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Abstract 

 
Dye-sensitised solar cells (DSCs) are an attractive photovoltaic (PV) technology due to their 

low cost, light weight and simple fabrication process using earth abundant materials. 

Specifically, organic dyes offer tuneable optical properties and high absorption coefficients. 

However, a limiting factor on the power conversion efficiency (PCE) is that organic dyes suffer 

from relatively narrow spectral absorption in comparison to other PV technologies, thus 

limiting the light-harvesting ability of the cells. Implementing a tandem structure in which two 

photoactive electrodes are incorporated for enhanced light collection represents a promising 

approach. However, fundamental stability issues surrounding the liquid electrolyte pose 

concern for the commercialisation of such devices. Therefore, the work in this thesis aims to 

improve the stability of tandem DSCs by establishing a proof of concept for p-n tandem solid- 

state DSCs (ssDSCs) where the liquid electrolyte is replaced with solid charge transporting 

materials. The PCE of ssDSCs is generally much lower that of liquid DSCs. Therefore an amide-

based hole transporting material (HTM) with improved conductivity was tested in n-type 

ssDSCs with the aim to enhance device performance. Further efforts to broaden the spectral 

absorption of ssDSCs through co-sensitisation of the TiO2 photoanode was also conducted.  

This thesis presents the design, fabrication and optimisation of both n-type and p-type ssDSCs. 

For n-type ssDSCs, the co-sensitisation of LEG4 with L0 resulted in a notable 7% increase in 

PCE due to the extension of the absorption region to lower wavelengths. Employment of the 

amide-based HTM (termed TPABT) highlighted that further aging compared with Spiro-

OMeTAD based ssDSCs was essential for dye regeneration to allow for oxidation of the TPABT. 

This indicated the different oxidation pathway compared with Spiro-OMeTAD, which was 

attributed to the closer molecular packing of TPABT. Additionally, it was found that TPABT 

devices exhibited significant hysteresis. However, after performing a light soaking treatment 

the efficiency of TPABT based devices improved from 0.33% to 1.48% and hysteresis was no 

longer observed. It was hypothesised that the light soaking treatment led to Li+ ion migration 

from coordinates inside the pores toward the TiO2/LEG4 interface. Here, it is thought the Li+ 

ions screen conduction band electrons after injection, resulting in enhanced photocurrents 

and solar cell performance. 
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Additionally, a study on mitigating interfacial charge recombination in p-type ssDSCs was 

undertaken where three NiO surface treatments were tested to reduce recombination at the 

ETM/electrode interface. Atomic layer deposition of alumina and an aluminium alkoxide 

solution treatment were employed onto the NiO surface, and a chenodeoxycholic acid 

treatment employed both as a surface treatment onto sensitised NiO and as a co-adsorbent 

to P1 were conducted. Current density-voltage (J-V) measurements signified resistive 

behaviour in the devices, and transient absorption spectroscopy (TAS) measurements 

revealed charge carrier lifetimes in the sub-picosecond timescale. This was attributed to hole 

shallow-trapping, where the existence of excess Ni3+ states on the NiO surface trap a hole to 

“Ni4+” – a mixed valence state of Ni higher than 3. Therefore, it is believed that the p-type 

ssDSCs presented in this thesis exhibit fast recombination and inefficient hole injection into 

the NiO, leading to poor device performances.  

To assemble the tandem ssDSC a charge recombination layer (CRL) was employed between 

the n-type and p-type subcells to enable charge transfer from one subcell to another, and the 

subcells were pressed together with clamps. Efforts were dedicated to fabricating a CRL that 

formed an ohmic contact to minimise energy barriers for the charge carriers to flow across 

the CRL. A CRL composed of Spiro-OMeTAD/Ag/PEI/PCBM:PEI demonstrated the 

establishment of an ohmic connection. However, when employed into tandem ssDSCs the 

poor performance of the p-type ssDSC coupled with the low current measured through the 

CRL significantly inhibited the performance of the tandem device. A further study testing the 

mechanical adhesion of a Spiro-OMeTAD/PEDOT:PSS/PEI/PCBM:PEI CRL using a transparent 

conductive adhesive (TCA) showed both electrical and mechanical connection of the CRL, 

where UV epoxy was used to secure the glass substrates in place. When employed in tandem 

ssDSCs, this will eliminate the necessity to apply clamping or pressure on the subcells for 

operation. 

Overall, this thesis highlights the significance of additional research required on the p-type 

electrode to overcome the associated charge recombination issues encountered in p-type 

ssDSCs. Additionally, the importance of obtaining high electrical conductivity in the CRL was 

highlighted. Despite this, a tandem ssDSC exhibiting a VOC of 0.88 V and JSC of 0.005 mA cm-2 

was achieved, underscoring the potential of the tandem ssDSC configuration and the ability 

to utilise the collective open-circuit voltages of the component devices. 
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Chapter 1. 

Introduction  
 

 

1.1 The Climate Crisis 

 

Climate change is the greatest threat to our existence on this planet. We are witnessing ever 

more frequent extreme weather events around the world, as wildfires, storms and floods are 

tragically becoming a common occurrence. If we continue like so we risk the collapse of 

everything that gives us security – food production, access to fresh water, and habitable 

ambient temperature.  

“We are the first generation to feel the impact of climate change and the last 

generation that can do something about it.” – U.S. Senator Jay Inslee 

Primarily driven by human activities, the most prominent cause of climate change is the 

increase in greenhouse gas emissions. These gases, such as carbon dioxide (CO2), methane 

(CH4) and water vapour (H2O), trap heat near the Earth’s surface and maintain an average 

temperature of 15°C.1 However, in the last century as we entered the modern industrial era, 

activities such as burning of fossil fuels, deforestation, industrial and agricultural processes, 

and our ever-increasing energy consumption have significantly elevated the concentration of 

greenhouse gases in the atmosphere, especially CO2. This has led to an increase in global 

average surface temperature of around 1.1°C since the pre-industrial era (1880-1900).2 This is 

termed global warming.  

Governments and Policymakers around the world have a significant role in addressing the 

climate crisis by implementing policies and regulations that minimise our impact on the 

climate. To avert the worst impacts of climate change, global temperature increase needs to 
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be limited to 1.5°C above pre-industrial levels. Above 1.5°C and we approach climatic tipping 

points such as the melting of arctic permafrost, which could result in the release of millennia 

of stored greenhouse gases and the loss of control of our climate for good.3 On 12th December 

2015, 196 Parties at the UN Climate Change Conference (COP21) entered a legally binding 

international treaty on climate change, known as the Paris Agreement, that’s overarching goal 

was to limit the temperature increase to well below 2°C above pre-industrial levels and pursue 

efforts to limit the temperature increase to 1.5°C above pre-industrial levels.4 Such a landmark 

in the multilateral climate change process saw, for the first time, nations come together to 

address climate change through international cooperation.  

Since 2020, countries that are parties to the Paris Agreement have been submitting their 

Nationally Determined Contributions (NDCs) that outline their climate action plans and 

targets, communicating the actions they will take to reduce their greenhouse gas emissions in 

order to reach the Paris Agreement temperature goal. In December 2020, the UK 

communicated in its NDC that the UK commits to reducing economy-wide greenhouse gas 

emissions by at least 68% by 2030, compared to 1990 levels, and achieve net zero greenhouse 

emissions by 2050.5 

A Net Zero Strategy was published by the UK government in October 2021 that included 

policies and proposals for a transition into the new Green Industrial Revolution. The strategy 

highlights that a clean, reliable power system is the foundation of a productive net zero 

economy, and promises in the first key policy that, “By 2035 the UK will be powered entirely 

by clean electricity, subject to security of supply”.3 The power system is said to consist of 

abundant, cheap British renewables. This transition will subsequently decrease our reliance 

on fossil fuels and, as a result, eliminate the primary source of carbon emissions. 

 

1.2 Renewable Energy 

 

Fossil fuels such as coal, oil, and gas are non-renewable energy resources that take hundreds 

of millions of years to form and have been the dominant source of energy for centuries due 

to their energy density and relative ease of extraction. Nonetheless, they are by far the largest 

contributor to climate change, as they account for over 75% of global greenhouse gas 

emissions and almost 90% of all carbon dioxide emissions.6 On the contrary, renewable energy  



3 
 

 

such as hydropower, biomass, solar, wind, and geothermal energy refers to energy derived 

from natural sources that are typically abundant and can be harnessed without depleting 

them. As well as this, renewable energy sources produce little to no direct carbon emissions 

during electricity generation. Hence, the transition away from fossil fuels to renewable energy 

sources is vital to mitigate the adverse effects of climate change. Since the Paris Agreement 

was adopted in 2015 investments in renewable energy sources have surpassed those in fossil 

fuels (Figure 1.1),7 showing an encouraging indication of the ongoing transition and reflecting 

the growing commitment to sustainable and renewable energy. 

 
1.2.1 Solar Energy 

 

Solar energy, the radiant energy emitted from the sun, is the most abundant of all renewable 

and non-renewable energy resources and can even be harnessed in cloudy weather.8 The 

amount of solar energy that strikes the Earth over 80 minutes is more than all the energy 

consumed globally in a year. Therefore, with the right infrastructure in place, capturing and 

converting solar energy into usable electrical energy could provide ample power for the entire 

world.  

