerated by heat treatment. Further-
more, ZnO has been reported to have a strong photocataytic effect in the presence of ultravio-
let (UV) light [216][217][218]. Most strategies used to combat these issues involve deposition
of thin buffer layer of some inert material such as Al,O3[60][219][218]. PEI has also been re-
ported as a cost effective buffer material which can be deposited via spin coating[167]. To
see whether this strategy could serve to improve the stability of devices used in the current
work, ZnO-NP films were coated with different concentration solutions of PEI in 1-butanol
followed by perovskite deposition and annealing on a hot plate for 15 minutes. Figure 4.20
shows how perovskite deposited on ZnO-NP films were affected by annealing at 100 °C for
15 minutes with different concentration PEI buffer layers. The protective effect of PEI was
clearly evident with increasing concentration as seen by reduced yellowing of the films (Fig-

ure 4.20(b)). However, x-ray diffraction patterns for the aged perovskite films confirmed
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FIGURE 4.20: (a) XRD of perovskite films on ZnO with different concentra-

tions (and hence thickness) of PEI as interlayer after annealing on a hot plate

at 100 °C for 15 minutes. (b) Image of films described in (a) (Top row left

to right: Omg/mL, 0.27mg/mL, 0.54mg/mL, Img/mL, 2.5mg/mL, 5mg/mL
PEI).

that although even solutions as dilute as 0.27mg/mL did provide some level of protection
from degradation as signified by a reduced peak at 12.7 ° associated with Pbl,, significant
perovskite decomposition still occurred with PEI solutions as concentrated as 5mg/mL (Fig-
ure 4.20(a)). This was problematic as the thickness of PEI at such elevated concentration is
prohibitive to high performance devices as already demonstrated owing to its insulating
nature.

It was wondered whether it might be possible to improve the protective effect of PEI
by combining it with a more conductive material. Graphene was an obvious candidate
owing to its excellent electrical and barrier properties. There have been some reports of
using graphitic materials together with PEI and ethoxylated polythyleneimine (PEIE). For
example, graphene oxide (GO)-PEI composite materials have been used as dye and gas
adsorbents[220] as well as drug delivery agents in aqueous environments[221]. Reduced
graphene oxide (RGO) and PEI composite films have also been fabricated via filtration,
demonstrating improved gas barrier properties[222][223]. Solutions of GO grafted PEIE
have also been spin coated as ETL in OPVs, outperforming reference devices using either GO
or PEIE[224]. However all of these reports used either GO or RGO by oxidation and reduc-
tion reactions, thereby damaging the honeycomb lattice structure of graphene resulting in in-
ferior barrier properties and electrical conductivity. Furthermore, the presence of functional
groups in GO has been linked to reduced stability of perovskite solar cells[225][226][227][228].
It would thus be advantageous to process graphene in its pristine form. Relatively defect-

free individual and few layer graphene sheets may be exfoliated from bulk graphite in liquid
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environments by applying energy in the form of ultrasonication or shear mixing. However,
to prevent rapid re-aggregation of the nanosheets and obtain significant quantities of dis-
persed media, high boiling point solvents are typically required due to solubility theory
considerations. Accordingly, in the case of molecular solutes, the property most associated
with solubility is the cohesive energy density, Ec r/V, where E¢ ris the total molar cohe-
sive energy and V is the molar volume of the solvent[229][230]. The Hildebrand parameter,
07, which is the most commonly used solubility parameter, is the square root of Ec r/V.

Therefore if the cohesive energy density is given by

E E E E
cr _ Lop  EBor  Bon

Vv Vv 1% 1% 1)

where three components represent dispersion, polar and hydrogen bond forces respec-

tively then it follows that the Hansen solubility parameter is given by

6% = 6h +6p + 0% (4.2)

It follows that good solvents for a given solute are those that match the various com-
ponents of the Hansen parameters given by equation4.2. Furthermore, defining R, as the
radius of interaction sphere in Hansen space for a given material and R, as the distance in
Hansen space between two materials based on their partial solubility parameter provides
the Relative Energy Difference (RED) which is a useful metric for determining compatibility.

The relevant equations linking these parameters are as follows:

R%2 =4(0pa — 6p1)® + (6pa — 6p1)* + (6m2 — dm1)? (4.3)
R,
RED = i (4.4)

A RED greater than 1 indicates that the two materials are not soluble where less than
one indicates high affinity and 0 perfect compatibility [229][231]. The Hansen solubility
parameters of graphene have been evaluated as §p = 18.0MPa'/?, §p = 9.3MPa'/? and 6y
= 7.7MPa'/2[230]. It was realised that PEI, which has values of ép = 19.6MPa'/2, §p =
7.6MPa'/? and 057 = 9MPa'/?, could perhaps be highly miscible with graphene, making for
a good composite material. Indeed, applying equations 4.3 and 4.4 together with R, = 6.0
for PEI [231] gave a RED of 0.44 suggesting high compatibility between the materials. It was

reasoned therefore that PEI could act analogously to a surfactant forming intimate contact
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with graphene flakes and stabilizing them in solvents more suitable for solution processed

thin films such as H5O, IPA or butanol.
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FIGURE 4.21: (a) Absorption spectrum of Gr-PEI hybrid dispersion in bu-
tanol diluted 40X (image of stock dispersion shown in inset). (b) Thermo-
gravimetric analysis of Gr-PEI nanohybrid plotted alongside neat PEI for
comparison. (c) XRD patterns of perovskite on ZnO-NP layers ("Z" in leg-
end) with different concentration G-PEI composite buffer layers after anneal-
ing for 15 minutes at 100 °C. Transmittance measurements of a single coating
(1X) of Gr-PEI redispersed in 1mg/mL PEI and two coatings (2X) on glass
slides. Image shows high transmittance of composite film (right) alongside
blank glass slide (left).

To test this hypothesis, graphite flakes (1.8g) and a solution of PEI (10mg/mL, 60mL)
in H,O were mixed together in a metallic beaker before applying energy using an ultra-
sonic probe (50% amplitude, 5 hours, 4s on,4s off). As seen in the inset of Figure 4.21(a),
the solution turned completely black and remained so long after sonication was stopped
indicating successful dispersion of graphitic material. To remove non-dispersed media, the
solution was placed in 28mL vials and centrifuged at 2000rpm for 90 minutes. The proce-
dure was found also to be applicable using butanol instead of H2O. Given the very large
bandgap for PEI, it was judged that the hybrid dispersion could be treated as containing
only graphene from the point of view of applying the Beer-Lambert law. Various values for
the extinction coefficient for graphene have been reported, ranging from 1390Lg~'m~! to
6600Lg'm~1! [91][232][233]. Taking a theoretical value of 4237Lg~'m~! gives a concentra-

tion of 0.66mg/mL graphene in the stock solution based on the absorption spectrum of a
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diluted dispersion (Figure 4.21(a)).

In order to get an idea of the barrier properties afforded by the presence of graphene, the
Gr-PEI stock dispersion was diluted by various amounts and deposited as a buffer on ZnO-
NP films before coating perovskite and annealing as carried out previously for PEI It was
assumed that the concentration of PEI in the Gr-PEI stock dispersion was the same as in the
starting solution (i.e before sonication and centrifugation steps). As seen in Figure 4.21(c),
even a very dilute Gr-PEI solution (0.27mg/mL PEI) resulted in a marked decrease in the
intensity of Pbl, peak, indicating a protective effect offered by the composite buffer layer.
However, the intensity of the Pbl; peak remained high relative to the perovskite phase and
gains in barrier effect were marginal as the concentration was increased to 0.54mg/mL and
1mg/mL. Only at concentrations above 2.5mg/mL was the perovskite completely protected
from decomposition. Although this was an improvement on the 5mg/mL needed for an ef-
fective buffer layer in the case of neat PEI, it was clear that the graphene content was too low
to have much of an impact. This was unsurprising given that the absorption spectra sug-
gested a concentration of graphene in the stock dispersion that was roughly 20 times lower
than that of PEL In order to reduce the proportion PEI, the stock dispersion was simply cen-
trifuged at 5000rpm for 90min and the supernatant discarded. The precipitate could then
be redispersed in a lower volume of pure solvent by bath sonication with periodic vigorous
shaking of the vial. In this way, not only was the proportion of PEI decreased but the con-
centration of Gr-PEI nanohybrid was also increased. Butanol, H,O and IPA were all found
to be suitable for redispersing the nanohybrid material without need for additional polymer
or surfactant, indicating intimate contact between graphene flakes and PEI molecules. The
centrifugation and redispersing steps could be repeated to remove any excess PEI. However
thermogravimetric analysis (TGA) of the nanohybrid after even a single redispersion step
(Figure 4.21(b)) suggested that graphene made up approximately 60% of solids in the mix-
ture. The nanohybrid was redispersed in mg/mL PEI in butanol to ensure good dispersion
stability and surface wetting during spin coating. Resulting films coated at 2000rpm on glass
slides showed high transparency in the visible spectrum and were only slightly affected by
subsequent spin coating of DCB and DMF (Figure 4.21(d)) which indicated suitability as a
transparent barrier material for devices. Crucially, although the nanohybrid dispersion con-
tained a much lower PEI content than the stock solution, resulting films remained effective
preventing perovskite decomposition as shown in Figure 4.21(c).

Of course, the improved barrier properties afforded Gr-PEI composite layers are of little
consequence unless they can be applied in devices without significant loss in PCE. As an

initial test, Gr-PEI nanohybrid redispersed in 1mg/mL PEI was spin coated on ITO either
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| Mean PCE (%) | StD/Mean | Champion PCE(%)
1XGr-PEI10 redisp 1mg/mL PEI 2.87 0.332 427
2XGr-PEIN0 redisp 1mg/mL PEI 0.18 0.293 0.25
Gr-PEI10 redisp 1mg/mL PEI 5.76 0.18 6.47
Gr-PEI5 redisplmg/mL 7.6 0.28 10.47
Gr-PEI5 redisp0.5mg/mL 9 0.19 12.3

TABLE 4.6: Mean, standard deviation divided by mean and champion PCE
for devices fabricated with different Gr-PEI composite buffer layers.

once (1XGr-PEI) or twice (2XGr-PEI) and devices were fabricated with structure ITO/Gr-
PEI/ 4o/ Perov/HTL/TiAu. Figure 4.22(a) shows that both device structures resulted in severely
shunted devices, particularly in the case of 2XGr-PEL It was suspected that the high degree
of shunting was at least partly due to the relatively hydrophobic nature of the barrier films
resulting in poor Cgo and perovskite coverage. To address this issue, subsequent devices
were fabricated with an additional layer of dilute PEI solution (0.27mg/mL) spin coated on
1XGr-PEI before Cgg deposition. This resulted in a marked improvement in R, and hence
Ve as shown in Figure 4.22(b) and (c). However it was clear that devices had a large series
resistance suggesting that the content of PEI in the composite films was still too high. Con-
sequently, fresh stock dispersions were made using a reduced PEI concentration of 5mg/mL
(referred to as Gr-PEI5 versus Gr-PEI10 for 10mg/mL stock dispersion used previously) and
the nanohybrid was redispersed both in 1Img/mL and 0.5mg/mL PEI As seen in Table 4.6,
devices fabricated with these dispersions saw improvements in PCE, particularly for Gr-
PEI5 redisp0.5mg/mL which displayed a champion PCE of 12.3%. As shown in Figure 4.23,
both composites also acted as excellent buffer layers to protect perovskite from degradation
in the presence of ZnO. These results demonstrate that pristine graphene can be combined
with PEI to form a composite material that effectively blocks unwanted decomposition re-
actions whilst maintaining electron transport. Furthermore, the significant gains in device
performance after only a few preliminary optimization steps suggest that much higher PCE

could be achieved.

4.7 Conclusions

The aim of this chapter was to determine what materials could best facilitate photoexcited
electron extraction from perovskite towards the transparent cathode whilst simultaneously
blocking holes. Solution processed ZnO nanoparticles (NPs) films were found to result in
significant recombination which limited photocurrent and hence PCE. Modifying the ZnO-

NP surface with Cgp was found to greatly improve charge extraction, suggesting improved
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FIGURE 4.22: Current-voltage response of devices with Gr-PEI compos-
ite layers. (a) One coat of Gr-PEI redispersed in 1mg/mL PEI (1XGr-
PEI) versus two coats (2XGr-PEI) in devices with structure ITO/Gr-
PEI/Cso/Perov/HTL/TiAu. (b) Response of devices with the same Gr-PEI
layer as (a) but with an additional layer of 0.27mg/mL PEI deposited before
coating Cso. (c) Response of cell with device structure as (b) but in which
Gr-PEI from a stock dispersion containing 5mg/mL PEI was redispersed in
0.5mg/mL PEI was used. (d) Typical current-voltage curves in the dark on a
semilog scale for devices studied.
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FIGURE 4.23: (a) Image of perovskite films after annealing treatment on ZnO-

coated glass slides with no Gr-PEI buffer (left), Gr-PEI5 redisp0.5mg/mL

(middle) and Gr-PEI5 redisplmg/mL (right). (b) XRD patterns for samples
shown in (a).
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band level matching between the photoactive layer and ETL. However, perovskite was
found to degrade significantly when in contact with ZnO-NPs regardless of the presence
of a fullerene interlayer which was thought to be a factor in the strong scan-dependent hys-
teresis observed. Attempts were made to improve stability but degradation persisted. Simi-
lar issues were encountered for devices made with intrinsic ZnO films (iZnO) deposited by
spray pyrolysis, even after washing steps and surface passivation treatment of iZnO films
by annealing under Ny. Minor improvements were observed for devices fabricated on spray
pyrolized TiO; films annealed at 500 °C in air but J,. remained limited due to elevated se-
ries resistance which was attributed to a high density of trap states within the TiO, as well
as unfavourable alignment between its conduction band and that of the perovskite. ZnO
films doped with various metallic donors were also investigated but were found if anything
to present an even higher barrier to charge extraction from fabricated devices. However,
both indium- and aluminium-doped ZnO worked as effective transparent cathodes when
a polymer-fullerene bilayer was employed as ETL, displaying a surprisingly long-lived de-
vices for unencapsulated cells stored under ambient conditions with relatively elevated hu-
midity. Similarly, room temperature sputtered TiO; was found to be an extremely ineffec-
tive ETL for devices using the current set up as to a lesser extent was ZnO. Observed in-
stability of perovskite on sputter coated ZnO, though somewhat reduced by scrubbing and
washing treatments, confirmed the inherent problems associated with processing the two
materials together and operating the resulting devices in oxygen and moisture-rich envi-
ronments. Fullerenes were identified as the most promising electron selective material for
devices using the current set up and attempts were made to optimize device performance
for fullerene-based ETLs. Polyethylenimine (PEI) was found both to reduce cell-to-cell vari-
ability in PCE and to improve device reproducibility by acting variously as an adhesion
promoter and (when crosslinked) as a barrier to partial removal of Co molecules during de-
vice processing. Optimized devices displayed near negligible hysteresis and high PCE with
stabilized power output under illumination. Versatility of the low temperature solution-
processed ETL was demonstrated by fabricating flexible devices on ITO-coated PET as well
as PET coated with PEDOT:PSS as transparent electrode. Finally, attempts were made to
address the aforementioned instabilities associated with the use of ZnO. PEI was found to
provide limited protection, especially at thicknesses compatible with effective device perfor-
mance. However, it was found that graphene could be directly exfoliated in solutions of PEI
and enriched Gr-PEI nanohybrid dispersions were demonstrated to protect perovskite films

from degradation whilst maintaining effective device performance.
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5 Optimizing Precursor
Composition for High Performance
Perovskite Solar Cells Prepared

under High Relative Humidity

5.1 Introduction

As already mentioned, one of the most frequently used techniques for perovskite film fabri-
cation involves dissolving organic and inorganic precursors in a common solvent or solvent
mixture followed by deposition upon the desired substrate via spin coating. With this so-
called "single-step method" (1Step), perovskite crystallization begins with partial solvent
removal during spin coating and is completed via thermal annealing at around 100°C. In
order to obtain dense films with few pinholes, this process is usually carried out in inert
or low humidity conditions although this adds to fabrication costs. The "two-step method"
(2Step) is also used as it is viewed as a simple method to improve film quality and repro-
ducibility, particularly in non-inert environments. The procedure consists of first depositing
the inorganic precursor (typically Pbly) resulting in a lead salt film which is subsequently
reacted with the organic component. The reaction is generally accomplished either by im-
mersing the film in a dilute alcoholic solution of methylammonium iodide (MAI) or spin
coating a higher concentration alcoholic solution at elevated temperature creating a bilayer
which crystallizes upon annealing. The 2Step method is viewed as offering better control of
dense highly crystalline films with few pin-holes and its simple implementation has led to
widespread adoption. However, insofar as processing conditions are specified in the litera-
ture, the 2Step method is still mostly carried out in humidity controlled environments.

In this chapter the role of halide type and ratio on device performance is explored for
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both single-step and two-step perovskite deposited in higher humidity (60-90% relative hu-
midity) conditions. The objective is to determine which method and precursor combination

is best suited to processing in ambient environments using simple techniques.

5.2 Single-Step Deposited Perovskite

It has been claimed that certain single-step precursor formulations are suitable for ambient
laboratory conditions[184]. However, when such recipes were followed the resulting films
were always of a grey semi-transparent nature, with a visible roughness regardless of the
substrate onto which they were deposited. Inspection of the films using SEM revealed the
presence of many micrometer-sized pinholes as seen in Figure 5.1. Such non-homogeneous
films are unsuitable for high-performing devices and may be ascribed to the presence of
significant humidity in the air during processing. In order to avoid an excessive number of
pinholes, a variant on the single-step method was used in which the solvent was separated
from the perovskite precursors by immersing the wet film in diethyl ether before the usual
annealing treatment. Using this "solvent-solvent extraction" (SSE) technique[234], significant
crystallization occurs in the liquid phase, thereby neutralizing the effect of moisture to attain

films with more uniform surface coverage.