There are two primary ways of utilising solar energy. One way is through capturing the sun’s 

heat and converting it into usable thermal energy through Solar Thermal Systems, and the 

other way is through converting sunlight directly into electricity using Photovoltaics.  

Figure 1.1: Global energy investment in clean energy and in fossil fuels, 2015-2023e (2023e = 
estimated values for 2023). Figure obtained from IEA World Energy Investment 2023 report. 
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The technology that converts sunlight directly into electricity is termed photovoltaics (PV), 

originating from the Greek words ‘phos’ meaning light and ‘volt’ referring to electricity. 

Photovoltaic devices are known as solar cells. The solar PV power generation has increased 

from 251 TWh in 2015 to 1293 TWh in 2022. To meet the requirements of the International 

Energy Agency Net Zero Scenario the solar PV power generation should be at 8255 TWh by 

2030 (Figure 1.2).9  

 

 

 

 

 

 

 

 

 

 

 

 
 

1.2.2 Ambient light harvesting 
 

One way to significantly increase PV power generation is to harness ambient light using 

photovoltaics compatible with such lighting. Not all countries are subjected to the same 

amount of sunlight, as many countries experience cloudy climates. This could hinder the 

deployment of PV in such countries, as policymakers and investors might question whether 

the solar power potential is good enough to take advantage of in those locations. However, 

certain types of photovoltaic devices perform better than others in these low light 

environments. For example, dye-sensitised solar cells (DSCs) have shown promising 

performance in ambient light compared with other photovoltaic technologies.10 Advancing 

research and development in these categories of solar cells could allow for better utilisation 

of solar energy in cloudy or overcast regions, as well as during dusk and dawn when sunlight 

intensity is lower, allowing solar energy to become more accessible to a broader range of 

Figure 1.2: Solar PV power generation in the Net Zero Scenario, 2015-2030. 
Figure obtained from IEA data and statistics, 2015-2030. 
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geographic locations and environments. This is a crucial step in the journey to net zero 

greenhouse emissions by 2050. 

 

1.2.3 Powering the Internet of Things 
 

The Internet of Things (IoT) is a world-spanning network of interconnected objects, devices, 

sensors, and everyday items that can communicate over the internet. Such devices span 

various domains, from remotely controlled lighting, security cameras, and thermostats in 

smart homes, to wearable devices that monitor vital signs in healthcare. In the future, nearly 

half of IoT devices will be integrated into buildings or in indoor applications,11 many of which 

have artificial light on for 24 hours a day, such as hospitals, airports, offices and factories. DSCs 

have also shown to work exceptionally well under fluorescent lighting and a prototype of a 

fully self-powered intelligent IoT node using dye-sensitised light harvesters has already been 

demonstrated.12 By integrating indoor photovoltaics we can reduce the dependence on 

external energy grids, aligning with the goals of the Net Zero Scenario by promoting clean and 

locally generated energy. 

 

1.3 Fundamentals of Photovoltaics 

 

1.3.1 The Solar Spectrum 
 

The spectrum of the sun’s radiation is close to that of a black body at a temperature of 5800 

K, emitting light across a wide range of wavelengths known as the solar spectrum. By 

understanding the light that we are provided with we can design solar cells that can efficiently 

capture energy across this range of wavelengths.  

The solar spectrum consists of various wavelengths of light, from ultraviolet (UV) to infrared 

(IR), as shown in Figure 1.3. The key to highly efficient solar cells is absorbing as broad a range 

of photons from the solar spectrum as possible.  
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1.3.2 Semiconductors and Junctions 
 

A solar cell generates a voltage and a current when exposed to sunlight by a process known 

as the photovoltaic effect. Semiconductors are materials that are particularly effective in 

exhibiting the photovoltaic effect, therefore they are the fundamental material for the 

construction of most solar cells. They are able to convert light into electricity due to an energy 

difference between the valence band (the highest occupied energy levels) and the conduction 

band (the lowest unoccupied energy levels). This energy difference is known as the energy 

band gap (Eg), and represents the minimum amount of energy required for an electron to 

break free of its bound state.  

When photons with energy equal to or greater than Eg are incident upon the semiconductor, 

they excite the negatively charged electrons from the valence band (VB) to the conduction 

band (CB), leaving behind positively charged “holes” in the valence band. This process is 

known as photoexcitation, which leads to the generation of electron-hole pairs. Here, the 

electrons and holes, known as the charge carriers, become free to move about the 

semiconductor and participate in conduction. This is depicted in Figure 1.4. Since only photons 

with energies equal to or greater than Eg can excite electrons into the CB, it is Eg that 

determines the onset of absorption of sunlight by the material.   

 

Figure 1.3: Solar irradiance at the surface of the Earth with the visible 
part of the spectrum indicated by its colours (from 380 – 700 nm). 
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The Fermi level (EF) represents the energy level that has a 50% probability of being occupied 

by an electron at absolute zero temperature in thermal equilibrium and is an important 

parameter in understanding the behaviour of charge carriers in semiconductor materials. For 

undoped semiconductors in thermal equilibrium at temperatures > 0 K, EF is located at the 

centre of Eg, as undoped semiconductors have an equal concentration of electrons in the 

conduction band and holes in the valence band. In non-equilibrium conditions, for example 

under the influence of an external factor such as an applied voltage or illuminated by light, 

the distribution of carriers deviates from the equilibrium EF forming separate quasi-Fermi 

levels used for electrons (EqF,n) and holes (EqF,p).  

The conductivity of the semiconductor can be adjusted to a desired level through a process 

called doping. This is where impurity atoms with excess valence electrons (negatively charged) 

or impurity atoms with a deficiency of valence electrons (positively charged) are introduced 

into the crystal lattice of the semiconductor material through n-type doping or p-type doping, 

respectively. Through n-type doping the electron (donor) concentration is increased, resulting 

in an n-type semiconductor, and through p-type doping the hole (acceptor) concentration is 

increased, resulting in a p-type semiconductor.  

For n-type doping, when extra electrons from the donor atoms are introduced into the 

conduction band this pushes EF closer to the conduction band, where it is now closer to the 

energy levels associated with the introduced donor impurities. For p-type doping, when 

acceptor atoms create holes by accepting electrons from the valence band this pulls EF closer 

to the valence band, where it is now closer to the energy levels associated with the introduced 

acceptor impurities. This is illustrated in Figure 1.5. The concentration of dopants determines 

Figure 1.4: Depiction of the basic operation of a solar cell. (a) a photon is absorbed by the semiconductor, (b) 
an electron is promoted from the VB to the CB, leaving a hole in the VB, (c) the electron and hole are 
transported to electrodes to be collected. 
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the degree of EF shift. Therefore, the addition of such impurity atoms enhances electron 

conductivity in n-type doping and hole conductivity in p-type doping.  

 

 

 

 

 

 

 

 

When an n-type semiconductor is joined with a p-type semiconductor, a p-n junction is formed 

(Figure 1.6). The p-n junction creates an electric field that facilitates the separation of charge 

carriers generated by the absorption of photons, therefore this structure is commonly used in 

solar cells.  

 

 

 

 

 

 

 

 

 

While p-n junctions can be formed with the same semiconductor material via doping, two 

different semiconductor materials can be joined together, forming what is known as a 

heterojunction at their interface. These types of junctions are common in photovoltaic devices 

Figure 1.5: Energy level diagrams showing the position of the Fermi level and impurity levels relative to the 
conduction band and valence band edges, for intrinsic, n-type and p-type semiconductors. The shaded 
regions indicate levels filled by electrons.  

Figure 1.6: Depiction of the absorption of photons followed by the separation of charge carriers at a p-n 
junction at open circuit, where E represents energy and X represents the distance along the junction. 
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because they are able to facilitate the separation of charge carriers upon incident light. 

However, solar cells are not limited to these two types of junctions. There are other junctions 

used in photovoltaics that contain regions of other materials next to the semiconductor 

region, such as the dye/semiconductor interface in DSCs. The interface of these two regions 

also forms a junction where phenomena such as charge separation and recombination occur, 

which plays a fundamental role in the functioning of the solar cell. 

 

 

1.3.3 The Shockley-Queisser Limit 
 

The Shockley-Queisser limit is the theoretical efficiency limit that can be achieved under ideal 

conditions. For a single junction, the optimal band gap was found to be around 1.4 eV and 

would lead to a maximum efficiency of 33.7%. This indicates that around 67% of the solar 

energy incident on the device does not contribute to solar electricity. The two main sources 

of energy loss are (1) transmission of photons with energies lower than Eg without absorption, 

and (2) photos of energy higher than Eg lose energy via vibrations and rotations (Figure 1.7).13  

 

 

 

 

 

 

 

 

Several advanced approaches have been devised to minimise this energy loss. Among these, 

the construction of multi-junction devices has demonstrated the potential to surpass this 

limit. In such devices complimentary band gaps are stacked, leading to increased light 

collection. For two junctions the maximum efficiency is around 43% and for infinite junctions 

the maximum efficiency is 65%.14  

Figure 1.7: Diagram showing the two main sources of incident energy loss in single junction solar cells. 
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1.3.4 1st Generation PV 
 

Solar cells can be categorised into three generations, the first generation (also known as 

conventional, traditional or wafer-based cells) consisting of PV technologies based on single-

crystal (c-Si) and multi-crystalline (mc-Si) silicon. First produced commercially in 1963 for 

installation on a light house,15 mc-Si modules are now the commercially predominant PV 

technology due to the excellent semiconducting properties of silicon.  

There are two main types of first-generation solar cells. The first consist of a p-type silicon 

wafer (doped with boron) and an n-type silicon wafer (doped with phosphorus), creating a p-

n junction.  The second consists of separate p-type and n-type layers, forming back-to-back 

junctions. In back-to-back junctions, each layer acts as an independent solar cell. Although 

they have proven to provide satisfactory efficiencies whilst maintaining durability, the process 

of producing high-purity silicon involves multiple steps, including energy-intensive purification 

methods.16 Additionally, the record efficiency of c-Si technology (26.1%) is approaching the 

theoretical Auger efficiency limit of 29.4%.17  

 

1.3.5 2nd Generation PV 
 

The development of second-generation PV technologies (known as thin film solar cells) 

emerged as a response to the limitations and challenges faced with first-generation silicon PV. 

Second-generation technologies consist of single-junction devices that aim to use new 

materials, different designs and various assembly techniques while maintaining the 

efficiencies of first-generation technologies.18 In addition, the use of flexible substrates 

opened up new possibilities for integration onto curved surfaces, and the use of lightweight 

substrates enables portability.19 

The main types of second-generation solar cells consist of thin films such as amorphous silicon 

(a-Si), cadmium telluride (CdTe), and copper indium gallium selenide (CIGS). These devices 

also operate via p-n junctions and exhibit enhanced light harvesting capabilities compared 

with first-generation solar cells. This is due to the inherent properties of the semiconductors; 

silicon has an indirect band gap (photoexcitation involving a change in both momentum and 

energy). However, second-generation solar cells consist of semiconductors that have direct 
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band gaps (photoexcitation involves only a change in energy, not momentum). This allows for 

more efficient absorption of photons, enabling them to be produced at a sub-millimetre scale.  

 

1.3.6 3rd Generation PV 
 

The third generation of solar cells comprises several thin-film technologies and is often 

described as emerging photovoltaics. These technologies include Organic Photovoltaic (OPV) 

cells, Perovskite Solar Cells (PSCs), Dye-Sensitised Solar Cells (DSCs), and Quantum Dot Solar 

Cells (QDSCs). The primary goal of third-generation solar cells is often to achieve higher power 

conversion efficiencies at low cost, using earth abundant materials and innovative 

technologies such as tandem or multi-junction cells that incorporate different 

semiconductors.20 Additionally, the integration of nanotechnology has presented new ways 

to capture, store, and convert energy.21 For such technologies, the inclusion of different band 

gaps allows these devices the potential to surpass the Shockley-Quiesser limit by capturing a 

broader range of solar wavelengths and converting solar energy more efficiently. 

 

 

1.4 Dye-Sensitised Solar Cells 

 

1.4.1 Device operation 
 

Dye-sensitised solar cells (DSCs) are a third-generation photovoltaic technology that offer a 

unique approach to harnessing solar energy. In conventional p-n junction solar cells, the 

semiconductor undergoes light absorption, as well as charge carrier separation and 

transportation. However, in DSCs these tasks are separated. The operation of a conventional 

liquid n-DSC is illustrated in Figure 1.8. 

A dye molecule on the semiconductor (TiO2 in this case) absorbs a photon, exciting it from the 

ground state to the excited state. This gives rise to the electron injection from the excited dye 

to the conduction band of the semiconductor, resulting in oxidation of the dye. Electrons then 

diffuse through the semiconductor to the conductive glass substrate, which acts as an anode. 

They then pass through an external circuit to perform electrical work until they reach the 
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conducting glass counter electrode. In the gap between the electrodes is a redox electrolyte 

and at the counter electrode the electrolyte is reduced. The reduced state of the electrolyte 

reduces the photo-oxidised dye and the dye is regenerated, completing the circuit. The 

processes in Figure 1.8 are all electron transfer processes that are beneficial to the 

performance and efficiency of a DSC. However, there also exists parasitic processes that 

hinder the performance of the device. These include recombination to the dye, recombination 

to the redox electrolyte, and the excited state decay of the dye to the ground state. Addressing 

these issues is crucial for improving the performance of DSCs. 

 

 

 

 

 

 

 

 

 

 

 

1.4.2 Advancements in DSCs 
 

The discovery of DSCs dates back to 1977, when a US patent was submitted by Terje A. 

Skotheim.22 It detailed the characteristics of today’s dye-sensitised solar cells, describing a 

substrate of TiO2 semiconductor with a sensitising dye absorbed on, a transparent reducing 

agent over the dye, and a layer of metal over the reducing agent. Attempts had been made to 

synthesise such a device,23,24 however, these devices exhibited extremely poor light harvesting 

of less than 1% because of the belief that the semiconductor must have a smooth surface. It 

wasn’t until 1991 when O’Regan and Gratzel used nanometre-sized TiO2 particles to increase 

the surface area of the semiconductor film 2000-fold, increasing the light harvesting efficiency 

Figure 1.8: Schematic diagram of a liquid n-DSC showing 
the electron transfer pathway during operation. 
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to 46%.25 The ratio of energy output from the device to energy input from the sun is the power 

conversion efficiency (PCE) of the device. The PCE of O’Regan and Gratzel’s devices was 7.12% 

under full sunlight and increased to 12% in diffuse sunlight, making them the first 

commercially viable DSCs of that time.  

Nanostructured semiconductor films are a vital component of a DSC, providing support for 

dye loading and facilitating the transport of photogenerated electrons from the sensitiser to 

the external circuit. It is important that the photoanode does not absorb any visible light, has 

sufficient band gap energy to minimise charge carrier recombination, has a conduction 

band/valence band edge for either n-type/p-type materials, respectively, that matches with 

that of the excited dye molecules for efficient charge carrier injection, and has high charge 

carrier mobility.26 Porous, anatase phase TiO2 is the most commonly used semiconductor for 

high-efficiency n-DSCs due to its cost effectiveness, non-toxicity, and abundant availability on 

Earth.27 However, other metal oxides such as ZnO, SnO2, Nb2O5, and SrTiO3 have been utilised 

in attempt to further increase the efficiency of DSCs.28–31 For p-DSCs, finding a suitable 

nanostructured semiconductor has proven difficult, with NiO being the most commonly used 

but coming with drawbacks such as high density of traps and low hole mobility, which leads 

to fast charge recombination.32 Other alternatives to NiO include CuO, Cu2O and ITO33–35 as 

well as delafossite Cu(I) ternary oxides such as CuBO2, CuAlO2, and CuFeO2 are being explored, 

but are yet to outcompete NiO in efficiency.36–38 

The dye is at the heart of the DSC’s functionality. By absorption of photons and injection of 

the photogenerated charge carriers into the semiconductor on irradiation, the mechanism of 

the device is initiated. For efficient performance in a DSC the dye sensitiser should fulfil several 

requirements. This includes broad optical absorption for efficient light harvesting, the 

incorporation of strong anchoring groups to allow firm adhesion to the semiconductor 

surface, well-aligned energy levels that are appropriate to the system for efficient charge 

carrier injection, and high photostability to resist continuous light soaking.39  

Dye chemistries have undergone significant evolution, which can be categorised into four 

major phases: the initial use of metal complexes, the transition to organic dyes, the 

refinement of push-pull dyes, and sensitisation strategies. The first generation of synthetic 

dyes used in DSCs were primarily based on metal complexes, most notably ruthenium-based 

dyes. Metal complexes are formed by the coordination of metal ions with ligands. The 

coordination chemistry allowed for precise control over the metal-to-ligand charge transfer 
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properties, representing a significant leap in improving the performance and durability of 

DSCs.40 However, the limited availability of rare metals such as ruthenium and platinum led 

researchers to focus their efforts into organic dyes based on carbon-based structures.  

Organic dyes offer several advantages over dyes based on metal complexes. These include 

lower production costs, facile modification, and higher molar absorption coefficients, enabling 

the design of dyes that could absorb a broader range of the solar spectrum.41 Thereafter, a 

push-pull structure was introduced where the electron-donating group and electron-

withdrawing group are connected by a π-conjugated bridge. The D-π-A framework can provide 

better light harvesting due to an extended conjugation, which results in a red-shift in the dye’s 

absorption spectrum. In addition, the push-pull mechanism creates an internal charge transfer 

within the molecule that reduces charge recombination.42 More recently, sensitisation 

techniques such as co-sensitisation have been implemented. This involves using two or more 

dyes with complementary absorption spectra to allow for broader light absorption. This has 

proven effective in enhancing the efficiency and inhibiting dye aggregation on the 

semiconductor surface.43 

Traditional DSCs were fabricated using a solvent-based iodide-triiodide redox couple 

electrolyte, where the I3- ion acts as the oxidising agent and the I- ion serves as the reducing 

agent. These redox reactions are crucial for regenerating the dye molecules after 

photoexcitation and charge carrier injection into the semiconductor. As well as this, the 

electrolyte also fundamentally limits the maximum open-circuit voltage (VOC) in a DSC since 

the VOC is determined by the difference between the Fermi level of the electrons in the TiO2 

and the redox potential of the electrolyte. Iodine-based electrolytes utilised in early DSC 

technology offered good initial performance, but the redox potential of I3-/I- is not ideal, which 

limited the photovoltage. As well as this, the corrosive nature of iodine led to stability issues 

within the device.44 The introduction of cobalt (Co)-based electrolytes was done to overcome 

the limitations of iodine-based electrolytes. These are typically based on Co complexes with 

organic ligands such as bipyridine, for example [Co(bpy)3]2+/3+. The more positive redox 

potential of Co complexes allowed for higher photovoltages. However, it was found that due 

to the larger molecular size of Co this led to slower mass transport within the electrolyte, 

causing a reduction in current density.45 Building on the success of Co electrolytes, copper (Cu) 

complexes were introduced instead and were found to show lower mass transport, better 

diffusion, and a lower driving force required for dye regeneration. As well as this, Cu 
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complexes offer an even more positive redox potential than Co complexes leading to a further 

increase in VOC.46 

In DSCs, the counter electrode (CE) is what facilitates the necessary redox reactions and is vital 

for completing the electrical circuit. Traditionally, platinum (Pt) was the material of choice for 

the CE due to its properties such as excellent catalytic activity, stability, and conductivity. 