FIGURE 5.1: SEM image of single-step deposited perovskite films on PE-
DOT:PSS using reported techniques.

The first precursor combination tested was a 50wt% solution of MAI and Pbl; in the most
typically used 1:1 molar ratio. Devices exhibited low photocurrents of 7 mA/cm? at short

circuit and V,. below 0.5V as shown in Figure 5.2(a) resulting in a conversion efficiency of
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FIGURE 5.2: Effect of MALPbI, ratio in 1Step perovskite using Solvent-
Solvent Extraction method. Typical current-voltage curves under illumina-
tion (a) and in the dark (b).

about 1%. This was attributed mainly to poor film morphology resulting in a significant
concentration of shunting pathways as indicated by Ry, of around 60 Qcm? from fitting
and confirmed by dark-JV measurements as shown in Figure 5.2(b). Increasing the molar
content of MAI from 1M to 1.2M resulted in a marked improvement with a mean conversion
efficiency to 4.5%. The increased performance was attributed mainly to improved shunt
resistance as indicated in Figure 5.2(b), although R, from fitting remained between 120 and
200 Qem?. However, increasing MAI content to 2.2M (as a molar ratio with Pbly) resulted in
highly unstable films that rapidly turned almost completely transparent upon storage in air,

even when capped with a 200nm thick protective layer of PMMA.

5.2.1 Effect of halide on device performance

Device performance was significantly improved by partial replacement of Pbl, with PbCl,
using a precursor ratio of 1M MAI to 0.9M Pbl, to 0.1M PbCl,. This resulted in a signif-
icantly improved device performance, resulting in a mean efficiency of 8.8%. This result
could largely be explained by improved morphology of the perovskite film which resulted
in reduced shunting as indicated by an increased V,. and lower current densities at low
forward bias in the dark as shown in Figure 5.3(a) and (b). Absorption spectra for a mixed
iodide-chloride film is shown before and after thermal annealing on a hotplate at 100°C
in Figure 5.3(c). The annealing treatment slightly red shifted the absorption onset and in-
creased absorption at shorter visible wavelengths. This can be explained by full conversion
of precursor species to the perovskite phase as shown by the corresponding XRD patterns in

Figure 5.3(d). However, increasing the chloride content of the precursor further was found
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to be difficult without increasing the molar content of MAI which resulted in very incon-
sistent and generally poor performing devices. Conversely, increasing the content of PbCl,
was found to be much easier in the case of the 1.2M MALI to 1M lead halide ratio, resulting

in a much clearer trend in mean conversion efficiency as shown in Figure 5.4(b).
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FIGURE 5.3: (a) Current-voltage response of devices with 1M MAI and 1M

Pbl; versus devices with partial substitution of Pbl; with 0.1M PbCls. Typical

response under illumination. (b) Semilog plots in the dark of devices shown

in (a). (c) Absorption spectrum of a 1Step perovskite film made using the

Solvent-Solvent Extraction (SSE) method and mixed halides (i.e. Cl,) before
and after thermal annealing. (b) XRD patterns of films shown in (c).

The addition of different molar content of PbCl; was found not to have much impact
on the absorption onset of the perovskite films as shown in Figure 5.4(a), suggesting little
change to the optical bandgap. However, mean device efficiency was significantly improved
with increasing PbCl,, most notably the ratio of 1.2M MAI to 0.8M Pbl;, to 0.2M PbCl, re-
sulted in certain cells with efficiencies between 12 and 14% . However, there was a large
spread in cell efficiencies due primarily to differences in shunt resistance as indicated by
semilog plots of dark current density under applied bias as shown in Figure 5.4(c). The cell
with least dark current under low positive bias ("Cell 7" in Figure 5.4(c)) resulted in a cham-
pion efficiency of over 15.4% as obtained not only from slow reverse bias scans as shown in

Figure 5.4(d) but also under constant bias around the maximum power point. Furthermore
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FIGURE 5.4: (a) Absorption spectra for different 1Step perovskite formula-
tions. (b) Plot of mean power conversion efficiency (PCE) against molar con-
tent x of PbCl,. (c) Semilog plots of dark current measurements for different
cells on a single device made with 0.2M PbCl; showing large variation in
rectifying behaviour. (d) JV-curves for best performing cell with 0.2M PbCls.
Inset shows evolution of power output under constant illumination and bias.

the output was found to increase slightly with time over a 6 minute period as shown in the
inset of Figure 5.4(d), thereby demonstrating good device stability under ambient operat-
ing conditions. Higher chloride content (i.e. 0.25M) showed no significant improvement
and fully dissolved precursor solutions could not be achieved for PbCl; content greater than
0.3M.

The same procedure of halide substitution was followed by partially replacing Pbl, with
varying molar content of PbBr; to study the effect on absorption and device performance.
As the bromide content was increased, the absorption onset of the perovskite films shifted
towards shorter wavelengths as shown in Figure 5.5(a). This was due to subtle changes
in the crystal structure and consequently on the electronic band structure, resulting in an
increasing bandgap with bromide content which can be approximated by plotting the log of

absorption against energy as in Figure 5.5(b).
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FIGURE 5.5: Characterisation of perovskite films doped with different mo-
lar content of PbBr2. (a) Absorption spectra of 1Step films with increasing
bromide content (b) Semilog plots of spectra from (a) against photon energy
to estimate bandgap (c) X-ray diffraction patterns of films magnified in the
region of the tetragonal (004)r and (220)r and cubic (200)c peaks (i.e.27.5-
30deg). (d) Plot of energy bandgap versus composition x determined from
XRD data along with a second order polynomial fit (red line). Data points
represent experimental results except in the case of x=0.84 and x=1 which are

from Ref.[35].
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It has been demonstrated that methylammonium lead triiodide (MAPbI3) takes on a dis-
torted three-dimensional structure at room temperature, crystallising in the tetragonal per-
ovskite I4/mem space group whereas methalymmonium lead bromide (MAPbBrs) has a cu-
bic structure of the Pm3m space group under the same conditions[235][28]. The difference
in crystal structure appears to relate to the size of the ionic radius of I~ and Br~ ions, with
the smaller bromide ion better suited to the formation of a cubic structure. It is thus possible
to obtain an accurate picture of the perovskite composition by indexing appropriate planes
in the XRD patterns. Accordingly, as shown in Figure 5.5(c), MAPbI3 has peaks located at
28.14° and 28.4 ° which correspond to the (004) and (220) planes for the tetragonal I4/mem
phase[28]. Defining the proportion of Br ions as "z" for MAPb(I; _,Br;)s (0< z <1), it can
be seen that the peak diffracted by the (004) plane disappears with increasing = by merging
with the peak corresponding to (220) as the crystal symmetry improves. The decrease in
lattice spacing caused by substitution of I ions with Br results in a shift of the (200), towards
higher 26. Matching peak positions for films of different PbBry molar content with reported
XRD patterns [35] allowed « to be determined. As already mentioned, systematic shifts in
absorption band edge with Br content indicates that the energy band gap (E,) may be tuned
by the alloy composition as has been reported for various alloyed thin films [236] [237] [35].
E, (estimated from Figure 5.5(b)) is plotted against « in Figure 5.5(d). Nonlinearities in the
variation of E, with composition may be expressed empirically by a quadratic least squares

fit to the data (red line) such that [238] [236]

E,(z) = A+ Bz + Ca? (5.1)

where A is the y-intercept, B is the difference in band gap between MAPbI; and MAPbBr;
with constant subtracted and C is the bowing parameter. The relatively low bowing param-
eter (C'=0.3) obtained would suggest good miscibility between the alloy components and
confirms that the entire composition of the compound is made up of MAPb(I; _,Br;)s.

Devices were fabricated using the structure ITO/ PEI/ Cgo/ MAPDb(l;_,Br;)s/ P3HT/
TiAu and representative JV-curves for different bromide content are shown in Figure 5.6(a).
Similar to the case of chloride addition, a small quantity of Br ions (x=0.13) was found to
significantly enhance V., increasing it from less than 0.85V to over 1V. The mean V,. mea-
sured continued to increase slightly with = as shown in Figure 5.6(b) reaching 1.075V for x
= 0.47. The increase in V,,. was accompanied by a decrease in J,. as would be expected for a
blue shifted absorption onset [28]. It should be noted that both FF and particularly V,. were

smaller for bromide-containing devices than theoretically achievable as has been reported in
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| X | Jse(MA /cm?) | V,e(V) | FF | PCE(%)

0 13.46 0.82 0.51 4.67
0.13 6.82 1.015 | 0.61 3.74
0.2 54 1.025 | 0.59 3.51
0.29 4.56 1.063 | 0.59 2.52
0.38 6.89 18744 | 0.44 3.12
0.47 4.88 1.075 | 0.42 1.88

TABLE 5.1: Device characteristics for different bromide content x

recent years [35] [239] [240]. Limited V. has been attributed at least partly to reversible pho-
toinduced formation of sub-bandgap states, resulting in iodide rich regions which may act
as efficient recombination centres [241] [242] as well as band level matching at the interface
with charge selective layers [243]. This resulted in a trend of decreasing PCE with increasing
bromide content as seen in Figure 5.6(c).

In order to better understand which factors likely caused the limited device performance
using the present set up, fits were made to the current-voltage data using the equivalent
circuit model. Implementation of the one- and two-diode models requires representative
values of certain key parameters if incorrect values for other parameters are to be avoided
[244] [245] [246]. This is due to the fact that satisfactory curve fitting may result from a
wide parameter set given the implicit nature of the equations used and number of variables.
One approach which may be employed in cases where R, is assumed sufficiently large
is to rearrange the equation for current density J derived in Chapter 3 on the basis of the

equivalent circuit model such that

_dl o nidka
dJ] ¢

(Jsc - J)_l + Rs (52)

The ideality factor n;q and R, may be extracted from the slope and intercept respectively
of the plot of —dV/dJ vs (Js. — J)~!. Figure 5.6(d) shows such a plot for the case of a reverse
scan performed in the dark on a device comprising ITO/ PEI/ Cg9/ MAPb(I1_¢ 2Brg.2)3. The
values for R, and J;, so obtained may be used as inputs to the diode models. Figure 5.6(e)
shows semilog plots of dark-]V scans performed in forward and reverse bias directions on
the same cell as Figure 5.6(d) along with fits obtained using the two-diode model. Similarly,
Figure 5.6(f) shows a reverse bias scan of the same cell under illumination along with a one-
diode fit following the same procedure. The extracted parameters are shown in Table 5.1.

Applying a fit to the reverse bias scan under illumination using the one-diode model with
R,=1.32Qcm? gave an ideality factor of 2.36 with Ry, of less than 500Qcm? which together

signify poor PN junction quality with large leakage currents. Conversely, the small value



5.2. Single-Step Deposited Perovskite 107

(a) (b)

15 1.0 —e—x=0.13
— — x=0.2
e € 0.8 —v—x=0.29
(& (&S] -
b b4 x=0.38
E 10 £ —e4—x =047
= > 0.6
B @
c c
a 8 044
e 97 £
o o
5 5 0.2
O O
0 T T T T T 0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.950 0.975 1.000 1.025 1.050 1.075 1.100
Voltage (V) Voltage (V)
(c) (d)
8
7] 100
64 __ 80+
. 5- E
S & 604
w 4 \ :
O — o
& 2l T
3 \ /% % 40
24
204
1
0 T T T T T T 04— T T T —— T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 02 04 06 0.8 10 1.2 14 16 1.8
X 1/(Jsc-J) (mA'ecm?)
(e) (f)
10
< 104 | ® Reverse (Dark) <«
5 e Forward (Dark) g
< 14 2D fit <
E —— 2D fit E
2 0.1+ > m  Reverse (Light)
@ D 1D fit
5] c 54
Q 00148, 2
5 on =
£ 0.0014 & -10 4
(&} L4 S
2 1E-44 © 154
-
1E-5 T T T T T T -20 T T T T T
-02 00 02 04 06 08 10 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V) Voltage (V)

FIGURE 5.6: Photovoltaic response of devices with different molar con-
tent of PbBry. (a) Current-voltage response under illumination. (b) Same
plot as (a) showing the open circuit voltage change with bromide content.
(c) Mean device efficiency for different Br content. (d) Plot of —dV/dJ vs
(Jse — J)~! for a reverse dark scan on a device comprising ITO/ PEI/ Ceo/
MAPDb(I1-0.2Bro.2)3 and linear fit to data. (e) Semilog plots of dark-JV scans
for the two scan directions along with fitting. (f) Reverse scan under illumi-
nation along with fit using one-diode model.
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Diode | R, R, Jo1 Jo2

model | (Q2cm?) (Qcm?) Mtid (mA/cm?) (mA/cm?)
Reverse | 1D 1.32 455 2.36 1.75%x10~" 0
(Lighty | 2D 1.32 409 1 0 6.82x10~°
Reverse | 1D 3.04 5.3x10% 1.9 1.5%x1077 0
(Dark) 2D 3.04 6x10* 1 5.65x10~19 3.75x10~9
Forward | 1D 3.32 7.1x104 23 42%x108 0
(Dark) | 2D 3.32 585x10% | 1 0 3.12x107"

TABLE 5.2: Parameters extracted from JV-characteristics for a device com-
prising ITO/PEI/C{;Q /MAPb(h,o_QBI‘QAz)g /PSHT/TIAU

measured for Jy; suggested substantial suppression of the thermal emission rate of electron
from the VB to the CB, which would correspond to a higher V,. [247] [248]. Leakage was
found to be suppressed in the absence of illumination with an increase in R, of over two
orders of magnitude and one-diode fits to scans performed in the dark gave similar values
for n;4 to the illuminated case. However, two-diode fits in which n;4; is set to 1 and n;42 is set
to 2 provides more quantitative information on the diffusion and recombination processes.
The values for Jy; and Jo extracted from the two-diode fits suggested low recombination
current leading to reduced shunting but also the presence of a negligible diffusion current
contribution, signifying poor charge injection and extraction between the perovskite and
the charge selective layers. Such findings are consistent with the reports already mentioned
and highlights the necessity of an appropriate choice of charge transport materials as well
as ensuring the formation of highly crystalline perovskite films with uniform mixed-halide

phases either via additives or by more controlled deposition methods [249] [243][240].

5.3 Two-Step Deposition

As mentioned in the Introduction, the 25tep method in which the inorganic and organic pre-
cursors are deposited in separate steps is viewed as offering more dense highly crystalline
films with fewer pin-holes. It was thus hoped that use of the 2Step method would over-
come the limitations encountered with the 1Step deposited perovskite solar cells, facilitating

reproducibly high performing devices.

5.3.1 Dependence of photovoltaic properties on perovskite thickness

An important aspect of device design in the field of photovoltaics is to optimize the thickness
of photoactive materials. In the case of perovskite cells this has resulted in a typical film
thickness of around 300nm which is sufficient to absorb most incoming photons of energies

equal to or higher than the bandgap (if not during the first pass then upon the second after
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FIGURE 5.7: Mean power conversion efficiency (PCE) versus Pbl, precursor
concentration for devices processed in different batches.

reflecting off the metallic counter electrode) without suffering high recombination losses (i.e.
large R;) due to the limited diffusion length of ~100nm for triiodide perovskites [250] [54].
In order to find the optimum perovskite layer thickness using the 2Step method, devices
were fabricated using Pbl; solutions of different concentrations in DMF.

Figure 5.7 shows how mean conversion efficiency varied with Pbl; concentration for de-
vices made in different batches. For the purposes of this discussion, a "batch" refers to a
group of solar cells (typically 8 devices each containing 8 cells) fabricated together, with a
period of days to weeks between the fabrication of any two batches. At lower concentra-
tions, efficiencies remained below 5% but as the concentration approached 1M (as typically
used in the literature) a significant increase in efficiency was observed for the highest per-
forming batch of devices. Although respectable efficiencies were still sometimes achieved
for 1.2M solutions of Pbl,, the standard deviation tended to be quite large and some batches
had much lower mean efficiencies as shown in the figure. Furthermore, significant batch-
to-batch variation was observed in mean efficiency at most concentrations which was prob-
lematic for device optimization towards commercial application and explained the humidity
controlled and inert processing conditions typically reported in the literature. It was noted

during processing that in order to achieve concentrations at or above 1M Pbl, in DMF it was
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necessary to heat the solution above 70 °C with significant precipitation and crystallization
occurring shortly after cooling to room temperature. Such an effect has resulted many re-
ports of Pbl, solutions being deposited at elevated temperature, particularly when higher
concentrations (and thus film thickness) are desired. It was posited that this strategy would
be disadvantageous for processing in non-controlled environments as the dynamic nature
of cooling might increase sensitivity to air temperature and humidity. It was thus out of a
desire for reproducibility that solutions were allowed cool to approximately room tempera-
ture before spin coating. However, this often resulted in at least partial precipitation of Pbl,

and consequently in the formation of visible pin holes in cast films.

5.3.2 Effect of chloride content on device performance and reproducibil-

ity under high relative humidity

It was observed during experimentation that although lead chloride (PbCl,) had quite low
solubility in DMEF, mixtures of Pbl, and PbCl; could be fully dissolved at higher concentra-
tions than either of the lead salts could individually. It was thus reasoned that mixed lead
halide solutions could allow for the deposition of films with more reproducible morphology
under ambient conditions. Furthermore, mixed halide perovskites have been found to pos-
sess longer diffusion lengths than lead triiodide perovskites therefore it was assumed that
incorporating PbCl, as an additive might have the additional advantage of increasing the
maximum permissible thickness for the active layer.