However, Pt is a rare and expensive material, causing it to be a significant barrier to the 

commercialisation of DSCs.47 As well as this, Pt is not always the most efficient catalyst for the 

newer Co or Cu redox couples.48 This caused research to focus on alternatives to Pt, such as 

carbon-based materials, conducting polymers like poly(3,4-ethylenedioxythiophene (PEDOT), 

and transition metal compounds like nickel sulfide (NiS), cobalt sulfide (CoS), and iron sulfide 

(FeS), which are proving to be effective and sustainable replacements to Pt in modern DSC 

technology.49–51  

What made DSCs very attractive was that the spectral distribution overlapped with the 

absorption spectrum of the dye-coated TiO2 film in diffuse sunlight better than in direct 

sunlight. This meant that under these conditions the DSCs performed better than conventional 

silicon cells. As well as this, the long-term stability of cell performance was found to change 

very little over a period of 2 months due to the chemical stability of the dye.8 This was a 

breakthrough for DSCs and ever since research in this field has skyrocketed, with the current 

record PCE being achieved in 2022, reaching 15.2% when carrying out a hydroxamic acid pre-

adsorption that controls the assembly of dye molecules on the surface of TiO2 to favour charge 

generation.52 For p-type DSCs, however, the PCE still lags behind, with the highest efficiency 

achieved in 2015 of 2.51% when devices containing Fe(acac)3 and a perylene-thiophene-

triphenylamine sensitiser (PMI-6T-TPA) were fabricated.53 

 

1.5 Solid-State Dye-Sensitised Solar Cells 

 

1.5.1 n-type ssDSCs 
 

Although DSCs are inexpensive and simple to manufacture, after increasing research it 

became clear that the electrolyte in them is prone to degradation and can be corrosive to the 

dye molecules over time, which results in a loss of cell performance. As well as this, the devices 
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need perfect encapsulation to reach long-term stability, and leakage of the electrolyte also 

may pose a safety hazard due to the toxicity of certain materials.  To overcome the limitations 

of conventional liquid DSCs, in 1995, Tennakone and co-workers developed the concept of 

solid-state DSCs (ssDSCs) where the liquid electrolyte usually present in DSCs was instead 

replaced with a solid p-type semiconductor CuI.54 The end result was a nanoporous TiO2 

electrode for electron conduction, coated in cyanidin for light absorption, with CuI occupying 

the pores for the transport of holes. The TiO2/cyanidin/CuI device delivered a short circuit 

current of 1.5-2.0 mA cm-2 in sunlight (about 800 W m-2). Tennakone’s special features of the 

device included a p-type material with a wide band gap, and no dissolving of the monolayer 

of dye upon deposition of the p-type material. This was pioneering work in the field of DSCs, 

and since then a vast number of ssDSCs have been made out of many different materials in 

attempt to fabricate a device as efficient as liquid DSCs that no longer suffer from stability 

issues.  

Over the years different solid-state materials have been used in DSCs for the transportation 

of holes through the device. This layer is known as the hole transporting material (HTM). 

Choosing a material with a high mobility for holes is an important factor when fabricating solar 

cells. In 1997, Hagen and co-workers fabricated a TiO2/ruthenium/triphenyldiamine device. 

Triphenyldiamines (TPDs) show mobilities of around 10-3 cm2 V -1 s-1 at room temperature. TPD 

was vapor-deposited onto the ruthenium coated TiO2 nanoparticles with various thicknesses. 

They found that lower short-circuit currents were observed for cells with thicker TPD layers. 

This was due to holes having longer trajectories, resulting in higher recombination losses. 

Therefore, HTM thickness as well as mobility are both important factors to consider when 

fabricating a device. 

In 1998, Bach et al published a paper describing a device where 2,2’,7,7’-tetrakis(N,N-di-p-

methoxyphenyl-amine)9,9’-spirobifluorene (Spiro-OMeTAD) was used as the organic HTM,55 

which has the hole mobility of 1.69 x 10-6 cm2 V-1 s-1.56 Spiro-OMeTAD was synthesised based 

on the TPD structure, and the evolution of the synthesis is shown in Figure 1.9. For Spiro-

OMeTAD hole mobility is much greater than TPDs due to the addition of p -methoxy groups. 

These groups lower the oxidation potential by 0.22 V compared to TPD, causing the injection 

barrier height to be lowered.57  
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In Bach’s paper an electron-transfer scheme was introduced which is similar to liquid DSCs, 

except the dye is now regenerated by hole injection into the HTM rather than a redox reaction 

in the liquid electrolyte. Holes move across the HTM layer through intermolecular hopping as 

opposed to ion diffusion. This is depicted in Figure 1.10. 

 

 

 

 

 

 

 

 

Figure 1.10: Schematic diagram of a solid-state DSC with the electron transfer process depicting (1) 
photoexcitation of the dye molecule, (2) electron injection into the conduction band of the TiO2 (femto- 
to picoseconds), (3) electron intermolecular hopping and (4) regeneration of the dye (picoseconds). 

Figure 1.9: The evolution of the synthesis of Spiro-OMeTAD – (a) Spiro-linked systems, (b) TPD HTM, (c) 
Spiro-TAD HTM, (d) MeO-TPD HTM, (e) Spiro-PBD ETM, and (f) Spiro-OMeTAD.82 

(a) (b) (c) 

(d) (e) (f) 
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Incident photon-to-current conversion efficiency (IPCE) is the number of detected electrons 

per number of incident photons and is a measure of how efficiently the solar cell converts 

incident photons into charge carriers at a given wavelength. Using Spiro-OMeTAD instead of 

TPD increased the IPCE from 0.2% to 33%, giving a cell efficiency of 0.74%. This was due to 

electron injection occurring in the femtosecond domain whilst recapture occurred over 

several microseconds. As well as this, the dye exhibited extremely fast regeneration via hole 

transfer to OMeTAD. Cappel et al observed that both electron injection and dye regeneration 

were both complete after 1 ps for a TiO2/ID176/Spiro-OMeTAD device.58 

This was a promising step for ssDSCs, and in 2001 Kruger et al were able to increase the power 

conversion efficiency (PCE) to 2.56% by addition of 4-tert-butylpyridine (tBP) and Li[CF3SO2]2N 

(lithium ions) to the HTM precursor solution.59 Lithium ions were added to improve the 

current output therefore increase the overall efficiency of the device,10,60 and in the presence 

of lithium ions dye regeneration by Spiro-OMeTAD occurs faster than 1 ps.61 tBP was found to 

decrease charge recombination by 50%. However, when added together this decreased 

charge recombination even further. It was also found that tBP improved the wetting of the 

film with the HTM precursor solution.  

Since 1998, Spiro-OMeTAD has been the prominent HTM in ssDSCs. To this date, the most 

efficient ssDSC containing Spiro-OMeTAD was fabricated in 2017 using the D-A-π-A organic 

sensitizer AQ310. The AQ310-based ssDSC reached a PCE of 8.0%. However, in 2015 a solid-

state ‘Zombie cell’ was fabricated using molecular copper phenanthroline as a solid hole 

conductor, with a PCE of 8.2%.62 This category of ssDSC is formed from a liquid DSC in which 

the liquid electrolyte solidifies into a solid hole conductor as the solvent evaporates from the 

surface. These are referred to as Zombie cells because the original liquid DSC can come back 

to life as a ssDSC and retain its functionality. This device was optimised and later used in 

conjunction with a novel dye WS-72 and reached 11.7% PCE.63 

 

1.5.2 p-type ssDSCs 
 

p-type DSCs were first reported in 1999 by Lindquist et al,64 where nanostructured NiO was 

chosen as the photocathode due it being a large band gap p-type semiconductor. However, it 

wasn’t until 2016 when the first p-type ssDSC (p-ssDSC) was fabricated. p-ssDSCs are similar 

devices to conventional n-ssDSCs except the semiconducting material is now a p-type 
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semiconductor, the HTM is replaced with an electron transporting material (ETM), and the 

electron flow is reversed (Figure 1.11).  

 

 

 

 

 

 

 

 

 

 

 

As with n-ssDSCs, a dye molecule on the semiconductor absorbs the photon, exciting it from 

the ground state to the excited state. However, as opposed to n-ssDSCs, this gives rise to hole 

injection from the excited dye to the valence band of the p-type semiconductor. The ground 

state of the dye is regenerated by the oxidised species of the ETM. At the counter electrode 

the reduced species in the ETM is regenerated. 