As an arbitrary starting point, 20wt% PbCl; was added to 1M Pbl; (hereafter referred
to as "2Step 20wt%") as this was found to result in a solution that remained fully dissolved
at room temperature. Figure 5.8 shows how different batches of devices made with PbCl,
as additive compared with Pbl,-only devices. It was found that some batches significantly
outperformed Pbls-only cells with higher mean efficiency and smaller standard deviation.
However, a significant batch-to-batch variation remained resulting in mean conversion ef-
ficiencies of anywhere between 8.5% and 15%. Over time it became clear that although the
PbCl, additive tended to improve performance, a sensitivity to ambient humidity during
device fabrication remained. In order to determine whether some other PbCl, content could
further improve device performance and reproducibility, the proportion of PbCl, was varied
at a fixed total (nominal) solids concentration of 576mg/mL. As seen in Figure 5.9(a), signif-
icant precipitation occurred near room temperature both in the absence of PbCl; and when
the chloride content exceeded 30wt%, even after prolonged stirring at 100 °C. Figure 5.9(b)
shows how mean device efficiency varied with PbCl, content for devices processed under

over 90% relative humidity. Mean efficiencies were calculated based on the maximum power
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FIGURE 5.8: Effect of the addition of 20wt% PbCl; to the head halide solution
used during deposition of perovskite on mean power conversion efficiency
relative to Pbl>-only based perovskite devices.

extracted from JV-scans and so delay times of at least 1.5s were used and values were calcu-
lated for both scan directions in order to ensure results indicative of device operation under
real world applications.

Although the addition of 2.5wt% PbCl, was insufficient to fully prevent precipitation of
the solution at room temperature, it did notably improve conversion efficiency. However,
increasing the chloride content first to 5 wt% and then 10 wt% resulted in a striking reduc-
tion in photocurrent and mean efficiency. This trend began to reverse for 15 wt% PbCl; as
photocurrent began gradually to rise. Devices made with 20 wt% PbCl, tended to display a
"burn-in" effect, whereby initial sweeps registered J;. greater than 20 mA /cm? with a rapid
decay in J;. upon subsequent sweeps before a steady-state value was reached. This effect is
illustrated in Figure 5.9(c) which shows a typical cell response for devices incorporating 20
wt% PbCls resulting in a stabilised photocurrent of approximately 12 mA /cm? and a PCE of
8.63%. Increasing PbCls to 25 wt% resulted in a less pronounced burn-in and consequently
a higher mean efficiency.

A different sort of burn-in effect took place when PbCl; content was further increased to

30 wt% as illustrated in Figure 5.9(d), in which fill factor increased with successive scans,
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devices with 30 wt% PbCls. (e) JV-response in the dark for devices with
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ovskite films made in high (> 70%) humidity conditions with either 20wt%
or 30wt% PbCl, both before and after annealing on a hotplate at 100 °C for

10 minutes.



5.3. Two-Step Deposition 113

stabilizing at a higher value than measured initially. Comparing semilog plots of sweeps
carried out in the dark revealed a general trend towards lower current densities in the low
voltage (i.e. below ~0.6V) region with increasing PbCl, content as shown in Figure 5.9(e).
Furthermore, it was noted that there was a tendency in the case of reverse bias sweeps for
the point of lowest registered current density to shift towards higher positive voltage as the
chloride content increased. Lower dark current densities points to the presence of fewer
shunting pathways for devices with higher PbCl, content which would also be consistent
with the increased capacitive effect observed for reverse bias scans. This led to the hypothe-
sis that PbCl, might better mediate perovskite crystallisation under conditions of high am-
bient humidity, resulting in more densely packed grains with fewer pinholes. The presence
of more complete crystallisation was confirmed by the absence of any peaks associated with
Pbl; in XRD patterns of 30wt% PbCl, films as seen in Figure 5.9(f). Films made 20wt% PbCl,
on the other hand showed a significant Pbl, (001) peak which grew larger still upon anneal-
ing for 10 minutes at 100 °C. This was consistent with the lower photocurrents observed for
devices with 20wt% as a larger proportion of the Pbl, phase would result in higher series
resistance and lower optical absorption.

In order to ensure reproducibility of the observed relationship between mean device effi-
ciency and chloride content in the precursor, multiple batches of devices with different PbCl,
content were fabricated over a period of weeks and months. Figure 5.10(a) shows mean ef-
ficiency for six batches of devices plotted alongside one another for comparison. Not only
did the trend hold between batches (processed under variable humidity but always within
the range of 60%-95%) but devices with 30 wt% PbCl, or more consistently outperformed
PbI-only devices which displayed higher standard deviation and batch-to-batch variabil-
ity. This resulted in a trend towards a decreasing ratio between standard deviation and mean
efficiency as the chloride content increased as shown in Figure 5.10(b).

Somewhat surprisingly, this trend continued even for devices made with precursor com-
positions that were above the precipitation threshold. This posed the question of whether
moving towards a PbCl,-only formulation would result in further improvements in device
performance. However, absorption spectroscopy of the solutions (Figure 5.11(a) and (b))
suggested a non-trivial relationship between the halides at higher PbCl, content, implying
some sort of aggregation effect rather than a simple sum of precursors in the intended ratio.
Furthermore, as seen in Figure 5.11(b), PbCl; was found to have solubility below 30mg/mL
in DMF (labelled as "Low concentration") which is far too low to form a sufficiently thick or

homogeneous active layer.
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sitions and (b) plot of absorption at 440nm against nominal chloride content.

Fits to JV-scans revealed how different solar cell parameters varied with chloride con-
tent. As seen in Figure 5.12(a), there was a large increase in both FF and V,,. with increasing
PbCl, content up to 5 wt%. The trend was towards a small improvement in FF with in-
creasing chloride content above 20wt% whereas V,. remained largely level over the same
range. Observed variations in mean efficiency and standard deviation with chloride con-
tent were more adequately reflected in the series resistance and short circuit current density
extracted from JV-scans. As seen in Figure 5.12(b), Rs; (measured as the inverse slope of
the JV-curve at V,.) was highest between 5wt% and 10wt% PbCls; which corresponded to
the lowest values for Js. as would be expected. A clear trend of reduced R, as the chlo-

ride content was increased above 10wt% was accompanied by significant increases in J,
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Batch 1 Batch 2

PbCly 30wt% 40wt% 30wt% 40wt%

R, (Qcm?) 2.15 1.04 0.87 0.48

Ry, (Qcm?) 248 330 298 442

Nid 2.6 3.3 1.99 3.4

Jo 8.5x107° 2.7x107% 1.8x10~7 5.7x107%

FF 0.624 0.637 0.69 0.66

Voe (V) 0.97 0.96 0.947 0.931

Jse (mA/cm?) 211 252 22.4 26.5

PCE (%) 12.67 15.5 14.75 16.64

TABLE 5.3: Parameters extracted from JV-characteristics for two sepa-
rate batches of devices comprising ITO/PEI/Ceso/2Stepxwt%/P3HT /TiAu
where x=30 or x=40.

approaching 27mA/cm? for 40wt% PbCly.

Evaluating series and shunt resistance from the inverse slope of fitted curves around
Voe and J,. respectively, though useful as a diagnostic tool, can give misleading results as
tiny changes in slope due to variations in illumination intensity, voltage noise or capacitive
effects may lead to large variability in the quantities measured. A more rigorous approach
is to employ equation 5.2 in order to determine n,q and R, and to use them as constraints
in applying fits to the data using the diode models, thereby obtaining sensible values for
other extracted device parameters. Figure 5.13 shows typical reverse bias ]V data for devices
prepared using precursors containing 30wt% and 40wt% PbCl; along with fits using the
one-diode model. In order to better elucidate which device parameters relate to chloride
content, fits were performed on two separate batches of devices which are referred to as
"Batch 1" and "Batch 2" in Table 5.3.

For both batches, R, was found to decrease as the chloride content was increased. The
inverse relationship was found for the case of shunt resistance as Ry, increased with PbCl,
content. Plotting R, and R}, against PCE for both batches together showed that these trends
could be described by polynomial fits as shown in Figure 5.13(d). The increased R, with
chloride content extracted from illuminated JV scans was consistent with lower current den-
sities measured for 40wt% PbCl, devices as shown in Figure 5.13(c). The combination of
lower R, and higher R, was also consistent with the marked increase in short-circuit cur-
rent density and hence PCE with chloride content, as shown by the approximately linear
trend between J,. and PCE in Figure 5.13(d). On the other hand, J, was found to increase
significantly with PbCl; content, indicating increased thermal emission of electrons from the
valence band (VB) to the conduction band (CB) which was consistent with the slight decrease

in V,. observed, resulting in larger n;; for 40wt% PbCl; devices.
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FIGURE 5.12: (a) Plots of fill factor (FF) and open circuit voltage (V,.) versus
chloride content and (b) plot of series resistance (R,) and short circuit current

density (Jsc) versus chloride content.



Chapter 5. Optimizing Precursor Composition for High Performance Perovskite Solar

118

Cells Prepared under High Relative Humidity

—_
Q
~—
—_
O
~—

[MEREE
—~ 25 —~ 254 -
5 5
< 20{™== < 20
g £
= 2 15
@ 151 = 30wt% PbCl, 2 " ROWAIPOCL
8 ®  40wt% PbCl, 8 —— Fit with R,=0.87Qcm?
£ 101 | Fitwith R.=2.150cm? g 199 = 40wt% PbCl,
£ £  Fitwith Ro= 2
5 Fit with Rs=1 .O7Qcm2 S Fit with R2—0.4SQcm
O 51 O 51
0 ’ ’ ’ . 0 . . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V) Voltage (V)
C d
( ) 100 ( ) . . . .
o~ —=— 30wt% PbCl, Forward = R, (Qcm?) L 450
E  40] |—e—30wt% PbCl, Reverse 24 o R, (Qomd)
E -40wt% PbCl, Forward A Jy (mAfem?) 400
e 14 |—v—40wt% PbCl, Reverse & &
= S £
72} [&] (&)
& 0.1 < L 350C
o 3 =
= 1. =
o 0.01 4 L300
3
0.001
e ] L 250
-
1E-4 : . . . . . T T y v
02 00 02 04 06 08 10 12 12 13 14 15 16 17
Voltage(V) PCE (%)

FIGURE 5.13: Difference between 30wt% and 40wt% in two separate batches.

(a) Typical response for reverse bias scans for different chloride content in

Batch 1. (b) Typical response for reverse bias scans for different chloride con-

tent in Batch 2. (c) Semilog plot of devices shown in (a) and (b). (d) Plot of
extracted parameters from both batches.
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In the case of ITO-based devices, in addition to larger power output regardless of scan
direction for higher chloride content, the degree of hysteresis was also reduced to near zero
as shown in Figure 5.14(a). An interesting effect which was also manifested at higher chlo-
ride content was a discrepancy between maximum power output and hysteresis recorded for
cells nearer the edge of devices versus those around the centre. It was found that for both
scan directions there was a tendency for mean PCE ("Tot." in the legend) to diverge from
PCE recorded for cells near the substrate centre as the proportion of PbCl; in the precursor

was increased.
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FIGURE 5.14: (a) Mean efficiency versus chloride content based on scans per-
formed in both reverse and forward bias direction. (b) Histogram of PCE
distribution for different PbCl, content based on scan direction.

It was found that mean efficiency calculated as an average of the four central cells on a

given device (referred to as "Rev. Cent." and "For. Cent." for reverse and forward bias scans
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FIGURE 5.15: Difference between devices fabricated using AZO as transpar-

ent cathode with either 30wt% or 40wt% PbCl; in the perovskite layer. (a)

JV-response of devices under illumination along with stabilized power un-

der constant bias (MPP). (b) Current-voltage data for devices shown in (a) in
the dark plotted on a semilog sale.

respectively) was often significantly higher than that for all eight cells ("Reverse Tot." and
"Forward Tot."). The reason for this discrepancy was unclear but it would suggest either
that crystallisation tended to remain incomplete towards the substrate edge or else that per-
ovskite decomposition through methylammonium escape proceeds in across the plane of
the film with the HTL offering a degree of protection to escape normal to the plane. The net
result was a spread in PCE for every PbCl; content, although deviation from the mean was
smaller for 40wt% as seen in Figure 5.14(b).

Devices were also fabricated using different chloride content with AZO as transparent
cathode. The resulting device structure consisted of AZO / PEI / Cso / 2Step / P3HT /
TiAu. In keeping with the trend observed for ITO-based devices, cells with 40wt% PbCl,
in the perovskite precursor outperformed those incorporating only 30wt% as seen in Fig-
ure 5.15(a). Table 5.4 shows device parameters extracted from fits to scans performed both in
the dark and under illumination using the one-diode model along mean and max PCE. Cells
displayed slightly higher Rs than corresponding devices on ITO which may be explained by
the larger sheet resistance of AZO relative to ITO and a possible resistive barrier at the in-
terface between perovskite and AZO as suggested in Chapter 4. The larger series resistance
values were reflected in lower mean PCE for both cell stacks relative to ITO-based counter-
parts, although 40wt% devices again showed reduced R, and significantly enhanced cham-
pion PCE despite a larger ideality factor. Curiously, unlike ITO-based devices, R, tended to
be lower for cells incorporating 40wt% PbCl, though cell-to-cell variability was also lower

resulting in a much smaller ratio of standard deviation to mean PCE (StDev./Mean). The
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| | R, (Qcm?) | R, (Qcm?) | Nid | Mean PCE (%)

StDev./ Mean | Max. PCE (%)

30wt% (Dark) 3.6 3.64x10% 2.2 - - -
30wt% (Light) 1.52 2.8x10° 2.44 6.7 0.356 7.3
40wt% (Dark) 2.92 1.12x10* 2.8 - - -
40wt% (Light) 1.14 1.1x103 2.9 10.05 0.07 11

TABLE 5.4: Extracted device parameters for AZO-based devices with differ-
ent PbCl; content.

results showed that performance improvements by using high chloride content are not lim-
ited to the more typical sputtered ITO and FTO-based device stacks but also apply to much
rougher and more reactive substrates such as doped binary oxides deposited by spray py-
rolysis.

In order to examine whether it was in fact the case that higher chloride content improved
perovskite morphology, films containing 30wt% PbCl, and films without any chloride were
grown under the same conditions and were studied under SEM. In order to mitigate the
possibility of precipitates from a highly saturated Pbl, solution (1.25M) being a source of
pinholes, the commonly used concentration of 1M PbI5 solution was chosen for better com-
parison with the literature. As seen in Figure 5.16 (a) and (c), Pbl>-only perovskite films
tended to be incomplete, leaving many micrometer-sized areas of underlying ITO visible.
In contrast, films made with 30 wt% PbCl, gave continuous and densely packed perovskite
with many micrometer-sized grains as shown in Figure 5.16 (b) and (d). It should be noted
that the difference in film morphology shown here is particularly dramatic, and is more re-
flective of batch-to-batch variability for perovskite films using only lead iodide prepared un-
der humid conditions as some batches produced more continuous films with larger grains.
However, the chloride-containing films consistently gave dense dark films with few pin-
holes.

The improved morphology for perovskite films crystallised from lead salt solutions with
30wt% PbCly was reflected in device performance and resulted in some devices with FF
between 0.73 and 0.75 as shown in Figure 5.17(a). Fits to the JV data under illumination
were performed and the series and shunt resistance were evaluated by taking the inverse
slope of the fitted curve at V=V, and V=0 (i.e.;.) respectively. This method revealed that
the source of high FF was a combination of reduced shunting with R, of 1248Q¢em? for the
forward bias and 1872Q¢m? for the reverse bias scan direction and a low R, of 2.99Q¢m? and
3.480cm? for the former and latter scan directions respectively.

Figure 5.18(a) gives plots and linear fits not for the two scan directions under illumina-

tion but also for scans performed in the dark. It can be seen that there was close agreement
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FIGURE 5.16: SEM images of perovskite films produced via the Two-Step
method.(a) and (c) Film crystallised from 1M PbI; and (b) and (d) crystallised
from lead halide film with 30 wt% PbCl>.
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FIGURE 5.17: Current-voltage measurements of device comprising
ITO/PEI/Ce0/25tep30wt%/P3HT /TiAu (a) sweep measured from open cir-
cuit to short circuit (Reverse) and from short circuit to open circuit (Forward)
as well as under constant bias in the narrow range around the maximum
power point (b) Plot of maximum power extracted from the device versus
time.
| B @em?®) [ Rop (Qem®) | nia | Jor(mA/em?) | Joo(mA/em?) |
Reverse (Light) 0.74 2274 2.57 1.28x10~° 0
Forward (Light) 0.53 1050 2.29 1.66x10~° 0
Reverse (Dark) 0.59 %) 1 7.75x10~ 1" 2.75x10~°
Forward (Dark) 0.63 1.6x10° 1 45x10~17 1.5x1078

TABLE 5.5: Parameters extracted from fits to current-voltage data for a device
comprising ITO/PEI/Cgo/2Step-30wt%PbClz /P3HT/TiAu using the one-
diode and two-diode models

between forward and reverse bias data under illumination resulting in a derived ideality
factor of 2.62 and 2.47 respectively. There was likewise some small difference between the
y-intercept for both plots which resulted in a calculated R, of 0.69 cm? for the reverse bias
scan and 0.37Qcm? for the forward bias case. These values for R, were clearly significantly
smaller than those evaluated using the inverse slope of the JV-scan but were in close agree-
ment with the result extracted from the dark JV-scans of 0.49 and 0.59Qc¢m?. The value for
n;q obtained for dark JV scans was invariably lower than that of illuminated scans and was
generally in the range 1.5-2. It was thus appropriate to apply two-diode fits to dark-JV data
by setting n;41=1 and n;42=2 as the two-diode model is better suited to capturing both diffu-
sion and recombination effects in diodes. Adequate fits were obtained for semilog plots of
dark current based on the two-diode model as shown in Figure 5.18 and Table 5.5 shows the
parameters extracted from fits to data for the best performing cell using the diode models.
Again, there was a remarkable difference between Ry}, extracted under illumination ver-
sus in the dark with the latter being more than two orders of magnitude greater. The re-

duced value for the reverse saturation dark current (Jy;) for the forward bias scan under
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Semilog plots of dark-JV scans for the two scan directions along with fitting.
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illumination coupled with a lower n,q relative to many values reported in the literature
[251] [247] [252] [253] [254] [248] were consistent with the very large short-circuit current
measured (24.6mA/cm?). The near negligible value for .Jy; for both scan directions in the
dark suggested either that electron injection into the perovskite layer from P3HT or electron
extraction from perovskite into the ETL (or both) was greatly suppressed. However, the low
recombination current extracted for Jy; was consistent with the large shunt resistance and
signified effective hole-blocking of the ETL.