Wide bandgap p-type semiconductors are good candidates for photocathodes as they are 

resistant to photocorrosion.65 As well as this, in order to fabricate mesoporous films the 

material must be synthesised as nanoparticles to generate the large surface area. To adsorb 

the sensitiser onto the surface of the semiconductor it must have high chemical affinity to an 

organic functional group. NiO is one of the few materials that fits these parameters, which is 

why it is the most predominant material to use in p-DSCs. The maximum VOC that the device 

can deliver is governed by the position of the valence band (VB) potential. For NiO, the VB is 

at 0.54 V vs NHE,66 making it a good electron donor. However, as it is low lying it is difficult to 

obtain a large VOC. Therefore, a higher PCE could be obtained with new materials that have a 

deeper VB potential.  

Figure 1.11: Schematic diagram of a p-type ssDSC with the electron transfer process depicting (1) 
photoexcitation of the dye molecule, (2) hole injection into the valence band of the NiO (< 200 
femtoseconds), (3) hole intermolecular hopping and (4) regeneration of the dye ( > 8 microseconds for P1). 
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p-ssDSCs use different semiconductors to n-ssDSCs that have different charge transfer 

kinetics. Compared with n-type metal oxides, p-type are much poorer electronic conductors. 

The hole diffusion coefficient for NiO ranges from 10-8 to 10-7 cm2 s-1,67 2 orders of magnitude 

lower than the electron diffusion coefficient in TiO2. While hole injection into the VB is fast 

(210 ps), the slow diffusion of holes accounts for the long time delay between hole injection 

and collection. As well as this, charge recombination is much faster than in TiO2 devices, 

meaning the electron must be transferred to the ETM much faster, or recombination must be 

slowed down. There are a number of methods to increase the electron/hole transport rate, 

such as using NiO nanorods,68 as well as methods to reduce charge recombination, such as 

using recombination barrier layers.69 

To obtain high PCEs, sensitisers must absorb across a broad range of the solar spectrum so to 

harvest a larger number of photons. They must be photochemically and electrochemically 

stable and functionalised with anchoring groups. The anchoring group grafts them onto the 

surface of the semiconductor, providing a strong electronic coupling. Strong electronic 

coupling ensures fast hole tunnelling from the excited state of the sensitiser into the VB of the 

semiconductor.25 Sensitisers can also be optimised to slow the back recombination reaction. 

The most efficient sensitisers are linked to an electron acceptor, which increases the 

separation distance from the NiO surface and results in a longer-lived charge-separated state. 

An example of this is shown in Figure 1.12.70 

 

 
The PINDI device achieves a greater performance than the PI device due to the presence of a 

napthalenediimide (NDI) acceptor. With the presence of the NDI acceptor, the PINDI exhibits 

recombination approximately 105 times slower than PI. Therefore, by extending the length of 

Figure 1.12: Representations of PI and PINDI sensitisers. The lifetime of PI is approximately a few 
picoseconds, whereas for PINDI is approximately a few microseconds. 
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the dye and concentrating the electron density onto the NDI acceptor recombination is 

blocked. Currently, the record p-ssDSC uses a novel indacenodithieno[3,2-b]thiophene (IDTT) 

linker-based TIP dye with a large π-conjugated system, with PCE of 0.18%.71 The long alkyl 

chains and large linker unit attribute to the improved performance of p-ssDSCs. However, this 

efficiency is still far behind that of n-ssDSCs, therefore much more work must be done to 

improve this. 

In p-ssDSCs an electron-selective material is used instead of an HTM to regenerate the dye 

and undertake electron transport between the photocathode and the back contact. To 

transport electrons efficiently the ETM should have good electron mobility. As well as this, the 

ETM should have good contact with the dye via infiltration in the nanopores of the 

semiconductor. To allow solution processing the ETM must have good solubility in solvent. 

Fullerene derivatives have gained more interest as ETMs in photovoltaics as they are strong 

electron acceptors, with the ability to accept up to 6 electrons. Phenyl-C61-butyric acid methyl 

ester (PCBM) is a fullerene derivative of buckminsterfullerene, the C60 fullerene shown in 

Figure 1.13,72 and is one of the most established ETMs that is commercially available with 

electron mobility of 2 x 10-3 cm2 V-1 s-1.73 As well this, it is reasonably transparent, however, it 

is not very stable.74 PCBM derivatives can be blended with the polymer to observe an 

enhancement in charge separation, carrier mobility, and PCE. 

 

 

 

 

 

 

 

 

 Figure 1.13: Molecular structures of [60]PCBM (LUMO = -3.80 eV), [70]PCBM (LUMO = -3.82 eV), 
C60 (LUMO = -3.98 eV), and C70 (LUMO = -4.04 eV). Raising the LUMO level can increase the VOC. 
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Tian and co-workers fabricated the first p-ssDSC using NiO with P1 as the sensitiser along with 

PCBM as the ETM, their device showed an open circuit voltage of 620 mV.75 However, electron 

transfer from the excited state of P1 to the valence band of PCBM competes with charge 

recombination. This means slow dye regeneration and short lifetime of the reduced dye, 

which led to a poor photocurrent of around 50 µA cm-2. Later, in 2019, Tian stated that the 

poor photovoltaic performance was mainly due to the thick PCBM layer (>700nm). Tian 

calculated that PCBM•¯ survived on a microsecond timescale, which suggests there is slow 

charge recombination between the holes and electrons in the NiO and PCBM•¯.33 

 

1.6 Tandem Solid-State Dye-Sensitised Solar Cells 

 

1.6.1 Concept 
 

Research into ssDSCs has been ongoing for over 20 years. This development has effectively 

addressed the stability concerns that were evident in liquid devices. However, the efficiency 

of the best devices is still far behind that of other competing third-generation solar cells. A 

highly effective approach to increase efficiency of devices is to substitute the passive cathode 

in the cell with a dye-sensitised nanostructured photoactive one, extending it to a tandem 

device.76 The diagram in Figure 1.14 depicts a proposed tandem ssDSC.  

 Figure 1.14: Schematic diagram of a p-n tandem ssDSC with two photoactive 
dye-sensitised electrodes. Device can be illuminated from either side. 
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In tandem devices, high energy photons are collected at the top electrode and lower energy 

photons are collected at the bottom electrode, increasing light collection and reducing 

thermal energy losses.77 Different ssDSCs with different dyes and absorption regions can be 

stacked together to construct a tandem device with a broader absorption region, increasing 

open circuit voltage and short circuit current. An example of adopting this concept in liquid 

DSCs was demonstrated by Odobel et al.78 The NiO photocathode was sensitised with Th-DPP-

NDI dye with extended absorption into the long wavelengths. When coupled with a TiO2 

photoanode sensitised with D35 dye the tandem device reached a power conversion 

efficiency of 4.10%, which outperformed that of each subcell. 

As the tandem ssDSC will utilise thinner semiconductor layers that liquid tandem DSCs this will 

enable an increase in light transmission for further enhancement of light absorption. 

Additionally, the distance that holes and electrons will need to travel will be reduced as the 

large overstanding layer of the HTM or ETM required for prevention of short circuits is 

mitigated partly by having the organic/organic interface. 

 

1.6.2 Charge recombination layer 
 

Tandem cells require an interconnecting layer with high transparency and good conductivity 

to give high efficiencies. In 2013, Chiang et al. fabricated a high-quality indium-doped tin oxide 

(ITO) film on top of the spiro-OMeTAD HTM as a semi-transparent counter electrode, allowing 

two n-ssDSCs to be connected in parallel as a three-terminal tandem.79 The TiO2 electrodes of 

the bottom and top cells were sensitised with B1 and Z907, respectively, achieving a PCE of 

3.07%. This almost matched the combined PCE of the top (2.65%) and the bottom (0.58%) 

cells, however incident photon losses might have occurred at the multiple interfaces of the 

three-terminal tandem device due to scattering reflection of absorption.  

To this date no p-n tandem ssDSC has been made, as it wasn’t until 2016 that the first p-ssDSC 

was fabricated. Research for p-ssDSCs is far behind that of n-ssDSCs, with the highest PCE 

currently at only 0.18%. However, in p-n tandem devices the intermediate oxide films can be 

omitted and replaced with a charge recombination layer (CRL) to form a two-terminal tandem, 

which will reduce scattering reflection and absorption. In 2009, Bruder and collaborators used 

Ag as a CRL in a ssDSC/bulk heterojunction (BJH) organic tandem cell.80 Each individual cell 

converted sunlight at about 4.0% PCE, however in tandem they generated an open-circuit 
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potential of 1.36 V and a PCE of 6.0%. This proves that Ag is an effective serial connection for 

both subcells.  