Such device behaviour is indicative of a high quality active layer and is an impressive
result considering all of the processing steps were carried out from solution in humid con-
ditions without high temperature treatments. Furthermore, JV-scans were representative
of device performance under true operating conditions as shown by the stable maximum
power output at constant bias in Figure 5.17(b). In order to get further verification of the va-
lidity of extracted parameters, the FF may be analysed using an empirical equation together
with the fit results and experimental data. In ideal solar cells with negligible series resistance

(Rs ~0) and infinite R, the FF may be represented by [255] [256] [257] [37]

Voe — In(voe + 0.72)

FFy =
Voe + 1

(5.3)

where v, = qV,./kpT is the dimensionless voltage. Practical devices on the other hand

include non-ideal values for R and R,;, which are accounted for in the expression

oo + 0.TFF,
FF = FF,(1 - e 70170 (5.4)
VocTp
where F'F, is taken as
,r,2
FF, = FFy(1 = 11r) + £ (5.5)

and where r, = J,Rs/Voe and 7, = JscRsn/Voe are normalised resistances. The FF
calculated using the forward bias scan data shown in Table 5.5 was found to be 0.765 which
was within 2.5% of that measured experimentally (0.748). Equation 5.4 may thus be used to
predict the upper limit for FF in lead halide perovskite devices. Furthermore, given that V.
and n;q are dependent on the density of traps states (N;) [45], and that FF is a function of
these parameters as well as J,., Rs and Ry, it follows that FF is dependent on N,. Figure 5.19
shows how n;4, FF and photovoltaic conversion efficiency (PCE) vary with N, for devices
with R,=1x10°Qcm? and R, of either 6Qcm? (closed triangles and diamonds) or 0.5Qcm?

(open triangles and diamonds).
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FIGURE 5.19: (a) ni4, (b) FF and (c) Photovoltaic conversion efficiency (PCE)
plotted against the logarithm of N; for methylammonium lead iodide per-
ovskite solar cells. Closed triangles and diamonds represent perovskite cells
with R,=6Qcm? and R,,=1x10°Qcm? and open triangle and diamonds rep-
resent cells with R=0.5Qcm? and R, =1x10°Qcm?. The red "X" marks repre-
sent the photovoltaic parameters for the best device measured by [37] under
forward bias and the red squares represent the parameters for the best device
measured in the current study under forward bias. Adapted from [37].
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It can be seen that under both circumstances n;; decreases with decreasing density of trap
states, reaching unity for N; <10'3*cm~2 which suggests that direct recombination dominates
below that threshold. In the case of devices with R,=6{2cm?, FF increases from 0.7 to 0.79
as N; is reduced from 10'®cm=3 to 10'3cm ™3 which would correspond to an increase in
PCE up to a maximum value of ~24%. However, for devices with a lower R; of 0.5Qcm?,
such as is reported for crystalline silicon solar cells as well as the best devices in the current
work, the FF may be increased from 0.8 to ~0.9 over the same interval, and hence the PCE
could be increased to ~27% as shown in Figure 5.19(c). This suggests that the combination
of materials and processing conditions used to produce devices resulted in a density of trap
states many orders of magnitude large than would be desired. Possible sources of trap states
include the ETL/perovskite interface, grain boundaries within the perovskite layer itself and

at the perovskite/HTL boundary.
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FIGURE 5.20: Current-voltage measurements of device comprising

ITO/PEL/ Ceo/2Step30wt%/P3HT/TiAu (a) sweep measured from open cir-

cuit to short circuit (Reverse) and from short circuit to open circuit (Forward)

as well as under constant bias in the narrow range around the maximum

power point (b) Plot of maximum power extracted from the device versus
time.

To further validate the processing technique, larger area devices were fabricated to test
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scalability. Figure 5.20(a) shows typical current-voltage scans under illumination for two
devices with different active device area (as defined by the overlap of ITO and gold elec-
trodes together with a mask) processed in the same batch. From Figure 5.20(b) it can be
seen that device performance remained almost unchanged, indicating that the materials and
fabrication procedure were not very sensitive to device size. On the contrary, it was found
(somewhat surprisingly) that some cells actually outperformed the smaller active area refer-
ence devices as seen in Figure 5.20(c). This was judged not to be a result of incorrect scaling
as large area cells displayed lower current density at large forward bias as seen in the inset
of Figure 5.20(c). Instead, the improvement was attributed to a greater shunt resistance in
the large area devices as indicated by lower dark currents under low bias (Figure 5.20(d)).
A possible explanation for this counter-intuitive result would be that the wider strip of ITO
used for the large area devices resulted in more homogeneous device stack as the relatively

large (150nm) step height was further from the substrate centre and the active area.

5.3.3 Device stability relative to literature

An important aspect of device design that needs to be addressed before perovskite solar
cells can reach commercialization is that of device lifetime. There is a vast literature on max-
imizing the efficiency of perovskite solar cells, but comparatively few reports investigate the
stability of devices after storage in non-inert environments. Methylammonium lead triio-
dide perovskite is well known do decompose upon exposure to temperature and especially
to moisture through escape of the organic cation, although other degradation mechanisms
have also been reported. However many of the materials that tend to give the highest cell
performance have also been found to react with perovskite, thereby accelerating the degra-
dation.

In order to provide some idea of the stability of device stacks used in this work, cells
were measured repeatedly over a number of weeks and months. Devices were left unen-
capsulated and were stored in a drawer without humidity control between measurements.
Figure 5.21 shows how PCE varied with time for devices containing different PbCl, content.
Device performance was normalised to more easily compare the effect of chloride content
as shown in Figure 5.21(b). Pbl,-only cells were reasonably stable over the first few hun-
dred hours, retaining 90% of their initial PCE after 300 hours. However, device performance
deteriorated significantly over the subsequent 300 hours resulting in less than 50% of initial
performance after 660 hours.

There was a spread in the evolution of PCE with time for the PbCly-containing devices

reflecting a complex relationship between perovskite film morphology and stability. The
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FIGURE 5.21: (a) Device efficiency as a function of time (b) Normalised plot
of devices shown in (a).

addition of 2.5wt% PbCl, was found not only to increase the PCE of fresh devices but
also to improve the resistance to degradation, with cells retaining 90% of initial PCE after
660 hours. Devices made with 20wt% PbCl, actually improved in performance over the
same time period, displaying a 25% higher PCE than recorded before ageing. Devices made
with 25wt% PbCl; appeared remarkably stable, losing only 10% of initial performance after
nearly 1000 hours. Higher chloride content however seemed to adversely affect stability as
30wt% PbCl, cells dropped to 50% of their initial PCE over the same time period. It should
be noted though that the significantly higher PCE for fresh devices with greater chloride
content meant that cells containing 30wt% PbCl, still had a conversion efficiency of over
10% after 660 hours.

Towards the end of the project it became possible to perform external quantum efficiency
(EQE) measurements on devices. These measurements are useful for two reasons; firstly they
give information on how devices respond to incident radiation of different wavelengths and
secondly the current density at short circuit J;. can be calculated as shown in section3.4.1.
The EQE set up required an area of at least 4mm x 4mm in order to ensure that the assump-
tion of photon flux ratios were correct. For this reason, larger area cells fabricated over one
month previously were measured. As seen in Figure 5.23(a), even after 35 days of storage
in relatively humid ambient conditions (60%-90% relative humidity [258]) cells displayed
over 70% quantum efficiency throughout the visible spectrum and into the UV resulting in
an integrated Js. of 17.5mA /cm?. Current-voltage scans of cells performed on the same day
(Figure 5.23(b)) showed that the series resistance had grown significantly relative to scans
performed on fresh devices but the measured J;. was in close agreement with that calculated

from the EQE which validated the electrical measurement set up.
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FIGURE 5.23: (a)EQE measurement of large area device made with 30wt%

PbCl, precursor after 35 days of storage in relatively humid (60%-90% rel.

hum.[258]) ambient conditions (b) Same day current-voltage measurements
of device shown in (a).

To see how device stability compared with the state of the art, all reports in the field
of perovskite solar cell research containing stability studies were compiled and the initial
efficiencies were plotted against the time taken to reach 90% of initial PCE as shown in Fig-
ure 5.22(a). Representative data from this work compares favourably with much of that
reported in the literature, with either higher initial PCE or better stability (or both). How-
ever, many of the solar cell performances reported used device architectures and materials
that required either high temperature sintering steps or inert processing conditions and thus
were either stored under inert environments or else were encapsulated to avoid exposure
to oxygen and moisture. Conversely, the aim of the present work was to avoid fabrica-
tion techniques and processing steps that add cost and limit applicability of perovskite solar
cells as an inexpensive technology and as such all processing was carried out below 100°C
and under high humidity. Figure 5.22(b) is a plot of device processing temperature against
the degree of climate control during processing (ranging from uncontrolled "ambient” en-
vironment with relative humidity in excess of 90% to oxygen and moisture-free glovebox
conditions) for the data shown in (a). In this way it can be seen that most (if not all) of the
reports that outperformed devices from the current work necessitated either high temper-
ature processing or fabrication under inert conditions and many required encapsulation or
storage in low humidity environments to maintain device performance. Conversely, aside
from a protective effect against moisture offered to perovskite by the hydrophobic surface of
P3HT, the devices studied here were neither properly encapsulated nor were they stored un-
der reduced humidity. Therefore it may be concluded that the device stack and processing

procedure used was remarkably stable to degradation, especially considering the inclusion
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of an approximately 150nm-thick P3HT layer which is known to degrade significantly in
the presence of light and oxygen as will be further detailed in the next chapter. Observed
stability of devices incorporating P3HT was attributed to the fact that cells were illuminated
through ITO and thus much of the incoming light was absorbed by the perovskite rather
than the P3HT itself. Furthermore, P3HT, which neither contained reactive dopants such
as lithium salts used in Spiro-OMeTAD nor was hygroscopic and acidic as is the case for
PEDOT:PSS, was a more suitable HTL for maximizing device stability in the presence of

moisture and oxygen.

FIGURE 5.24: SEM images of perovskite films produced via the Two-Step
method after three weeks in ambient.(a) and (c) Film crystallised from 1M
PbI; and (b) and (d) crystallised from lead halide film with 30 wt% PbCl,.

Another factor which may have resulted in the relative stability observed was the na-

ture of the perovskite layer itself. Figure 5.24 shows SEM images of films fabricated with
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Pbl,-only lead halide precursor and precursor with 30wt% PbCl, after 3 weeks storage in
ambient humidity. Both films were made up of many close-packed micrometer-sized grains,
although the Pbly-only film ((a) and (c)) did contain nanometer and micrometer-scale gaps,
revealing underlying ITO. The Pbl;-only film also contained many patches ranging from 1
to 10pum across of some other material which was presumed to be a bi-product of perovskite
degradation such as Pbl;. On the other hand, the perovskite film made with 30wt% PbCl,
in the precursor ((b) and (d)) appeared to be more intact, maintaining a densely packed film
with no visible pinholes. However, smaller "granules” which appeared to sit atop the film
were also present at the grain boundaries and were presumed to signify the early stage of
film degradation. Taken together the images are consistent with the device performances
observed and indicate that PbCl; may improve film integrity and stability, as has been sug-
gested previously[259][54][260][261]. These results indicate that devices containing higher
PbCl, content processed in a highly humid environment could likely be competitive with

the best reported devices if adequately encapsulated.

5.4 Conclusions

Perovskite films were prepared using Single-Step (1Step) and Two-Step (25tep) methods.
Devices fabricated using 1Step deposited perovskite were found to benefit from excess MAI
and from partial substitution of Pbl; with PbCl,. The bandgap was increased by introduc-
ing PbBr; leading towards semi-transparent devices. In the case of perovskite deposited
using the 2Step method under highly humid conditions (relative humidity > 90%), mor-
phology and device performance was found to vary significantly depending on the content
of PbCl; in the precursor solution. Device performance and reproducibility was greatly
improved for chloride content greater than 25wt%, with exceptionally high photocurrents,
reduced standard deviation and FF as high as 0.75 for champion cells. The high FF and J.
values were attributed to a high shunt resistance due to a dense and pinhole-free perovskite
layer coupled with extremely low series resistance owing to efficient electron extraction by
a thin fullerene-based ETL rather than the metal oxides commonly used in the literature.
Higher chloride content in the perovskite precursor was found also to be beneficial for im-
proving the conversion efficiency and reducing cell-to-cell variability of devices in which
sputtered ITO was replaced by AZO deposited by spray pyrolysis. Taken together these re-
sults demonstrate that the addition of large quantities of PbCl; can be an effective measure

for obtaining reproducibly high performance for devices processed using low cost materials
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and deposition techniques under uncontrolled humid conditions. Additionally, unencapsu-
lated devices stored in an ambient environment showed respectable longevity compared to

previous reports, maintaining high PCE even after hundreds of hours storage.
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6 Carbon Nanotubes as Charge
Transport and Hole Extraction
Material for Improved Stability of

Perovskite Solar Cells

6.1 Introduction

The aim of this chapter is to better understand the role of p-type contacts in regular archi-
tecture perovskite devices and to develop simple but effective methods to further improve
device reproducibility and stability in highly humid conditions. P3HT was chosen as the ref-
erence HTL due to its hydrophobic nature and easy solution-processability. The role of P3HT
is first examined and then efforts are made to incorporate CNTs into p-type polymers and
then into devices. The effect of CNTs and P3HT on device performance and reproducibil-
ity are discussed and explanations are offered for the effects observed. Finally, attempts are

made to p-dope graphene as back contact material for devices.

6.1.1 Optimizing hole transport layer thickness

In order to better understand the role played by the hole transport layer (HTL), devices
were fabricated with a range of P3HT concentrations (and hence thickness) from no HTL
(i.e. anode deposited directly onto perovskite) up to 25 mg/mL. The JV-curves are plotted
in Figure 6.1 and the cell characteristics extracted from fits to the curves are displayed in
Table 6.1. It can be seen that J. varies with HTL thickness and that the value is dependent
upon scan direction. When no P3HT was present, the devices had extremely high series
resistance with voltage and fill factor losses due to recombination at the interface between
perovskite and the gold anode. It has been demonstrated that perovskite can act as a reason-

ably effective hole transport material when in intimate contact with a pinhole-free ETL such
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FIGURE 6.1: (a) Current-voltage measurements of devices coated with HTLs

deposited from P3HT solutions with different concentration. (b) Plot of short

circuit current density (Js.) versus P3HT concentration used during HTL de-
position.(c) Plot of Rs and R, against P3HT concentration.

as TiO4[32] [262] [263] [264] due to its ambipolar nature. However, this can only be achieved
for perovskite with nearly full coverage upon a dense layer of pinhole-free hole-blocking
material as a large degree of shunting would result from direct contact between the elec-
trodes and to a lesser extent between the anode and ETL. Furthermore, the iodine/iodide
redox system formed due to hydrated intermediate phases during perovskite degradation
is particularly reactive with gold [184], resulting in rapid performance losses upon device
operation in ambient conditions.

Taking these factors into consideration combined with the fact that devices studied in this
work have only a thin solution-processed polymer-Cg, bilayer as ETL, the poor performance
without a P3HT electron blocking layer should come as no surprise. Applying a 5mg/mL
P3HT solution on top of the active layer dramatically improved performance, with a sharp
decrease in R, due to a suppression of recombination losses by the shallow LUMO level of

the polymer. In addition, the presence of P3HT makes device performance less sensitive to



6.1. Introduction 137

ESET R | fsn | pp oo (MA/cm?) Voo P/CE
(mg/ml) (Qem?) | (Qem?) V) (%)
0 370 364 0.25 1.78 0716 | 0.3
5 5.64 175.5 0.5 10.6 0917 | 4.66
8 6.19 217 0.51 8.36 0906 | 3.86
15 5.02 230 0.61 17.25 0944 |99
20 5.65 223 0.6 17.56 0941 | 9.85
25 7.08 280 0.64 14 0944 | 85

TABLE 6.1: Device characteristics for HTLs deposited from different concen-
tration P3HT solution

pinholes in the perovskite due to the effective rectifying action at the interface between Cg
and P3HT as demonstrated in the previous chapter. This resulted in an improvement in FF,
Voe and J s, particularly for forward bias scans. Curiously, increasing the P3HT concentra-
tion to 8mg/mL resulted in cells that had slightly lower J,. and V.. Depositing 15mg/mL
P3HT not only decreased R, and increased FF and V. further for both scan directions but
crucially resulted in negligible hysteresis. Increasing the concentration of P3HT yet further
to 20mg/ml did not appreciably change the JV-characteristics under reverse bias but did ad-
versely affect the cells under forward bias. This trend continued as the concentration was
increased to 25mg/ml with an increase in R, for both scan directions resulting in markedly
lower J,.. The variation in device parameters can be better understood by plotting R for
both scan direction as well as R, against P3HT concentration as in Figure 6.1(c). It can
be seen that the point of lowest R lies at a concentration of 15mg/ml P3HT and although
Rp, is notably improved for 25mg/ml P3HT it is at the expense of a large increase in R,.
The larger R, values at higher concentration can be explained by a thickness-dependent re-
lationship due to the limited conductivity of P3HT. It would appear from these results that a
trade-off exists between series and shunt resistances in which higher concentration solutions
are required to give full coverage of perovskite films and hence raise R, but thicker P3HT
films are also limited by HTL conductivity. This is consistent with film thicknesses of 200nm-
300nm generally reported for the more typically used hole transport layer spiro-OMeTAD,
which requires dopants to maintain a sufficiently low R, and with reduced series resistance
with decreasing HTL thickness[265][37].

In addition, although P3HT remains a promising material for commercial application due
to the scalability of its synthesis and its compatibility with high-throughput production tech-
niques coupled with reasonable stability (relative to many materials used in OPV)[266][267],

it remains prone to photo-induced oxidation leading to the destruction of the w-conjugated
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system in a process that is accelerated by the presence of humidity or elevated tempera-
ture [268][266][223]. Furthermore, the semi-crystalline nature of P3HT requires some control
over morphology in order to guarantee effective charge transport [269][270][271], usually

achieved through annealing under inert atmosphere.

6.2 Carbon nanotube-PEDOT:PSS composite electrode

As already mentioned, although there are a variety of methods to synthesize carbon nano-
materials such as CNTs, difficulties remain when it comes to sorting and manipulating them
for a desired purpose. One attractive method from an industrial viewpoint is to exploit the
fact that many nanomaterials can either be directly exfoliated in the liquid phase (LPE) or
else dispersed in suitable solvents. Nanomaterial films may then be deposited from solution.
Among the many deposition methods [126][272][273][274][275][276], vacuum filtration has
been widely used due to low material waste involved and the ability to produce high quality
films with good reproducibility [277][278][279][280]. However, thin film transfer from filter
membrane to arbitrary substrates is generally required and can be challenging [281][282].
Dry transfer methods such as using polydimethylsiloxane (PDMS) [283][284][278] [273],
though useful, suffers from certain drawbacks associated with direct contact between stamp
and film such as mechanically induced damage to the thin film as well as difficulty in trans-
ferring to arbitrary substrates due to interfacial energy considerations[284]. Another notable
method involves solvent-etchable organic (e.g. mixed cellulose ester) filter membranes and
has achieved much success in fabricating nanomaterial-based thin films [285][277][280][286].
However, this method may only be applied to aqueous dispersions such as CNTs or graphene
that have been dispersed with the aid of a surfactant in water (HO). It is also difficult to fully
remove surfactants from thin films which restricts application to high-performance devices.
Additionally, heat and pressure are often applied to improve the quality of the transferred
film, indicating that the approach is relatively destructive. On the other hand, success in
the direct solvent-exfoliation of graphite and other layered materials and nanomaterial bun-
dles for the production of pristine high quality graphene and other two-dimensional ma-
terials [287][288][289][290] suggested a need for developing a transfer method toward thin
films from non-aqueous dispersions such as CNTs in n-cyclohexyl-2-pyrrolidone (CHP) or
graphene in n-methyl -2-pyrrolidone (NMP).

With this in mind, a novel strategy was developed by our group for fabrication and trans-

fer of hybrid (ultra) thin films that was compatible with non-aqueous dispersion systems[291].
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FIGURE 6.2: (a)Absorption spectra of dilute graphene and CNT disper-
sions.(b) Schematic of the general method for fabrication of hybrid (ultra)thin
films supported on PAA membranes

Figure 6.2(b) illustrates the fabrication process for hybrid thin films supported on porous an-
odic alumina (PAA) membranes. Graphene and CNT dispersions were prepared based on
the methods developed by Coleman and co-workers[288][292]. For CNT dispersions, single-
walled HiPCO carbon nanotubes at an initial concentration of 0.5mg/ml in CHP were son-
icated with a sonic tip (VibraCellCVX, 750 W, power setting 20%, 20 kHz) for 30 minutes
followed by centrifugation at 5000rpm for 90 minutes. The supernatant (roughly the top
2/3 of the total volume) was collected and used as stock dispersion. The concentration of
100xdiluted samples was determined to be 0.36 mg/mL based on the Beer-Lambert Law
using UV-visible-NIR absorption spectroscopy as shown in Figure 6.2(a).

Vacuum filtration was applied to fabricate hybrid thin films using poly (3,4-ethylene
dioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) as the matrices. PEDOT:PSS
was purchased from Heraeus under the trade name Clevios PH 1000, with initial concentra-
tion of 10-13 mg/mL in water. For CNT-based thin films, PEDOT:PSS/H>O (50x (i.e. 50
times diluted), 1 mL) and SWCNT/CHP (45%, 1 mL) were mixed for vacuum filtration.
For CNT-based ultrathin films, PEDOT:PSS/H>0O (500x (i.e. 50 times diluted), 1 mL) and
SWCNT/CHP (450x, 1 mL) were mixed for vacuum filtration. Commercially available
20nm (pore size) PAA membranes were used meaning that the system was, in principle,
suitable for any component with at least one dimension larger than 20nm [278][283]. In-situ
and post washing of the thin films with volatile solvents such as ethanol was carried out in
order to efficiently remove remaining high-boiling-point dispersants such as CHP or NMP,
thereby facilitating the production of high performance thin film-based structures.

A general method for transferring the as-fabricated hybrid thin films is illustrated in
Figure 6.3. A specific configuration of the sample was adopted whereby the film on PAA

membrane was placed upside down onto the desired substrate such as glass or PET with
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FIGURE 6.4: CNT-doped PEDOT:PSS films obtained via vacuum filtration

and in situ transfer (a) composite film transferred onto PET with a 5mm diam-

eter hole. (b) ultrathin film transferred onto PET showing high transparency
(c) and mechanical flexibility (d).

one edge attached to the substrate via double-sided scotch tape. The sample was then im-
mersed in sodium hydroxide (NaOH) aqueous solution to etch away the PAA. The chosen
configuration enabled flexible fixation of the free-standing thin films on the substrates after
removal of the PAA membrane and line-contact mode ensured that free-standing films were
directionally guided throughout the etching and washing steps.

In order to avoid bubble and wrinkle issues, the 3M NaOH solution was diluted in a vol-
ume ratio (4:1) of aqueous solution to ethanol. Furthermore a specific and repeatable trajec-
tory was adopted as shown in Figure 6.3 in order to keep the process safe and reproducible.
A tilting posture was used during both submerging and removing the sample during etch-
ing and washing and a large excess of deionised water was used to ensure that no resid-
ual NaOH remained on the films. Specifically, the films were washed sequentially in three
filled 500ml beakers with three relatively slow (3-5 seconds) wash cycles per beaker. The
films were finally dried carefully with argon to avoid bubbles and wrinkles. Photographs
of various transferred films are shown in Figure 6.4. To demonstrate that applicability of
the method to creating free-standing films, Figure 6.4(a) shows a thin film transferred onto
a substrate with a hole. An ultrathin (approx 35nm) film transferred onto PET (50um thick)

(Figure 6.4(b)) displays promising properties such as high transparency and flexibility as
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FIGURE 6.5: (a)Transmission electron microscopy image of dropcast CNTs on
a copper grid.(b) SEM image of CNT-PEDOT:PSS hybrid thin film.

shown in Figure 6.4(c) and (d) respectively. The quality of hybrid thin films are largely de-
pendent on the dispersion system used to fabricate them. Transmission electron microscope
(TEM) images of the dropcast CNTs on copper grids (Figure 6.5(a)) revealed that the CNTs
were well dispersed with no visible bundles, indicating the high quality of the dispersion
system used. Hybrid thin films formed by the dispersions were characterised by field emis-
sion scanning microscopy (FE-SEM) as shown in Figure 6.5(b). Due to the conductive nature
of the films, images were taken without prior metallic coatings and were connected to the
conducting stage through double-sided conductive tape at the film edges. The InLens detec-
tor was used to better reveal CNT networks on the surface of thin films as shown in the inset
of Figure 6.5(b). The quality of the stock dispersion was reflected in the highly dispersed
and interwoven CNT network present in the hybrid films.

Figure 6.6(a) presents the absorption spectra of thin and ultrathin films. The extremely
low absorbance of the ultrathin film indicated high transparency with over 90% transmit-
tance in the visible range and 80% in the NIR as shown in Figure 6.6(b). Four-point probe
measurements revealed that the sheet resistance of the ultrathin film as extracted from the IV-
curve shown in Figure 6.6(c) was 1850§2/sq. Although this is significantly higher than the in-
dustry standard (100-200€2/5sq), the conductivity was calculated to be as high as 1.54x10*S/m
given that the film thickness was 35nm. Indeed, thicker films (200nm) at a similar con-
ductivity gave a sheet resistance of 360€2/sq, approaching the industry standard. It should
be noted that the CNTs imparted not only improved conductivity relative to undoped PE-
DOT:PSS (3.7Mf2/sq for a 50nm thick film equivalent to a conductivity of 5 S/m [280]) but

also greatly improved durability. Indeed, the hybrid film was highly solvent-resistant, even
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FIGURE 6.6: (a) Absorption spectra of hybrid (ulta)thin films.(b) Transmis-
sion spectrum of hybrid ultrathin (35nm) film. (c) IV-curve of ultrathin film.
(d) Durability test of ultrathin film.

to HyO as shown in Figure 6.6(d) which is impressive given the solubility of the polymer
matrix in water and its hygroscopic nature. Furthermore, the relatively strong adhesion
between the film and PET substrate was demonstrated by the lack of observable damage
after rubbing with nitrile gloved fingers and after the application and removal of scotch tape
(Figure 6.6(d)).

However, useful as the developed method was for fabrication and transfer of thin films,
limitations were encountered in applying it to devices. As regards photovoltaics, it was
soon realized that nanohybrid thin films based on CNTs and PEDOT:PSS were best suited
to inverted (or normal in the case of OPV) p-i-n structure perovskite solar cells. As already
mentioned, although efforts were made to fabricate devices with inverted structure, a com-
bination of a lack of appropriate resources (e.g. evaporation system capable of depositing
Ceo, BCP, LiF, etc.) and inert processing environment (e.g. glovebox) meant that functioning
devices were only achieved using regular architecture. Furthermore, while vacuum filtra-
tion of some polymers such as PEDOT:PSS was straightforward, it was found that other
candidate polymers for the HTL such as P3HT were only partly filtered, with much mate-
rial passing through the filter membrane. This issue could be addressed either by using a
membrane with smaller pore-size or by rendering polymer solutions turbid via addition of
non-solvents (or a combination of both measures). However, the presence of an aqueous en-

vironment during in-situ transfer was found to be essential. Alternatives such as replacing
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water with methanol and/or replacing NaOH with potassium hydroxide (KOH) were tried
but found to be unsuccessful. On the other hand, the presence of water is a severe obstacle
where methylammonium lead triiodide perovskites are concerned and so other methods of

CNT manipulation were sought after.

6.3 Carbon nanotube-P3HT nanohybrid in polymer compos-

ite hole transport layer

6.3.1 Sample preparation

Certain aromatic polymers have been shown to facilitate the dispersion of CNTs via wrap-
ping of the rigid-backbone polymer around the tube [293][294]. Furthermore, not only does
for example P3HT render CNTs dispersible in common non-polar solvents but the resulting
supramolecular nanohybrids have been reported as being predominantly p-type in nature
[295][296]. As such P3HT-CNT nanohybrids have been applied in both organic[296][112]
and organic-inorganic perovskite solar cells [297][298]. However, concerning the field of
perovskite photovoltics, studies have focussed predominantly on regular structured devices
using metal oxide scaffolds such as nanoporous TiO, and mesoporous Al2O3 [297, 298, 299,
300, 301, 302, 303] or else on inverted devices structures [304]. A planar solar cell incorpo-
rating CNTs as an interlayer between the perovskite and HTL has been reported, although a
high temperature processed TiO, ETL was still used and CNTs were of chosen chirality with
no metallic CNTs present [305]. On the other hand, incorporating unsorted CNTs into low
temperature processed devices has been far less studied, especially with a view towards all
layers deposited simply from solution.

In order to disperse CNTs in a solvent compatible with deposition on perovskite, an
established procedure was followed [294] [297]. Briefly, 3mg of P3HT was dissolved in 5ml
of chlorobenzene (CB) and bath sonicated for 60 minutes before adding 2.5mg of CNTs. The
mixture was then treated with an ultrasonic probe for 10 minutes followed by 8 minutes
of centrifugation at 10000g to remove non-functionalized CNTs and carbonaceous particles
which formed the precipitate. Excess polymer was removed by adding 15ml of toluene and
gently heating the mixture for 1 hour to induce aggregation of functionalized CNTs. The
aggregates were then removed by 4 minutes centrifugation at 16000g with the supernatant
disregarded. The precipitate was redispersed in 5ml toluene and the procedure repeated
until the supernatant was colourless. The final pellet consisted of 2-2.2mg of functionalized

CNTs which could be redispersed as required.
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FIGURE 6.7: SEM images of CNT-doped CNT films (a) 0.1wt% CNT, (b) 1wt%
CNT, (c) 2wt% CNT and (d) 4wt% CNT.

Figure 6.7 shows SEM images of P3HT films with varying content of CNTs deposited on
perovskite. At a concentration of 0.1wt% CNT little or no CNTs are visible in the composite
and the HTL largely follows the topography of the underlying perovskite, as seen in Fig-
ure 6.7(a). Conversely, the perovskite morphology is less apparent in the case of the 1wt%
composite and some CNTs can be discerned at the HTL surface. The CNT network becomes
more visible as the concentration is increased to 2wt% and then 4wt%.

Films were measured using a four-point probe setup to test the lateral or in-plane conduc-
tivity. As seen in Figure 6.8(b) and Table 6.2, the composite films did indeed become much
more conductive in the planar direction, increasing by almost two orders of magnitude be-
tween pure P3HT and P3HT with 4wt% CNTs. However, higher content composites proved
difficult to produce due to solubility and dispersibility limits. On the other hand, CNT-
P3HT nanohybrid-only films (representing 100wt% CNTs) could be achieved by dispersing
the hybrid material at a lower concentration in chloroform and depositing in a drop-by-
drop fashion [297]. In this way, films made up of a porous network of interwoven CNTs

were produced with a sheet resistance Rpce: of between 4k(2/sq and 8kS2/sq. Hall effect
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measurements on these films (Figure 6.8(c)) had a large degree of voltage noise and sug-
gested only a slightly p-type nature with mobility values of less than 0.05cm? /Vs. However,
it should be noted that Hall voltage measurements require homogeneous transport across
the entire sheet which makes measurement across complex sheet structures with multiple
constituents difficult [144]. Thermogravimetric analysis (TGA) (Figure 6.8(a)) showed that
the nanohybrid was composed of approximately 75% CNTs by weight, indicating that only
a thin sheath of polymer chains surrounded the nanotubes. This was consistent with re-
sults obtained from Differential Scanning Calorimetry (DSC) which showed the nanohybrid
to be amorphous, as would be the case for a randomly stacked CNT-dominated network
(Figure 6.8(d)). This was in contrast to pure P3HT which showed an endothermic melting
peak around 225 °C, corresponding to a phase change due to crystallinity [306][307]. For
semi-crystalline semiconductor materials the degree of crystallinity can be determined from
DSC measurements by analysing the heat flow of the melting peaks [308][306]. The enthalpy
change AH defined as

AH = / C, x dT (6.1)

where C),, is the heat capacity with constant pressure. from this it follows that the degree
of crystallinity K may be defined as the ratio between the measured enthalpy change from
melting AH,,, and the enthalpy change for a 100% crystalline material AHY, or
AH,,

The melting enthalpy of a perfect P3HT crystal has been the subject of some disagree-
ment, with values reported between approx 37 J/g and 99 J/g [309][310][311][307]. This
variation coupled with a measured AH,, of 16 ]/ g gave a degree of crystallinity between
16% and 43% for P3HT dropcast from chlorobenzene (CB). Slow film growth is a character-
istic of dropcast films (especially from high boiling point solvents such as CB) which favours
polymer chain ordering resulting in m-r stacking and improved charge carrier transport.
Spin coating on the other hand is a more complex dynamic process depending on many fac-
tors and generally leads to a lower crystallinity in as-produced films [146][312][147]. As such
it may be assumed that spin coated P3HT films used in devices would generally be less crys-
talline even than the DSC measurements would suggest. In the field of OPV, higher Js., Vo,
and FF have been correlated with more crystalline polymer and polymer-fullerene blends,

especially those containing P3HT [308][313][?]. It would stand to reason therefore that the
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FIGURE 6.8: (a) Thermogravimetric analysis of CNT-P3HT nanohybrid with

pure P3HT as reference. (b) Current-voltage measurements of polymer-CNT

composite films using four-point probe setup. (c) Hall effect measurement of

CNT-P3HT nanohybrid film. (d) Differential Scanning Calorimetry measure-
ment of pure PBHT and CNT-P3HT nanohybrid material.

lack of control over the properties of P3HT films produced by spin coating in ambient con-
ditions is disadvantageous for reproducibility of device performance, especially given that
thermal annealing treatments used to improve crystallinity and reduce charge trapping are
not applicable to non-inert environments.