In 2015, the first bottom-up two-terminal perovskite-perovskite solar cell was constructed by 

Zhou et al using a novel CRL: spiro-OMeTAD/PEDOT:PSS/PEI/PCBM:PEI.81 The CRL was 

prepared at low temperature by orthogonal solvent processing so that processing subsequent 

layers don’t wash away pre-deposited layers. Spiro-OMeTAD and PCBM are common 

hole/electron transporting materials used in n-ssDSCs/p-ssDSCs, respectively. In this CRL, PEI 

was used to modify the surface, as well as create a contrast between the work function of the 

top and bottom sides of the PEDOT:PSS film. Holes flow into the CRL from the bottom subcell, 

whilst electrons flow out of the CRL to the top subcell, meaning it acts as an efficient site for 

charge recombination. The tandem cell yielded a VOC of 1.89 V, which is almost equal to the 

sum of the two subcells, confirming the proof-of-concept success.  

 

1.7 Outline of the Thesis 

 

The focus of this research is to establish a proof of concept for the development of tandem 

solid-state dye-sensitised solar cells. Monolithic solid-state dye-sensitised solar cells (ssDSCs) 

have already been shown to have increased stability compared with conventional liquid DSCs. 

However, their efficiency still lacks in comparison. Therefore, a novel tandem architecture is 

employed to ssDSCs to increase light absorption and demonstrate a pathway for enhancing 

the performance of ssDSCs. Additionally, fabrication methods have been chosen with 

consideration for upscaling of device fabrication. 

Chapter 3 introduces the design, fabrication and optimisation of both n-type and p-type 

ssDSCs that form the constituent parts of the tandem ssDSC. A range of deposition techniques 

are discussed, considering film homogeneity and ease of upscale.  

Chapter 4 details the construction of an Automated Spray Pyrolysis Machine for deposition of 

thin films, such as blocking layers. This includes building the syringe pump, generating a 

LabVIEW user interface that controls the ultrasonic spray head and syringe pump properties, 

and writing GCODE to control the XYZ linear actuators that determines the movement of the 

spray head and hotplate. 
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Chapter 5 explores two methods of increasing the charge carrier density for n-type ssDSCs for 

improved device power conversion efficiency. The first approach discussed was co-

sensitisation of a long π-conjugated dye, LEG4, with smaller π-conjugated dyes, L0 and L1, that 

utilise different absorption spectra. The second approach was investigating the chemical 

modification of the heterojunction between the TiO2 and amide-based HTM, TPABT. 

Chapter 6 addresses the charge carrier recombination issues in p-type ssDSCs by applying 

surface modification techniques to the mesoporous NiO film. Surface treatments include the 

atomic layer deposition of alumina, an aluminium alkoxide solution treatment, and a 

chenodeoxycholic acid solution treatment. Treatments were characterised using current-

voltage measurements and transient absorption spectra, and their kinetic processes were 

investigated. 

Chapter 7 introduces the concept of a tandem ssDSC that employs a charge recombination 

layer (CRL) that physically and electrically connects an n-type ssDSC subcell with a p-type 

ssDSC subcell for the efficient charge recombination of majority carriers collected from each 

subcell. Current-voltage testing was conducted on the CRL to ensure an ohmic contact was 

established. Following this the tandem device was constructed, initially holding the sub-cells 

together with pressure, and finally utilising a transparent conductive adhesive. Illumination 

from both sides of the tandem device was investigated. 
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Chapter 2. 

Experimental Techniques 

 
 

 

2.1 Current density-voltage (J-V) characteristics 
 

The current density flowing through the device is measured at a series of voltages to create a 

J-V curve, as shown in Figure 2.1. Without illumination a solar cell has the same electrical 

characteristics as a diode. This is seen when measuring a dark current curve. Under 

illumination, the J-V curve becomes the superposition of the dark current curve with the light-

generated current. A greater light intensity generates a greater amount of shift. Therefore, an 

ideal solar cell can be electronically modelled by a current source (photogenerated) in parallel 

with a diode.  

 

In practice, a shunt resistance component (𝑅𝑅𝑆𝑆𝑆𝑆) and a series resistance component (𝑅𝑅𝑆𝑆) are 

added to the model. Thus, the current produced by the solar cell (𝐼𝐼) is equal to the 

Figure 2.1: An ideal solar cell’s (a) example JV curve (solid line) and dark current curve (dashed line) and 
(b) the equivalent circuit considering the single diode model. 

(a) 

(b) 



34 
 

photogenerated current (𝐼𝐼𝐿𝐿) minus the diode current (𝐼𝐼𝐷𝐷), minus the shunt current (𝐼𝐼𝑆𝑆𝑆𝑆), which 

is shown as: 

𝐼𝐼 = 𝐼𝐼𝐿𝐿 − 𝐼𝐼𝐷𝐷 − 𝐼𝐼𝑆𝑆𝑆𝑆 . 

Taking into consideration the diode current described by the Shockley diode equation,1 

Equation 2.1 can be re-written as follows: 

𝐼𝐼 = 𝐼𝐼𝐿𝐿 − 𝐼𝐼0 �𝑒𝑒
𝑉𝑉+𝐼𝐼𝑅𝑅𝑆𝑆
𝑛𝑛𝑉𝑉𝑇𝑇 − 1� −

𝑉𝑉 + 𝐼𝐼𝑅𝑅𝑆𝑆
𝑅𝑅𝑆𝑆𝑆𝑆

 , 

where 𝐼𝐼0 is the reverse saturation current, 𝑛𝑛 is the diode quality factor (1 for ideal diode), and 

𝑉𝑉𝑇𝑇 =  𝑘𝑘𝐵𝐵𝑇𝑇/𝑞𝑞   is the thermal voltage. At room temperature (temperature 𝑇𝑇 = 300 K, Boltzmann 

constant 𝑘𝑘𝐵𝐵  = 1.38 x 10-23 m2 kg s-2 K-1, electron charge 𝑞𝑞 = 1.6 x 10-19 C) the thermal voltage is 

around 25.9 mV. Plotting Equation 2.2 gives the IV curve shown in Figure 2.2. To remove the 

dependence of the solar cell area, it is more common to write as current density rather than 

current. 

 

 

 

 

 

Several key properties can be extracted from the J-V curve of a solar cell. The maximum 

current density of a solar cell occurs when the voltage across the solar cell is zero, the device 

is said to be at short circuit and the current density flowing through is called the short circuit 

photocurrent density (𝐽𝐽𝑆𝑆𝑆𝑆). This can be extracted from the intercept with the y-axis. The 

maximum voltage from a solar cell occurs when the applied voltage cancels out the built-in 

electric field, at which the current is zero, and is called the open-circuit voltage (𝑉𝑉𝑂𝑂𝑂𝑂). This can 

be extracted from the intercept with the x-axis. The fill factor (𝐹𝐹𝐹𝐹) is the ratio of the actual 

maximum power output of the solar cell (𝑃𝑃𝑀𝑀𝑀𝑀) to the power output if there were no parasitic 

resistances. 𝐹𝐹𝐹𝐹 can be written as follows: 

(2.1) 

(2.2) 

Figure 2.2: Current voltage (I-V) curve of a solar cell with relevant points labelled. 
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𝐹𝐹𝐹𝐹 =  
𝑃𝑃𝑀𝑀𝑀𝑀
𝑉𝑉𝑂𝑂𝑂𝑂𝐽𝐽𝑆𝑆𝑆𝑆

=  
𝑉𝑉𝑀𝑀𝑀𝑀𝐽𝐽𝑀𝑀𝑀𝑀
𝑉𝑉𝑂𝑂𝑂𝑂𝐽𝐽𝑆𝑆𝑆𝑆

 , 

where 𝑉𝑉𝑀𝑀𝑀𝑀 and 𝐽𝐽𝑀𝑀𝑀𝑀  are the voltage and current density at maximum power, respectively. 

Finally, the power conversion efficiency (𝑃𝑃𝑃𝑃𝑃𝑃) of the solar cell is the ratio of incident light 

power (𝑃𝑃𝑖𝑖𝑖𝑖) to output electrical power (𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜). The 𝑃𝑃𝑃𝑃𝑃𝑃 can be calculated using the following 

equation: 

𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

=
𝑉𝑉𝑂𝑂𝑂𝑂𝐽𝐽𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹

𝑃𝑃𝑖𝑖𝑖𝑖
. 

As 𝑃𝑃𝑃𝑃𝑃𝑃 considers all the key properties extracted from the solar cell’s J-V curve, it is one of 

the most common values to use when comparing overall performance of differing devices.  

 

2.2 Incident photon-to-current conversion efficiency (IPCE) 
 

When comparing solar cells with different absorption spectra, a useful parameter to measure 

is the incident photon-to-electron conversion efficiency (IPCE). IPCE describes how many of 

the incoming photons at one wavelength are converted to electrons. A monochromator is 

used to output light at varying wavelengths and the resulting current density is measured. 

IPCE values as a function of wavelength can be calculated as follows: 

 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝜆𝜆) =
electronsout(𝜆𝜆)

photonsin(𝜆𝜆) =
ℎ𝑐𝑐
𝑒𝑒
∙
𝐽𝐽𝑃𝑃ℎ(𝜆𝜆)
𝜆𝜆 ∙ 𝑃𝑃𝑖𝑖𝑖𝑖(𝜆𝜆) , 

 

where 𝐽𝐽𝑃𝑃ℎ is the photocurrent density. The constants (Planck’s constant (ℎ), the speed of light 

(𝑐𝑐), and the elementary charge (𝑒𝑒)) can be summarised as 1240 V nm. The measurement is 

usually carried out under short circuit conditions, although can also be done at an applied 

potential. Considering the process of how current is generated, IPCE can also be written as a 

product of the efficiency of different processes in the solar cell: 

 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝜆𝜆) = LHE(𝜆𝜆)𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝜂𝜂𝑐𝑐  , 
 

where LHE (light harvesting efficiency) is the fraction of incident photons that are absorbed 

by the dye, 𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖 is the quantum yield for charge injection, and 𝜂𝜂𝑐𝑐  is the efficiency of collecting 

the injected charge at the back contact.2 

(2.3) 

(2.4) 

(2.5) 

(2.6) 
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2.3 Ultraviolet-Visible (UV-Vis) spectroscopy 
 

Ultraviolet (UV) radiation refers to wavelengths ranging between 280-400 nm, while visible 

radiation encompasses wavelengths between 400-700 nm on the electromagnetic spectrum. 