As an initial test, PBHT was doped with CNTs and devices were fabricated as depicted
in Figure 6.9(a) together with cells using bare P3HT as a reference. Current-voltage scans of
devices with and without 1wt% CNTs (Figure 6.9(b)) revealed that addition of 1wt% CNTs
adversely affected the maximum power extracted from the cells. In order to gain insight
into the cause of the photocurrent difference, fits were made to dark-JV data as shown in
Figure 6.9(c) and the extracted device parameters are shown in Table 6.3. One might reason-
ably expect that he addition of CNTs would decrease series resistance by rendering the HTL
more conductive at the expense of a slight decrease in shunt resistance due to greater hole

injection into the perovskite. In fact the opposite effect was observed as R, and R, both

50 100 150 200 250 300

Norm. Heat Flow (mW)
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g;; ;eci) Resistivity (2cm) Conductivity (S/cm)
P3HT 2.16x10° | 12960 7.72x107°
P3HT 2wt - Y
CNT 6.4x10 576 1.74x10
P3OT 4wt - .
CNT 1.76x10 264 3.79x10
CNTPSHT  f ga60 6.17x10~2 162
nanohybrid

TABLE 6.2: Electrical properties of different polymer nanotube composite
films obtained via four point probe measurements.

Scan direc- | R, R, Jo

tion (Qcm?) (Qem?) Ttid (mA/cm?)
P3HT Reverse 0.8 6.23x10* | 2.3 5.35x10~"

Forward 0.41 8.07x10* | 2.24 1.02x10~8
P3HT Reverse 1.22 5.2x10° 217 1.44x10~7
1wt% CNT | Forward 1.09 1x10° 2.01 3.98x108

TABLE 6.3: Parameters extracted from JV-characteristics for devices compris-
ing ITO/PEl/ Ceo /Perovskite/P3HT or P3HT 1wt% CNT/TiAu

increased relative to P3HT-only devices. An explanation compatible with both of the effects
would be that the presence of CNTs disrupted whatever crystallinity there was in the film
that aided charge extraction but remained below the percolation threshold in the direction
normal to the film. This hypothesis would appear to be corroborated by the fact that J,. was
observed to recover as the CNT doping was increased to 2wt% and then surpassed the P3HT
reference at a CNT loading of 4wt% as shown in Figure 6.9(d).

Thus it may be surmised that a CNT network above the percolation threshold in the di-
rection perpendicular to the plane of the device would guarantee effective charge transport
and thus could conceivably provide reproducibly high performance under ambient process-
ing and operating conditions. Additionally, the improved chemical stability of CNTs under
irradiation in oxygen and moisture-rich environments would be advantageous towards im-
proving device lifetime. It was soon realized that it would be difficult to achieve such an
objective using P3HT solutions-doped with CNTs for a variety of reasons. Firstly, as al-
ready mentioned, solutions containing more than 4wt% CNTs proved difficult to obtain.
Indeed, even solutions with lower CNT concentration tended to become highly viscous, of-
ten taking a gel-like consistency if left undisturbed as the upturned vial with 1wt% CNTs in
Figure 6.10 illustrates. Furthermore, although one of the motivations for combining CNTs
with P3HT was based on reports of the former protecting the latter from photoinduced
degradation[314], this was not found to be true in the case of thin films (at least for the

doping levels examined). As shown in Figure 6.10, not only did P3HT-only films turn from
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FIGURE 6.9: (a) Schematic of device stack in which HTL is doped with CNTs.
(b) Current-voltage curves of cells with neat P3HT as HTL compared with
cells incorporating 1wt% CNT, (c) Semilog plots of JV-curves in the dark for
devices with HTLs doped with CNTs.(d) Current-voltage response under il-
lumination for devices with different content of CNTs.

magenta to near-colourless after prolonged storage in ambient lab conditions away from
direct light exposure, but the same effect was observed for CNT-doped films.

It was therefore decided that a better strategy would be to first deposit a CNT network
and then infiltrate the pores with a polymer matrix, in a manner similar to other reports
[297, 298, 300, 301, 302, 303, 304]. Specifically, in a procedure adapted from [297], 1.1mg of
CNT-P3HT nanohybrid was dispersed in 8mL of chloroform by treatment with an ultrasonic
probe (20 min at 20% amplitude) and then 200 ;L was dynamically deposited over 100 sec-
onds in a drop-by-drop fashion on a perovskite film spinning at 3000rpm. This resulted in
formation of a highly interwoven porous network as shown in Figure 6.11(a). Immediately
after this process was complete, a solution of poly(methyl methacrylate) (PMMA) in toluene
(50mg/mL, 50pL) was deposited at a spin speed of 2000rpm for 40 seconds. The result, as
seen in Figure 6.11(b), was that the CNTs were embedded in the approximately 250nm thick
PMMA layer and protruded from it.

The dynamically dispensed CNT-based nanohybrids were first applied in devices with
ZnO nanoparticles (NPs) as ETL. The device structure consisted of ITO/ ZnO/ Perovskite/
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FIGURE 6.10: Dispersions (top row) and thin films (bottom row) for different
CNT content. The label "aged" refers to films left in ambient lab conditions
not under direct light.

FIGURE 6.11: SEM images of CNT-P3HT nanohybrid films on perovskite. (a)
Top view of porous nanohybrid network before coating with PMMA matrix.
(b) Cross-section of CNT-PMMA composite.
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CNT-P3HT/ PMMA/ TiAu. As shown in Figure 6.12(a), cells with CNT-PMMA composite
HTLs displayed higher J,. than P3HT reference devices. However, the JV-curves of both
device structures suggested significant current loss due to charge recombination for reasons
outlined in Chapter 4. However, when the device stack was altered to include a layer of Cs
between the ZnO NPs and perovskite as depicted in Figure 6.12(b), both device structures
showed improved performance (Figure 6.12(c)). In the case of cells with P3HT as HTL, the
improvement consisted of more than a factor of 3 increase in J;. for both scan directions. For
devices with CNT-PMMA composite HTLs on the other hand, the improvement was more
in FF, shifting the maximum power point (MPP) to higher voltage. MPP-tracking confirmed
that true performance under operating conditions for both device structures lay slightly be-
low that suggested by reverse bias scans, consistent with previous reports for perovskite so-
lar cells. The higher power output for P3HT devices indicated that significant current losses
due to charge recombination in devices with CNT-PMMA HTLs. Close scrutiny of current-
voltage scans in the dark for both device stacks provides a likely cause for the difference in
performance.

Figure 6.12(d) shows dark-JV scans for different cells on a single device with P3HT
(shades of grey and black) as well as for a device with a CNT-PMMA composite HTL. Most
cells in the P3HT-based device displayed relatively low dark currents, signifying that elec-
tron injection from ITO into P3HT was effectively suppressed by the combined presence of
the ETL and photoactive layers. However, one of the cells was shunted which suggested
incomplete ETL and/or perovskite coverage over the cell area. Although the presence of
pinholes are detrimental to device performance, in the case of P3HT devices the effect is
limited to the area of electrode overlap defining the cell due to the poor charge transport
ability of P3HT films in the lateral direction. On the other hand, devices with a more con-
ductive HTL such as a CNT network infiltrated with PMMA are much more susceptible
to the presence of pinholes as the entire area of overlap between ITO and HTL effectively
acts as a single cell. This would explain the shunting behaviour observed in all of the cells
incorporating CNTs.

Although pinholes in the ETL would be an obvious explanation for the presence of shunt-
ing pathways, the exact reason wasn’t clearly identified and a variety of possibilities exist.
As outlined in Chapter 4, ZnO tends to degrade perovskite, especially when deposited from
solution as residual hydroxides and organic species accelerate the process. It is therefore
conceivable that gaps could be formed in the perovskite film during degradation, increasing
the area of direct contact between HTL and ETL. Assuming compact and pinhole-free charge

transport layers, direct contact between the ETL and HTL would be of limited concern if the
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FIGURE 6.12: (a) Device with ZnO nanoparticle ETL and CNT-PMMA com-
posite HTL along with reference device using P3HT as HTL. (b) Schematic of
device stack with a sequentially deposited HTL consisting of a CNT network
in-filled by a PMMA matrix. (c) Current-voltage response under illumination
for device stack depicted in (b) where "ZnO-NPs" refers to sol-gel zinc oxide
nanoparticles. Maximum power extracted under true operating conditions
("MPP") included for comparison. (d) Semilog plots of JV-scans in the dark
for devices shown in (c).

junction was properly rectifying with diode-like behaviour. However, the presence of de-
fects in either of the charge selective layers such as for example oxygen vacancies (V,) and
oxygen interstitial species (O;) in ZnO, provide energy levels within the bandgap which
can act as trap states and/or shunting pathways [159][315][157] resulting in reduced charge

selectivity.

6.3.2 Optimizing deposition on planar devices with fullerene-based elec-

tron transport layer

As seen in the previous section, the presence of Csy was found to enhance the FF of planar
perovskite solar cells with a CNT-based HTL and ZnO ETL. It was wondered therefore, simi-
lar to the discussion in Chapter 4, whether forgoing with metal oxides in the ETL could lead

to further enhancement in device performance. Potential obstacles were apparent such as
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FIGURE 6.13: (a) Current-voltage (JV) sweeps of devices with fullerene-based
ETL. (b) JV-sweeps in the dark for devices with fullerene ETLs and various
CNT-based HTLs. (c) Current-voltage curves for a device with a CNT HTL
infilled with P3HT through sequential deposition along with a P3HT-only
device as reference. (d) Dark-JV curves of devices shown in (c).

the fact that Cgg films obtained via spin coating were of limited thickness to begin with and
were susceptible to partial removal by DMF during fabrication of the perovskite layer. This
would likely be disadvantageous for a device stack in which good hole-blocking ability by
the ETL is of crucial importance such as one with a highly conductive HTL. Furthermore, Cs
is (slightly) soluble in chloroform (CF) so any solvent that penetrates beneath the perovskite
layer during CNT deposition could further damage the ETL.

In an attempt to mitigate these factors, a layer of crosslinked PEI (PEI-CL) was deposited
on the PEI/Cyg bilayer during device fabrication such that the stack consisted of ITO/ PEI/
Cso/ PEI-CL/ Perovskite/ CNT/ PMMA/ TiAu. As seen in Figure 6.13(a), devices dis-
played respectable current densities at short circuit relative to control devices using P3HT

as HTL, although FF and V,. were both significantly lower which was a sign that significant
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shunting was taking place. In an attempt to address this issue, devices were also fabricated
in which polymer layers were coated ontop of the photoactive layer before the drop-by-
drop deposited CNT nanobybrid network. Polyvinyl carbazole (Pvk) and P3HT were found
to slightly suppress dark current (Figure 6.13(b)) resulting in increased J,. and V,, for re-
verse bias scans under illumination in the case of P3HT (Figure 6.13(a)). However shunting
remained significant and hysteresis was found to increase with inclusion of the polymer in-
terlayer. These results can be explained by the method used to deposit CNTs as it involved
repeatedly exposing underlying layers to chloroform which is itself an effective solvent (at
least partially) for many compounds including polymers. Depositing different materials se-
quentially such as P3HT/ PEIC-CL/ PMMA did more effectively suppress shunting but also
increased series resistance resulting in a reduction in J,..

For completeness, devices were also made in which the CNT network was coated with
P3HT instead of PMMA using the same procedure as for P3HT-only devices. Cells in which
a CNT network was first deposited displayed larger diffusion currents (Jy) and hence ide-
ality factor (n;q) as well as increased R, relative to reference devices. However, compared
to cells with CNT/PMMA HTLs, shunting was also largely suppressed. These character-
istics taken together would indicate the absence of a clear percolating pathway for charges
in the CNT/P3HT stack. The higher viscosity of chlorobenzene (CB) relative to toluene
(used as solvent for PMMA) could prevent the P3HT from properly infiltrating the CNT net-
work, resulting in thick polymer layer between the CNTs and anode. Alternatively, the CNT
nanohybrids are more readily dispersible in CB than toluene (as exemplified by the toluene
washing steps used to separate the nanohybrid from excess P3HT) which when coupled
with the longer dwell time of CB during spin coating due to its low vapour pressure, could
disrupt the integrity of the CNT network.

In an effort to improve the power output of devices with CNT-based HTLs, an alternative
to dynamic drop-by-drop spin coating from CF was sought. During experimentation with
CNT-doping of P3HT it had been noted that CNT nanohybrid material could be dispersed
up to at least 0.55mg/mL in CB without significant aggregation. It was reasoned therefore
that a CNT network of sufficient thickness could be formed by dispensing a single volume
(50 L) of the dispersion. A low spin speed was also chosen (1500rpm) to maximize the net-
work thickness. However devices made using the same concentration solution of PMMA
(50mg/mL) produced a near negligible photocurrent as seen in Figure 6.14(a). This was due
to an extremely large R, indicating that the CNT layer was either too thin to provide a path-
way through the relatively thick insulating PMMA layer or else was too dense for the PMMA

to infiltrate the network and form an effective polymer matrix. Depositing a layer of P3HT
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FIGURE 6.14: Current-voltage curves of various device stacks using

fullerene-based ETL (a) Device with PMMA layer deposited from 50mg/mL

solution . (b) Semilog plots of dark JV-scans of devices in (a). (c) Devices us-

ing PMMA capping layer deposted from 5mg/mL and 10mg/mL ("5SPMMA"
and "I0PMMA" respectively).

before the CNT coating resulted in devices producing even less photocurrent, although the
dark current was also suppressed as shown in Figure 6.14(b) suggesting reduced shunting.
It would seem therefore that although much P3HT appeared to be removed during spin
coating of the CNT layer, enough material remained to maintain an electron blocking effect.
Keeping the same device structure but decreasing the concentration of PMMA solution to
10mg/mL resulted in a dramatic improvement in performance with a J,. over 25 mA/cm?,
Vo 0f 0.99V and FF of 0.56 (Figure 6.14(c)). A further improvement in device output resulted
from reducing the PMMA concentration to 5 mg/mL as the FF increased to 0.68. It would
seem that the combination of a P3HT buffer layer and a sufficiently thin polymer matrix for
the CNT-based layer resulted in good charge selectivity and extraction and consequently in

high power output.
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FIGURE 6.15: Current-voltage characteristics for devices with different HTLs
produced in a batch with lower overall performance.

However, it was soon realised that devices containing even a thin buffer layer of P3BHT
suffered from reproducibility issues in ambient processing conditions. Figure 6.15 shows
current-voltage curves for devices made in a batch that was generally poor in performance
relative to many other batches. All devices used 30wt% PbCl; in the perovskite precursor
as this was previously shown to produce films with good surface coverage and consistently
high photovoltaic performance. However, control devices using P3HT as HTL had surpris-
ingly low J,..

The reason for this result was unclear but it seemed to be related to the presence of a
substantial P3HT layer as devices with a HTL consisting of PSHT/CNT/5PMMA (where
"5PMMA" refers to a layer PMMA deposited from a 5mg/mL solution) showed improved
photocurrent output. This was further corroborated by devices with only a CNT/PMMA
composite as HTL which displayed still greater .J;. values and power output. This last result
suggested that high conversion efficiency was possible for devices in which CNTs were in
direct contact with perovskite, somewhat contrary to some previous reports [316][299][302]
but in line with others. It is worth noting however that many reports with direct contact be-
tween CNTs and perovskite still used prototypical HTLs like PEDOT:PSS, spiro-OMeTAD,
or P3HT as polymer matrix [298][300][305][303][304] whereas the current setup used a mix-
ture of semiconducting and metallic CNTs with only a thin insulating polymer layer. Fur-
thermore the result is of greater significance given the absence of metal oxide scaffolds used
to guarantee good perovskite coverage and electron extraction by the ETL, thereby signi-

fying both the high quality nature of the perovskite layer used in the present devices and
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| [ CNT/5PMMA | CNT/10PMMA |

R, (cm?) 0.384 0.84
Rop (Slem?) 22x10° 31x10°
T 2.65 243
Jo (MA/cm?) 24x10° 0 28x10° 0
FF 0.49 0.57
Vo (V) 0.96 0.97
Too (MA/cm?) 216 244
PCE (%) 102 136

TABLE 6.4: Device characteristics for different PMMA thickness

efficient electron accepting ability of the solution-processed Csg layer. However as shown
in Table 6.4, the shunt resistance of devices with a CNT/5PMMA HTL was lower than that
typically found in other device architectures, resulting in a FF of only 0.49 in the forward bias
direction. Unlike the case for champion batches of devices using the P3HT/CNT/PMMA
stack, FF and hence maximum power output was increased for CNT/PMMA devices in
which the PMMA concentration was increased from 5mg/mL to 10mg/mL as shown in Fig-
ure 6.16(a). Both concentrations of PMMA yielded devices with similar reverse saturation
dark current and V,,. but CNT/10PMMA HTLs improved the ideality factor and FF as well
as the J,, resulting in an improvement in mean device efficiency under forward bias from
10.2% to 13.6%. The slightly increased R, was consistent with a thicker insulating poly-
mer matrix but the series resistance remained below 1Qcm? and was offset by a larger Rgp,.
The improvement in shunt resistance may be attributed to better coverage by the PMMA
of underlying layers, thereby insulating them from direct contact with the metallic anode,
resulting in reduced recombination losses.

In order to see where further gains could be made, devices using CNT/10PMMA as
HTL were fabricated with different ETLs. FTO-coated glass substrates were sputter coated
with various thicknesses of TiO,. The substrates were sintered at 500 °C for 30 minutes
immediately prior to device fabrication and PEI/Cy bilayers were spin coated onto the
annealed TiO; substrates. As seen in Figure 6.16(c), the presence of even 20nm TiO, did
significantly suppress dark currents under low positive bias and the trend increased with
increasing thickness. However, there was also a trend of decreasing currents at higher posi-
tive bias (0.8V-1.2V) reflecting increased resistance to charge extraction. The result, as shown
in Figure 6.16(d) and Table 6.5, was that devices with 30nm TiO, showed comparable PCE
to Cgp-only devices with a growth in PCE over 5 minutes of constant (MPP) tracking under
illumination. Devices with thicker layers of TiO; displayed lower photocurrents and hence
PCE due to increased R;.

Tin oxide (SnO3) has been reported to outperform TiO, in planar perovskite cells due
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FIGURE 6.16: (a) Current-voltage characteristics for devices capped with
PMMA layers deposited from different either 5mg/mL or 10mg/mL.(b) Dark
scans for the same devices as in (a). Inset is a semilog plot of forward bias
scans with fits using the one-diode model.(c) Dark JV-plots on a semilog scale
of devices with structure FTO/TiO2 /PEI/Ceso /Perov/CNT/10PMMA /TiAu
for different TiOz thickness. (d) Current-voltage scans under illumination
for devices shown in (c) where arrows indicate scan direction. (e) JV-scans
for devices with a solution processed SnO2 ETL and an SnO/PEI/Csq
ETL together with CNT/10PMMA HTL. (f) Current voltage curves of
SnO2/CNT/10PMMA and PEI/Cso/CNT/10PMMA diodes in the dark.
"DMF" denotes exposure to DMF via spin coating during processing.
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TiO, thickness
Onm 20nm 30nm 40nm 60nm
Mean PCE (%) 13.6 7.74 11.62 7.72 6.3
StDev./Mean PCE 0.106 0.246 0.145 0.192 0.174

TABLE 6.5: Device characteristics for different TiO> thickness.

to higher electron mobility, wider optical gap and a lower conduction-band edge resulting
in improved electron collection [317][318][57][319]. An additional advantage of SnO, over
TiOs is the ability to more easily achieve high performing devices at lower synthesis temper-
atures. A layer of SnO; was formed on ITO following an established procedure[320]. Briefly,
SnCl,.2H,0 was dissolved in ethanol at a concentration of 11 mg/mL in an uncapped vial
and aged under vigorous stirring for one hour before being twice spin coated on the ITO-
glass substrate (3000rpm, 30s) and annealed in air at 150 °C for 30 minutes and 180 °C for
one hour. Devices fabricated with structure ITO/SnO,/Perov/CNT/10PMMA /TiAu dis-
played a reasonable J,. of around 15mA/cm? and a V,,. of 1V with little hysteresis which
was unlike the other metal oxide ETLs explored in this work. However, the FF was low
which suggested plenty of scope for further improvement. Device stacks were also fabri-
cated without a perovskite layer in the hope of gaining some insight into the nature of ETL
and HTL junctions. In order to better compare with the full device stack, both SnO; and
PEI/Cso ETLs were coated with DMF prior to depositing the CNT/PMMA composite HTL.
As seen in the inset of Figure 6.16(f), neither stack was a particularly good diode but the fact
that they displayed any rectifying behaviour was encouraging given the highly conductive
nature of the HTL (complete with metallic as well as semiconducting CNTs). Particularly
striking was the presence of a distinct knee at 0.6V in the case of the stack with PEI/Csg
given the extremely thin nature of the ETL after DMF treatment. This result suggested that
both the SnO; and Cj films were relatively pinhole-free insofar as they minimized direct
contact between ITO and CNTs. Be that as it may, the large current densities at low bias
indicated that the perovskite film must act as an effective barrier to direct contact between
ETL and HTL for both stacks. Furthermore, as was the case for devices with TiO5 and ZnO,
coating PEI/Cgo onto SnO; was found to significantly improve J,. and FF, suggesting that
Ceo also facilitated electron injection from the perovskite into SnO,.

Given the limited performance of metal oxide ETLs used in the current work, an attempt
was made to increase the thickness and surface coverage of fullerene-only ETLs in devices
incorporating CNT-based HTLs. The method used to achieve more robust Cgp-based layers
was to coat three successive bilayers of PEI and Csy (denoted as "3XPEI-Cy") as in Chapter

4. Figure 6.17(a) depicts a device stack using such an ETL. Devices using single bilayer ETLs
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FIGURE 6.17: (a) Schematic of device stack with multiple alternating coats

of PEI and Cso ("3X PEI-C0"). (b) Current-voltage characteristics for devices

with different ETLs and HTLs.(c) Semilog plots of JV-curves in the dark for

devices shown in (b). (d) Plot of mean PCE and StD/Mean for different de-
vice configurations.

(1XPEI-Cgp) with either P3BHT or CNT/10PMMA composite HTLs were also fabricated for
comparison. As seen in Figure 6.17(b), although devices using the CNT-based composite
HTL had higher J,. and V,. than P3HT capped devices, they also had a less pronounced
knee in the JV-curve resulting in slightly lower PCE.

However, devices with 3XPEI-Cs( as ETL and CNT/10PMMA as HTL had significantly
higher J,. and consequently a greater PCE than even the P3HT reference. Furthermore the
combination of a thicker ETL and a CNT-based HTL resulted in the lowest ratio of standard
deviation to mean efficiency of the devices studied signifying improved cell-to-cell (as well

as batch-to-batch) reproducibility. The difference in mean PCE between the three device
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structures (Figure 6.17(d)) can be ascribed to increased shunting losses for cells with 1XPEI-
Cso and CNT-based HTLs which was at least partly suppressed by a thicker ETL as sug-
gested by the lower dark currents for 3XPEI-Cs devices in Figure 6.17(c). Champion cells us-
ing 3XPEI-Cj, had efficiency which increased from 15.2% to 15.6% over 3 minutes of continu-
ous tracking between 0.8V and 0.7V which rivalled that achieved using P3HT/CNT/5PMMA
as HTL. This result indicated that high PCE could be achieved in planar devices contacted

with purely nanocarbon layers.

6.3.3 Stability relative to neat P3HT

The champion cell using the P3HT/CNT/PMMA composite HTL was tracked over a period
of weeks to see how it compared with devices that used P3HT-only HTLs. The cell was
left unencapsulated and was stored in a drawer under ambient conditions (with relative
humidity generally in the range 60-90% [258]) between measurements. Consistent with what
was previously observed for devices made with PbCl, in the perovskite precursor, the device
coated with PBHT/CNT/5PMMA as HTL was much more stable under ambient conditions
than the chloride-free device as shown in Figure 6.18(a).

To better compare device stacks using the same perovskite precursor but different HTLs,
devices were normalised as in Figure 6.18(b). The CNT-based HTL was found not only to
ameliorate initial PCE relative to P3HT but also to improve device stability, retaining 80%
of initial conversion efficiency after 900 hours compared to about 55% over the same period
for P3HT. This result was all the more remarkable considering the relative thinness of the

CNT-based HTL and suggests great promise for further improvements in device stability
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FIGURE 6.18: Stability of champion cell using P3BHT/CNT/5PMMA as HTL
(a) Absolute efficiency (b) Normalised efficiency.



6.3. Carbon nanotube-P3HT nanohybrid in polymer composite hole transport layer 161

through increasing the thickness of insulating PMMA or by using an even more hydrophobic
polymer matrix.

As mentioned in Chapter 5, towards the end of the project it became possible to perform
EQE measurements on some of the larger area devices. The first to be tested was a 9-day old
device (shown in the inset of Figure 6.19(a)) consisting of ITO / PEI / Cgo / 25tep30wt% /
CNT / 10PMMA / TiAu. When fresh the cells showed high photocurrent with J;. between
22 and 24mA /cm? (Figure 6.19(b)) depending on scan direction, though the cells were also
fairly shunted with a low V,. and FFE. This came as little surprise given the large electrode
overlap area (0.48cm?) and the proximity of the electrode shown on the left of the image with
the ITO contact area. After 9 days the device had degraded significantly with an increase in
Rs (Rsp, remained largely unchanged from dark-JV scans), resulting in a reduced Js. which
matched up with the integrated short circuit current density calculated from EQE measure-
ments (Figure 6.19(a)). It is difficult to define the exact degradation mechanism as it is likely
that many factors contribute but the fact that quantum efficiency remained high throughout
the entire visible range would suggest that the integrity of most of the perovskite layer was
largely maintained. A strongly reduced photocurrent at higher forward bias however may
indicate formation of a barrier to hole extraction. Given the relatively thin CNT/PMMA
HTL used, it is likely following equation 2.1 that Pbl; crystals would be present on top of
the aged perovskite film. Although a general consensus on the nature of energy level align-
ment of Pbl, with many of the common perovskite device materials is still lacking[171],
Pbl; has been reported as an n-type semiconductor [321] [322] which can be beneficial to-
wards device performance if present in small quantities near for example the interface with
ETL/cathode [323] [324]. It is therefore likely that a Pbl,-rich region near the interface be-
tween perovskite and the HTL would effectively act as a Schottky diode of opposite polarity
to the main diode. Moderate quantities of Pbl; would hence result in a moderate back con-
tact barrier to hole extraction which would not greatly impede photocurrent at J . similar to
phenomena observed in chalcogenide-based photovoltaic devices [325].

One-day old devices using the same device stack (Figure 6.19(c) and (d)) were also quite
shunted although scans measured in the reverse bias direction registered higher photocur-
rent than forward bias scans which displayed lower FF and J,.. This suggested the presence
of a barrier to photocurrent extraction which was reduced when a positive bias was applied
to the cell under full AM1.5 illumination. This hypothesis would be consistent with the ob-
served J,. from the EQE which nearly matched the forward bias scan whose J;. would more
likely represent steady state photocurrent at zero bias. Furthermore, given that the EQE

measurements were performed at lower light intensity it is conceivable that a photocurrent
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FIGURE 6.19: EQE measurements and JV-scans for different large-area de-
vice stacks (a) EQE of 9-day old device (shown in the inset) consisting of ITO
/ PEL / Cso / 2Step30wt% / CNT / 10PMMA / TiAu. (b) JV-curves for de-
vice measured the same day as the EQE measurements ("Aged" in the legend)
alongside photocurrent when first fabricated ("Fresh"). (c) and (d) measure-
ments performed on the same day for one-day old device consisting of the
same stack as (a). (e) and (f) Same day measurements of a one-day old device
made in the same batch as the one shown in (c) and (d) but with P3HT as

HTL. Inset shows cross-over of light and dark curves.
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barrier, which would be sizeable under low light intensity, would be lowered by photodop-
ing of the ETL at AM1.5 illumination [326] [327]. It is also worth noting that in the case of
EQE illumination on a limited area of a larger area device containing many micro shunts
(such as those studied here), the non-illuminated part will act as a shunting load so that the
local shunt resistance as seen from the active area may be smaller than observed macroscop-
ically under JV-analysis [325].

Interestingly, one-day old large area cells with P3HT as HTL (made in the same batch as
that shown in (c) and (d)) displayed low EQE throughout the visible range as seen in Fig-
ure 6.19(e). There could be many possible explanations but one consistent with the analysis
made thus far would be the presence of an even larger barrier near the back contact. In this
scenario, the main junction would be put under forward bias, resulting in a reduction in the
width of the space charge region or large interface recombination. This would result in low
EQE over the entire spectrum but particularly at short wavelengths where carrier collection
efficiency would be most affected as seen in the figure. This would also be consistent with
the kink in JV curves near V. and the cross over between dark and illuminated scans as seen
in the inset of Figure 6.19(f). The large mismatch between integrated J. from EQE and that
measured by JV scans would suggest that photodoping may significantly reduce the barrier

under AM1.5 illumination.

6.4 Spray coating

In the previous sections it was demonstrated that high performing planar perovskite so-
lar cells using CNT-based HTLs can be achieved using simple processing techniques near
room temperature and in ambient conditions. To take full advantage of the encapsulating
effect of the hydrophobic polymer matrix and highly conductive nature of the CNTs it would
be advantageous to deposit relatively thick (order of 200-300nm or more) composite HTLs.
However, spin coating is a rather limited method for depositing nanomaterial thin films be-
cause it requires either high concentration dispersions or else copious volumes of volatile
solvents to build up thicker films in a "drop-by-drop" or layer-by-layer" approach, both of
which waste roughly 90% of the solute[146][147]. Furthermore, repeated exposure of the
device stacks used in the current work to chloroform during the drop-by-drop deposition of
CNT nanohybrid films was found to damage underlying layers to some extent resulting in
significant shunting.

As an alternative solution deposition method, spray coating avoids many of these short-

comings in that it offers excellent surface coverage with arbitrary film thickness and low
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FIGURE 6.20: (a) SEM image of CNT film spray coated from chloroform onto

a glass slide. (b) Current-voltage curves for devices with spray coated CNT-
based HTLs.

material wastage. More importantly, the solvent is atomized during deposition such that a
fine mist of tiny droplets hits the target substrate rather than repeatedly wetting the surface
to be coated as with drop-by-drop spin coating. Additionally, the substrate may be easily
and controllably heated during spray deposition to further minimize solvent dwell time. In
this way it was hoped that spray coating from chloroform would less affect the underlying
device layers than drop-by-drop spin coating.

Approximately 6mL of a chloroform dispersion with 0.1375mg/mL CNT nanohybrid
gave a 100nm thick CNT film (as determined by profilometry). Figure 6.20(a) shows the
spray coated CNT film under SEM. The CNT network appeared more dense with fewer
sizeable pores than was observed for networks deposited via drop-by-drop spin coating.
The reason for this was unclear but it was reasoned that this deposition method would be
more sensitive to the presence of excess polymer in the dispersion.

Spray coated CNT films were incorporated into a variety of HTL structures and resulting
devices were tested. Figure 6.20(b) shows typical current-voltage sweeps for different HTL
stacks and extracted parameters for all devices are displayed in Table 6.6 . Unfortunately all
devices were highly shunted to varying degrees. The relatively large R, for cells in which
TiAu was evaporated onto CNTs deposited directly onto perovskite (Perov/CNT) suggested
direct contact between the metallic anode and perovskite layer. Depositing CNTs onto a spin
coated P3HT layer (from 15mg/mL solution) before anode evaporation (Perov/15P3HT/CNT)
did significantly decrease R, but Ry, was only slightly increased. This behaviour indi-
cated that the P3HT layer was greatly disrupted during the spray deposition step result-

ing in incomplete surface coverage by P3HT. What’s more, the same phenomenon resulted
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. R, R, PCE | StD
Device Stack ©em?) | ©@em?) | ©n) PCE/
Perov/CNT 4 77 221 | 0.252
Perov/15P3HT/CNT <02 | 118 436 | 0272
Perov/15P3HT/CNT/5PMMA | <02 [ 83 3.95 [ 0.376
Perov/5P3HT/CNT/5PMMA | 0.42 64.5 428 [ 0.286
Perov/CNT/10PMMA 0.56 65 51 | 0228

TABLE 6.6: Device characteristics for HTLs using spray deposited CNTs.

whether the substrate (including P3HT) was heated during spray deposition or not which
indicated that the P3HT films were extremely sensitive to chloroform (CF). Curiously, spin
coating a 5mg/ml PMMA solution (SPMMA) onto the 15P3HT/CNT stack slightly reduced
the mean PCE which was ascribed to increased shunting losses, although coating the same
solution onto a thinner P3HT /CNT stack (i.e.Perov/5P3HT/CNT/5PMMA) resulted in sim-
ilar PCE to 15P3HT/CNT. On the other hand, coating a more concentrated PMMA solution
(10mg/mL) on CNTs that had been directly sprayed on perovskite (i.e. Perov/CNT/10PMMA)
led to increased photocurrent and J,., resulting in the highest PCE. These results indicated
that significant device performance gains could be made by combining a thin P3HT inter-
layer (or perhaps some other polymer less readily soluble in CF) between the perovskite and
CNTs together with depositing a more concentrated PMMA solution to act as an effective

polymer matrix for the CNT network.

6.5 P-doping graphene towards hole extraction in perovskite

solar cells

Given the success of polymer-assisted exfoliation of graphene for use in ETLs as detailed
in Chapter 4, it was wondered whether a similar approach could be used to incorporate
graphitic materials in the HTL. P3HT has been proven to enable the deposition of solu-
tion processed CNT networks in a manner compatible with perovskite solar cells and so it
seemed a logical step to test its applicability towards graphene exfoliation. In a typical pro-
cedure, 6mg of P3HT was dissolved in 10mL of CB by bath sonication for one hour. The
solution was then combined with 5mg of graphite and the mixture was sonicated using the
ultrasonic probe (25% amplitude, 5hrs, 4s on 4s off). The resulting suspension was then cen-
trifuged at 2000rpm for 99 minutes and the sediment discarded. To remove excess polymer,
toluene (30mL) was added and the solution was bath sonicated for 10 minutes and then

gently heated for one hour at 60 °C before being centrifuged for 4 minutes at 16000g and the



Chapter 6. Carbon Nanotubes as Charge Transport and Hole Extraction Material for
166

Improved Stability of Perovskite Solar Cells

(a) (b)

0.0

0.0pm 0.5 1.0 1.5 2.0 2.5 3.0 810}

106 nm
100

0.5

—_
(@]
~

0.12

—— Gr-P3HT diluted 1OOX‘

Absorbance (A)
o o o o
P S 3 B

=
o
R

300 400 500 600 700 800 900 1000
Wavelength (nm)

FIGURE 6.21: (a) Image of supernatant after exfoliating graphene in P3BHT
solution in CB (left), a dilute solution of P3HT extracted by toluene addition
and centrifugation (middle left), after repeated toluene addition and centrifu-
gation steps (middle right) and resulting graphene-P3HT (Gr-P3HT) nanohy-
brid redispersed in CF (right). (b) AFM image of Gr-P3HT material. (c) Ab-
sorption spectrum of dilute Gr-P3HT dispersion. (d) SEM image of Gr-P3HT
flakes deposited on perovskite substrate via drop-by-drop spin coating.

supernatant discarded. This procedure was repeated twice before redispersing the Gr-P3HT
sediment in ImL CF.