We can study how matter interacts with or emits electromagnetic radiation using 

spectroscopy. When radiation interacts with matter there are several processes that can 

occur, such as reflection, scattering and absorbance. Absorption occurs when the energy of 

the incident photon is equal to or greater than the energy difference between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). If 

this is satisfied, the photon can be absorbed by an electron in the HOMO and excited into a 

higher energy state. This means the wavelength of light absorbed corresponds to a measure 

of energy separation between electronic states. Therefore, it is useful to measure the 

absorbance of a material to determine the nature of such transitions. 

If a beam of light is passed through the sample, the amount of light absorbed can be quantified 

by the ratio of transmitted radiation (𝐼𝐼) to incident radiation (𝐼𝐼0). This ratio is called 

transmittance (𝑇𝑇). Therefore, absorbance (𝐴𝐴) can be calculated as follows: 

𝐴𝐴 = log
𝐼𝐼0
𝐼𝐼

 = − log𝑇𝑇 . 

By plotting absorbance against the wavelength of incident light, a UV-vis spectrum can be 

obtained. 

 

2.4 Cyclic Voltammetry (CV) 
 

Cyclic voltammetry (CV) is a useful electrochemical technique that allows us to study the 

thermodynamics of redox processes, estimate energy levels, and investigate electron transfer 

reaction kinetics. A setup of a three-electrode system is used consisting of a working 

electrode, a reference electrode, and a counter electrode. Potential of the working electrode 

is ramped linearly versus time in cyclical phases, scanning between two set voltages in forward 

and reverse directions. The potentials are relative to a reference electrode. The resulting 

current change between the working and counter probes is recorded. The resulting current is 

plotted as a function of potential to form a cyclic voltammogram. CV is used in this thesis to 

(2.7) 
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investigate the mechanism of interfacial electron transfer in an n-ssDSC to minimise interfacial 

recombination between the FTO and HTM. 

 

2.5 Photoinduced Absorption Spectroscopy (PIA) 
 

Photoinduced absorption spectroscopy (PIA) can be used to study the dynamics of excited 

states in dyes, allowing processes such as charge separation and recombination to be 

examined. A probe light is focused onto the sample by a series of optics, and the transmission 

(𝑇𝑇) through a sample is measured (Figure 2.3). A pump light consisting of a square-modulated 

monochromatic light beam causes electronic excitations that induce small changes in 

transmission (∆𝑇𝑇). The ratio of ∆𝑇𝑇/𝑇𝑇 is proportional to the absorbance change (∆𝐴𝐴) as follows: 

−
∆𝑇𝑇
𝑇𝑇

= ln 10 ∙ ∆𝐴𝐴 . 

 

 

 

 

 

 

 

 

 

2.6 Transient Absorption Spectroscopy (TAS) 
 

In contrast to square-modulation used in PIA, transient absorption spectroscopy (TAS) excites 

the sample with short laser pulses to investigate kinetic processes that occur after excitation 

on the time scales of femtoseconds to nanoseconds. Femtosecond TAS is often used to probe 

singlet excited states in processes such as charge injection, whereas nanosecond TAS is often 

used to study back electron transfer. A monochromatic laser pulse (pump) is used to excite 

(2.8) 

Figure 2.3: Schematic diagram of the PIA setup. 



38 
 

the sample and, after a certain time delay, a polychromatic laser pulse (probe) is used to 

measure the transmission through a sample. The probe beam passes through the sample and 

then through a monochromator, which allows the ground state and excited state absorbance 

changes of the sample to be measured at a particular wavelength. The change in absorbance 

(∆𝐴𝐴) is calculated according to the following equation: 

∆𝐴𝐴 = − log � 𝐼𝐼pumped

𝐼𝐼unpumped
�, 

where 𝐼𝐼pumped is the intensity of the transmitted probe beam in the presence of the pump, 

and 𝐼𝐼unpumped is the intensity of the transmitted probe beam in the absence of the pump. In 

ultrafast transient absorption spectroscopy, operating within femtosecond timescales, a 

single laser source is used to generate both the pump and the probe pulses, achieving time 

resolution through adjusting the relative arrival times of these pulses at the sample. 

 

 

2.7 Scanning Electron Microscopy (SEM) and Energy-Dispersive 

X-ray spectroscopy (EDX) 
 

Scanning electron microscopy (SEM) uses an electron microscope that generates magnified 

images of a sample through scanning of its surface using a focused beam of high-energy 

electrons. Signals are produced that contain information about the surface topography and 

composition of the solid sample. The electrons are emitted from a filament at the top of a 

column, accelerated down, and passed through a combination of lenses and apertures to 

produce a focused beam which then strikes the surface of the sample. The electrons interact 

with atoms in the sample, generating several electron and X-ray signals.  

Once the beam hits the sample, several types of electron signals are produced, including 

backscattered electrons (BSE) and secondary electrons (SE). BSE are high-energy electrons 

that occur as a result of elastic collisions of the beam electrons with atoms in the sample. They 

emerge from deep within the sample and contribute to compositional details, producing lower 

resolution images. SE are low-energy electrons that occur due to inelastic collisions of the 

beam electrons and the atoms on the sample surface. SE are sensitive to surface structure and 

generate high resolution images of surface topography. 

(2.9) 
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Core-shell electrons are ejected from the sample upon excitation by the high-energy electron 

beam. A higher energy outer-shell electron transitions to the lower energy levels to fill the 

vacancy, releasing the difference in energy as an X-ray. These X-rays have characteristic 

spectra of the atom it originated from; the position of the peaks reveals the element, and the 

intensity of the peak provides information about the concentration of that element. This 

analysis of the X-rays is called Energy-Dispersive X-ray spectroscopy (EDX) and works in 

conjunction with SEM. 
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Chapter 3. 

Device Fabrication and Optimisation 

 
 

 

3.1 Introduction 

 

The widespread commercialisation of solar cells relies on achieving a high power conversion 

efficiency (PCE). However, other crucial factors contributing to their successful deployment 

for real world applications involve developing ultra-low-cost device architectures that are 

stable over 20 years. Conventional liquid state DSCs are constructed by sandwiching two 

conducting glass substrates together and inserting the liquid electrolyte in between. The 

conducting glass substrate accounts for most of the materials cost,1 therefore the advantage 

of monolithic solid-state DSCs is that the inherent cost of fabrication can be reduced by 

removing at least one glass substrate. The device is fabricated on a single substrate, creating 

what is known as a monolithic device. Moreover, monolithic solid-state DSCs are attractive as 

they require simpler manufacturing processes; they eliminate the need for hole drilling to 

allow the insertion of the electrolyte, as well as the sealing process. 

In this chapter the fabrication of monolithic n-type and p-type solid-state DSCs used in this 

work is discussed and various deposition techniques are compared, highlighting crucial 

aspects such as uniformity, reproducibility and scalability. Film uniformity helps minimise any 

charge transport losses by ensuring efficient charge collection and transport throughout the 

device, reproducibility of each film deposition ensures that device performance can be 

replicated across multiple batches for accurate benchmarking, and scalability is important to 

consider for commercial viability. Furthermore, the optimisation of specific layers within each 

device is showcased, and the impact on the resulting device’s performance is highlighted.   
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3.2 Solar cell design 

 

3.2.1 Device layout 
 

A solar cell consists of several key components and layers that play a crucial role in converting 

sunlight into energy. For monolithic solid-state DSCs (ssDSCs) the component architecture 

usually consists of a transparent conductive substrate, a compact blocking layer, a dye-

sensitised mesoporous semiconductor, a charge transporting material and a grid of metal 

contacts. The layout of each component is essential for establishing an electrical circuit, 

however it is also important to take into account the deposition techniques for each layer 

when designing the layout as this can impact uniformity across the substrate as well as device 

reproducibility. It is also worth considering how easy the design is to upscale. 

Figure 3.1 shows 3 cell designs with differing component layouts, all containing 8 rectangular 

pixels. Figure 3.1(a) shows the design of perovskite solar cells (PSCs) constructed at Newcastle 

University. PSC architecture is similar to that of monolithic ssDSCs as they both contain 1 

transparent conductive substrate and employ a solid charge transporting material, thus this 

layout was chosen as a starting point to form the initial ssDSC layout shown in Figure 3.1(b). 