A drop of the Gr-P3HT dispersion placed on an SiO, substrate and imaged by AFM con-
firmed the presence of many micron-sized flakes covered by what was presumed to be trace
quantities of PBHT as shown by the raised (green) areas in Figure 6.21(b). However, it was
noted during the exfoliation procedure that there was a lot of sediment after the first cen-
trifugation step and that the supernatant was more of a dark red-brown colour than the black
observed when fabricating the CNT-P3HT nanohybrids, suggesting a lower yield of well
dispersed graphene flakes relative to what was obtained for CNTs. This was confirmed via
absorption spectroscopy of the final dispersion as shown in Figure 6.21(c) which indicated a

graphene concentration of approximately 0.065mg/mL. This was significantly lower than
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the yield and concentration attainable for CNT-P3HT nanohybrids, suggesting a weaker
affinity between P3HT and the surface of graphene. Consequently, drop-by-drop spin coat-
ing of the dispersion resulted in highly discontinuous surface coverage of perovskite films as
shown in Figure 6.21(d), which was unsuitable for effective electron blocking. Following the
same procedure outlined in Chapter 4 for Gr-PEI nanohybrids together with Hansen solu-
bility parameters for P3HT taken from the literature[328], gave a calculated Relative Energy
Difference (RED) of 1.75 which indicated only moderate affinity. However, the results ob-
tained here would suggest that the degree of interaction between P3HT and graphene may
be sufficient for device applications under more optimal processing conditions.

Attempts were also made to use graphene for hole collection instead of the typically used
evaporated gold or silver layers. In order to achieve conductivities competitive with metals,
graphene grown by chemical vapour deposition (CVD) was used. Hall effect measurements
on a large area (>1.5cm x 1.5cm) graphene monolayer deposited on glass ()revealed a p-
type nature with mobility of 668cm?V /s as would be expected for PMMA-transferred CVD
graphene in air. However, simultaneous Van der Pauw measurements recorded a sheet re-
sistance (Rsneet) of 1100€Q2/sq which is too high as an electrode for solar cells. From equa-
tion3.9 it is known that the conductivity can be increased by raising the carrier concentration.
Chemical doping via hydrazine exposure, nitric acid treatments or deposition of silver ni-
trate or gold chloride (AuCls) [329][330][331]. On the other hand, it was noted from four
point probe measurements on transferred graphene films as shown in Figure 6.22(c) that
Rsheer was significantly lower prior to removal of the PMMA support, with an average sheet
resistance of 328(1/sq. The reason for improved conductivity was likely due firstly to struc-
tural damage such as tears and defects introduced during removal of PMMA by acetone
and also to some doping effect by PMMA itself. Fortunately, the removal of PMMA is not
necessary in the case of applying graphene as a transparent anode in regular architecture
devices. In fact, not only would the presence of PMMA be beneficial from the perspective
of conductivity but it would serve to improve moisture resistance and hence stability of re-
sulting devices. Further gains were made by coating the graphene-on-copper films with
AuCl3 (20nM in nitromethane) and annealing on a hot plate for 5 minutes at 100 °C prior
to spinning the PMMA support layer. This resulted in the presence of many nanoparticles
of AuCls ranging in size from roughly 10nm-100nm over the graphene surface as seen in
Figure 6.22(b).Transferred AuCls-doped ML graphene coated with PMMA had an Rspect of
173€1/sq, which is highly competitive with other transparent electrode materials including
the industry standard, ITO as shown in Figure 6.22(d) and indicates that further lowering

of the sheet resistance could be realised by increasing the electrode thickness (i.e. multiple
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graphene layers).

6.6 Conclusions

One of the less well studied of the prototypical HTLs used in perovskite solar cells (P3HT)
was examined and its shortcomings discussed. Methods for doping CNTs into HTLs to im-
prove robustness and electrical characteristics were considered and developed. It was found
that sequentially depositing CNTs and an insulating polymer matrix (PMMA) generally led
to improved device performance after optimizing the fabrication procedure. Champion de-
vices using thin stacked P3BHT/CNT/PMMA HTL not only matched the best PCE achieved
using (thicker) P3HT-only reference devices but led to an improvement in device lifetime.
Furthermore batch-to-batch reproducibility issues relating to the use of P3HT were identi-
fied and so devices free from P3HT were optimized, approaching the best achieved with
P3HT. Spray deposition of CNT layers was also explored as an alternative to spin coating.
Although the initial investigation yielded devices with much lower PCE than achieved via
spin coating, the results were promising and a route to greatly improved device perfor-
mance was identified. Overall CNTs were demonstrated as being a promising candidate
for high performing low temperature processed planar perovskite solar cells. Finally, at-
tempts were made to incorporate graphene as a p-type material in devices. First, novel
graphene-P3HT nanohybrid dispersions were made, although yield and concentration was
found too low for easy device application via spin coating. However, even the modest con-
centrations achieved in chloroform (0.065mg/mL) could prove sufficient for spray deposited
films[332]. Graphene grown by CVD was also investigated to replace gold as contact mate-
rial for hole extraction. Monolayer films doped with AuCl; and coated with PMMA were
found to have sheet resistance below 180€2/sq, making them competitive with the industrial
standard transparent electrodes such as ITO. However, graphene films proved difficult to
transfer onto devices without damaging either the electrode or perovskite. It is expected
that high performing devices with transparent graphene as top electrode could be achieved

with optimized dry transfer techniques such as the PDMS stamp method.
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FIGURE 6.22: (a) Hall effect measurement of CVD graphene on glass. (b)
SEM image of transferred monolayer (ML) graphene doped with AuCls. (c)
Four point probe measurements of ML graphene with PMMA support both
without (black) and with (red) AuCls doping. (d) Thickness dependence of
sheet resistance for various materials used as transparent electrodes where
blue rhombuses show roll-to-roll CVD-grown graphene, grey dots metal
nanowires, green thombuses SWNTs, red squares ITO and black crosses the
transferred graphene layers shown in (a) and (c)[120]. (e) Demonstration of
the protection offered by CNT/PMMA composite HTL to perovskite during
immersion in H»O. (f) Image of device stacks with CNT/PMMA HTL after
aqueous transfer of graphene transparent anodes (Gr/PMMA films are en-
closed in red dotted areas). (g) ML graphene coated with PMMA on SiO»
(left), SiO2 substrate after removal of Gr/PMMA by PDMS stamp (middle)
and Gr-PMMA film transferred by PDMS stamp onto P3HT (right).
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7 Conclusions and Further Work

7.1 Conclusions

An ambitious goal was set for this project, namely to achieve high performing solar cells
that make use of the superlative properties of carbon allotropes. To add a further constraint
and hence difficulty, investigations were limited mainly to low cost materials and process-
ing techniques for two reasons. Firstly, one of the main obstacles to widespread industrial
scale adoption of solar photovoltaic-derived energy as an alternative to fossil fuels is the
cost associated with current modules commercially available. Production cost should there-
fore be a major consideration when developing photovoltaic devices. Secondly, it would be
extremely advantageous if investigations in the field of photovoltaics were accessible to as
large a community of researchers as possible. To this end, the current work focussed primar-
ily on processing devices using materials and equipment available in most research labs.
Methylammonium lead triiodide perovskite, as a material that has demonstrated tremen-
dous potential as a low cost replacement or partner for traditional silicon-based solar cells,
was used as photoactive material. However, the vast majority of research output on high
performing perovskite solar cells to date has focussed on carefully controlled oxygen and
moisture-free processing conditions using reactive charge selective materials resulting in
inherently unstable devices. Furthermore, device fabrication has often involved relatively
slow and costly vacuum-based steps including thermal evaporation and ALD or else high
temperature treatments rendering devices incompatible with flexible substrates.
Accordingly, attempts were made to optimise each of the three main device layers for
processing under ambient conditions with generally high (>60%) humidity outside of clean-
room environments. It was found that many of the typically used metal oxides were unsuit-
able in their as-deposited state in conjunction with ambient processed perovskite towards
well-functioning devices. Sol-gel ZnO nanoparticle films for example resulted in generally
low photocurrents with a high degree of scan-dependent hysteresis. Furthermore, the films

were found to cause rapid perovskite decomposition, even after multiple washing steps and
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annealing. Similar problems were encountered for ZnO films deposited by spray pyrol-
ysis and room temperature sputtering. Annealing of sputtered ZnO under N, did result
in some increase in the amount and stability of photocurrent extracted under illumination.
Conversely spray pyrolized ZnO doped with indium or aluminium and annealed under
N, resulted in an even greater barrier to charge extraction. Air annealing at 500 °C was
found absolutely necessary to obtain even modest device efficiencies for TiO, deposited ei-
ther via spray pyrolysis or sputtering. Surface modification by spin coating a solution of Cg
was found to improve the charge extraction ability of all metal oxides to varying degrees.
Polyethylenimine (PEI) with and without a crosslinking agent was variously used to pro-
mote adhesion and integrity of solution processed Cg layers resulting in metal oxide-free
high performing devices after some optimization. PEI was also found capable of facilitat-
ing graphene exfoliation at concentrations and in solvents suitable for spin coating. Con-
sequently, graphene-PEI composite layers were demonstrated to protect perovskite from
degradation by ZnO whilst simultaneously maintaining device performance.

After experimenting with a variety of crystallization techniques, a variant on the two-
step method was found most applicable to processing perovskite layers under conditions
of high humidity. Incorporating 20wt% PbCl, into the lead halide precursor was found to
increase the maximum attainable total dissolved solids concentration, leading to better de-
vice efficiencies than achieved using Pbl,-only solutions deposited at room temperature.
However, significant batch-to-batch variation in PCE was found to persist for chloride con-
taining devices depending on ambient humidity during fabrication, which was ascribed to
incomplete crystallization of the perovskite as determined via XRD. This prompted a sys-
tematic study of the variation of device parameters with PbCl, content. It was found that
lead chloride in excess 30wt% consistently resulted in full crystallization and consequently
high performance even for devices processed under highly humid (>90% rel. hum.) con-
ditions. Champion batches displayed not only J,. equal to the highest reported but also
FF as high as 0.75. Fitting to JV-characteristics in the dark and under illumination revealed
that the observed device performance was due to a combination of high perovskite cover-
age and low resistance to charge extraction. Furthermore, unencapsulated devices showed
respectable device stability compared to the literature.

Investigations were also made into optimizing the HTL towards further improvements
in device performance and stability. The limitations of P3HT were highlighted and methods
were developed to fabricate composite films of CNTs in p-type polymers. A high loading
of CNTs in P3HT was found necessary to guarantee improved charge extraction and hence

device performance, due presumably to the interplay between crystallinity of P3HT and
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percolation in CNT networks. This fact coupled with the observation of P3HT-bleaching
regardless of CNT-doping lead to adoption of stacked composite structures in which CNT
networks were infilled by subsequent deposition of a polymer matrix. Drop-by-drop spin
coating of CNTs from CF followed by PMMA, though effective in guaranteeing high conduc-
tivity and good barrier properties to moisture ingress, also resulted in significant shunting
losses in planar devices with Cgo-based ETLs. However, dispersing P3HT-wrapped CNTs
at a higher concentration in CB and coating on P3HT followed by PMMA resulted in excel-
lent device performance, despite the fact that P3HT was mostly removed during processing.
Decent performance was also maintained without spin coating P3HT in the stack which al-
lowed the conclusion to be drawn that P3HT was also a contributing factor to batch-to-batch
variation in PCE as some batches had higher R, and lower FF for P3BHT capped devices rela-
tive to CNT/PMMA composite HTLs. By optimizing the ETL and CNT-based HTL, devices
with PCE approaching the best achieved with P3HT were obtained. This was an encourag-
ing result as CNT/PMMA HTLs gave much more consistent PCE than P3HT. Furthermore,
the champion device based on a stacked P3BHT/CNT/PMMA HTL proved more stable than
comparable P3HT-only devices. A preliminary study of CNT-based HTLs deposited from
CF by spray coating revealed similar shunting issues to drop-by-drop spin coated films but
the PCEs were for some device stacks were promising, suggesting that significant perfor-
mance gains could easily be made with further optimization. Finally, attempts were made
to incorporate graphene as a p-type contact material in devices. Graphene was successfully
dispersed in chlorinated solvents by means of non-covalent functionalisation with P3HT,
though the yield was too low for spin coating. CVD-grown graphene was also effectively
doped with AuCl; resulting in transparent electrodes with sheet resistance below 180§2/sq,
thereby suitable for application as device anode. Although wet transfer techniques resulted
in decomposition of the perovskite layer even in the presence of a protective CNT/PMMA
composite layer, it is anticipated that such graphene films could be applied to the current
device stacks using dry transfer techniques.

Allin all, the work carried out in this thesis suggests that carbon nanomaterials are well-
suited to improving device performance, reproducibility and stability of perovskite solar
cells processed under ambient and high humidity conditions. Simple solution-processing
techniques were shown to be capable of producing devices with consistently high PCE with-
out need for high temperature treatments or glovebox conditions. It is hoped that the results
detailed here will help open up the exciting field of perovskite photovoltaics to a wider re-

search community.
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7.2 Further work

Some pressing questions have been raised in the course of work carried out during this
project regarding the role of primary and secondary phases in perovskite films on the align-
ment of energy levels with respect to those of charge selective materials. As discussed in 6,
the distribution of Pbl,-rich and MAI-rich phases in the film may be important in determin-
ing the performance of resulting devices depending on the device stack used, particularly in
the case of planar devices. The presence of a Pbl; layer near the ETL in devices with indium-
doped ZnO (a reasonable assumption given reported decomposition effects of ZnO in con-
tact with perovskites) seemed to provide improvement in shunt resistance, particularly in
the dark as seen in section 4.3.1. However, this improvement was generally accompanied by
increased hysteresis and a larger barrier to photocurrent extraction. Conversely, perovskite
films with less of a Pbl, signature tended to display a voltage-dependent collection function
with higher J,. and a sloped JV-response under low forward bias which would be consistent
with a p-doped rather than intrinsic photoactive layer [33]. As such, a systematic study of
the effect of doping on the energy levels and surface passivation of perovskite films via ultra-
violet photoelectron spectroscopy (UPS) and x-ray photoelectron spectroscopy (XPS) would
be useful together with electrochemical impedance spectroscopy (EIS) studies of the films
in device stacks. The results of such investigations would help determine the likelihood of
illumination-dependent shunt paths in perovskite films due to photoconductive secondary
phases as has been reported for certain lead iodide-based species [333] [334]. Additionally,
possible photodoping effects of either the ETL or perovskite layer under AM1.5 illumination
suggested by the mismatch between ;. from EQE and JV analysis for fresh devices could be
investigated by varying the light intensity incident on devices and measuring the photore-
sponse as well as performing SCLC measurements on ETL only devices with Cgy both in the
dark and under illumination.

In addition to maximizing device performance through optimizing the morphology and
composition of perovskite films, there is also plenty of scope for further improvements in
device stability. As already discussed, there is a growing body of evidence indicating insta-
bility in perovskite solar cells with metal-based electrodes [335] [336] [184], with carbon a
more stable alternative [337]. Over the course of this work it has been demonstrated that
planar devices with thin Csyp and CNT-based charge selective layers fabricated and tested
under highly humid conditions could compete with porous metal oxide-based devices in

terms of PCE.
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In order to take full advantage of stability improvements offered by these materials, de-
position of layers of arbitrary thickness would be necessary, particularly for CNT composite
layers with hydrophobic polymers. Although this can be achieved by dry transfer of rela-
tively thick CNT networks grown on filter membranes, a solution-based technique such as
spray deposition would be cheaper and therefore more advantageous. Preliminary results
obtained for spray coated CNT networks on devices used in this work indicate that control
over a Cgg film thickness and uniformity is a necessary prerequisite to avoiding a high de-
gree of shunting. This could be achieved via thermal evaporation which is the method most
commonly used for Csq film fabrication. However, an approach more in keeping with low
cost devices would be to spray coat Cg as has been demonstrated to controllably coat films
ranging in thickness from monolayer to at least 100nm [340]. As for optimizing spray-coated
CNT-based layers, the use of dilute CNT dispersions should allow the polymer component
to be deposited in the same step as the CNTs to guarantee homogeneous distribution of

the polymer matrix in the resulting film. In the event that single-step deposited composites
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prove unsuitable, a hierarchically stacked arrangement may be used. Thus by optimizing
spray coating conditions for the Csq and CNT-based layers it should be possible to achieve
high performing devices with improved stability.

Furthermore, PEI-C bilayers are suitable for fabricating regular planar perovskite cells
using graphene as transparent cathode instead of ITO. PEIE has been shown to n-dope CVD
graphene resulting in transparent electrodes with low work function (4.2eV) and improved
conductivity [339] [341]. Following equation3.37, combining PEI-doping with a stack of
multiple graphene layers produced by a modified polymer-assisted transfer method scheme
illustrated in Figure 7.1(a) would likely result in relatively crack-free graphene electrodes
with good barrier properties and low sheet resistance as shown in Figure 2.10(b). These PEI-
coated graphene layers could then be coated with Cg either by spin or spray coating (as rep-
resented in Figure 2.10(c)) before fabricating devices. If AuCls;-doped graphene electrodes
studied in 6 were successfully transferred onto a n-doped graphene / PEI /Cy, / Perovskite
/ CNT-PMMA stack then the resulting device would be entirely carbon contacted as illus-
trated in Figure 2.10(d). If fabricated on a PET then the device would be both highly flexible

and (depending on the perovskite bandgap and thickness) semi-transparent.
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