 

                 

 

For PSCs, the photoactive perovskite layer is generally deposited via spin coating. This 

deposition technique results in the centre of the substrate having the highest uniformity, with 

non-uniformity arising at the corners of the substrate where solution builds up during the spin 

coating process. For this reason the metal contacts were positioned in the centre of the 

substrate. However, when implementing layout 3.1(b) for ssDSCs, the intricate design of the 

Figure 3.1: (a) Perovskite solar cell layout, (b) initial ssDSC layout, and (c) redesigned ssDSC layout, where 
the grey area represents the conducting glass substrate, the pink area represents the photoactive area 
and the yellow area represents the metal contacts. 

(a) (b) (c) 
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metal contacts proved difficult to align with other layers. This led to many devices short 

circuiting and reproducibility was challenging.  

For ssDSCs the photoactive dye-sensitised mesoporous semiconductor is typically deposited 

via screen printing, which is uniform across the whole deposited area. This eliminates the 

desire to position the metal contacts in the centre of the device. Therefore, a new layout 

shown in Figure 3.1(c) was chosen that consists of the photoactive area positioned in 2 stripes 

along the substrate and a much simpler metal contact arrangement that minimises alignment 

issues, making device fabrication more reproducible and upscalable.  

 

3.2.2 Electrode patterning 

 

To create the electrical circuit in a solar cell there must be a metal contact on the transparent 

conductive substrate (the front of the solar cell) and a metal contact on the HTM (the rear of 

the solar cell). The contacts on the conductive substrate and the HTM collect electrons and 

holes generated within the cell, respectively. Therefore, it is crucial that the HTM contact must 

not be touching the conductive substrate, as this will result in the device short circuiting. One 

approach to manage this is to etch the conductive glass in a specific pattern so there are areas 

of conductivity for the front electrode and areas of non-conductivity for the rear electrode. 

The solar cells in this work employ a transparent glass substrate coated with fluorine-doped 

tin oxide (FTO). Three different methods were tested to etch the FTO; acid etch using etch-

resistant tape, acid etch using a wax resist, and laser etching.  

In photovoltaics the most common etching method is to chemically etch away the FTO using 

zinc powder and 2 M solution of hydrochloric acid (HCl). The areas to remain unetched are 

covered with etch-resistant Scotch tape, which is placed on the substrate by hand. This 

conventional method has its disadvantages as occasionally HCl and zinc powder can infiltrate 

underneath the tape edges, as seen in Figure 3.2(a), resulting in non-uniformly etched areas. 

More importantly, it is time consuming and reproducibility depends upon the accuracy of the 

researcher. The wax resist method uses the same acid reaction as the conventional method, 

but instead of using etch-resistant tape that is manually placed down a more reproducible 

technique is used, where an acid-resistant wax is screen printed onto the substrate using a 

pre-designed mesh shown in Figure 3.2(b). Although this method would have saved time and 
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is well-matched for upscaling purposes, in practice this method did not yield the desired 

results as the wax adhered to the mesh. 

 

 

 

 

 

 

 

 

The final method tested to etch the electrode pattern was by laser etching using an Ulyxe laser 

source. High heat from the laser beam melts the conductive material in areas that are pre-

defined in the etching pattern sent to the laser system. Different laser parameters were tested 

such as laser power, frequency, and scan speed. Different filling parameters were also tested 

such as filling angle, filling interline, and filling direction. Parameters shown in Table 3.1 gave 

the optimal results for etching the FTO.  

 

 

Although screen printing a wax resist would have been compatible with roll-to-roll fabrication, 

the laser etcher provides a quick etching time of less than 3 min for a 6x6 cm glass substrate, 

is much less laborious than manually placing down Scotch tape, and is the most reproducible 

method discussed here since it is an automated technique. 

Laser Parameters  Filling Parameters  

Laser Power: 80% Interline: 0.04 mm 

Frequency: 15 kHz Angle: 90 degrees 

Scan Speed: 500 mm/s Direction: Bidirectional 

Dot Delay: 5 µs Outline: Filling first 

Shot Time: 1.5 µs Tolerance: 0.00 mm 

 Fill By: Object 

Table 3.1: Laser and filling parameters used to etch FTO on 3 mm thick glass substrates. 

Figure 3.2: Two methods used to chemically etch FTO-coated glass substrates using (a) Scotch tape 
deposited by hand and (b) wax resist deposited via screen printing mesh. Both methods involve an acid 
etch using HCl and zinc powder, shown in (a). 

(a) (b) 
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3.3 n-type ssDSC  

 

3.3.1 Spray coating the TiO2 blocking layer 

 

In n-ssDSCs the HTM and FTO form an ohmic contact, meaning electrons in the FTO and holes 

in the HTM will recombine at this interface, resulting in an inefficient solar cell. A way to 

overcome this issue is to deposit a thin, compact, pin-hole free layer of TiO2 between the FTO 

and mesoporous TiO2 to block direct contact between the FTO and HTM. The inclusion of this 

TiO2 blocking layer (bl-TiO2) is essential to avoid short circuiting and loss of current through 

recombination, yielding a higher current output and device efficiency. Spin coating or spray 

coating are common methods used to deposit the bl-TiO2. In this work, spray coating was 

chosen as the deposition method (Figure 3.3) as it generates thin films with higher uniformity 

than spin coating and can be automated to enhance reproducibility and scalability. 

Obtaining the correct thickness of the bl-TiO2 is crucial for device performance. If the film is 

not thick enough, holes from the HTM can pass through and reach the FTO. If the film is too 

thick, this can hinder electron transport from the mesoporous TiO2 to the FTO due to inclusion 

of traps and impurities, which has a negative effect on solar cell performance.2 For this reason, 

it is important to find the optimal thickness that is as thin as possible while still effectively 

blocking holes.  

 

 

 

 

 

 

 

 

 

 
Figure 3.3: Manual spray coating of the TiO2 
blocking layer via an airbrush and N2 carrier gas. 
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A series of samples with increasing blocking layer thickness was prepared by varying the 

number of spraying cycles in the preparation of each TiO2 blocking layer. In an initial 

experiment, the distance from the surface of the substrate to the spray nozzle was 18 cm, 1.5 

bar N2 carrier gas was used, and the spray speed was 5 cm s-1. The number of repetitive 

spraying cycles was varied between 5 and 20, where 5 spraying cycles form the thinnest film 

and 20 spraying cycles form the thickest. 

Cyclic voltammetry (CV) measurements were performed using a three-electrode system in    

0.1 M TBAPF6/MeCN with Fe(C5H5)2 to see the blocking effect (Figure 3.4). The working 

electrode was either bare or bl-TiO2 coated FTO, the counter electrode was Pt wire, and the 

reference electrode was Ag/AgNO3. The voltammogram obtained from bare FTO shows a 

quasi-reversible response, suggesting that the redox reaction on Fe(C5H5)2 ions is 

electrochemically reversible and consequently no blocking effect exists. Voltammograms 

obtained for all samples spray coated with bl-TiO2 show a decrease in the anodic and cathodic 

currents with respect to the bare FTO electrode, indicating that some blocking was successful 

for all samples, even with just 5 spraying cycles. This suggests that the spray coating 

parameters used to deposit the films needed to be altered to generate thinner bl-TiO2 films.  

 

 

 

 

 

 

Therefore, the spray coating parameters were adjusted so that 1 bar N2 carrier gas was used 

with a spray speed of 12 cm s-1, with the distance from substrate surface to nozzle kept at 18 

cm. The number of repetitive spraying cycles was varied between 1 and 15, and their resulting 

voltammograms measured using the same system described previously are shown in Figure 

3.5. 

Figure 3.4: Cyclic voltammograms of spray coated TiO2 films with varying number of spraying cycles, with 
bare FTO included as a reference. The analyses were recorded at a scan rate of 0.1 V s-1 in a 0.1 M 
TBAPF6/MeCN solution with Fe(C5H5)2. Spray coating parameters; carrier gas pressure of 1.5 bar, a spraying 
height of 18 cm, and spray speed of 5 cm s-1.  
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A quasi-reversible response is exhibited for FTO coated with 1-11 spraying cycles, showing 

that the blocking effect is negligible. However, at 15 spraying cycles this shape disappears and 

the current is almost completely supressed. This indicates a high density, pinhole-free blocking 

layer.3 To confirm this, SEM images were obtained of the FTO coated with 15 spraying cycles 

of bl-TiO2, shown in Figure 3.6(b). Bare FTO with irregular grain boundaries forms a rough 

surface, seen in Figure 3.6(a). When overlayed by the bl-TiO2 film, the sharpness of FTO grains 

reduces, becoming slightly blurred. This implies that the film deposited via 15 spraying cycles 

is extremely thin.4 Figure 3.6(b) confirms the bl-TiO2 is thin, and the blocking effect seen in the 

cyclic voltammogram verifies that it is compact. Therefore, 15 spraying cycles deposited using 

1 bar N2 carrier gas at a spray speed of 12 cm s-1 and a spraying height of 18 cm are the 

optimum conditions to deposit a suitable bl-TiO2 film.  

 

Figure 3.5: Cyclic voltammograms of spray coated TiO2 films with varying number of spraying cycles, 
with bare FTO included as a reference. The analyses were recorded at a scan rate of 0.1 V s-1 in a 0.1 M 
TBAPF6/MeCN solution with Fe(C5H5)2. Spray coating parameters; carrier gas pressure of 1 bar, a spraying 
height of 18 cm, and spray speed of 12 cm s-1. 

Figure 3.6: SEM topographies of (a) bare FTO, and (b) 15 spraying cycles of bl-TiO2 on FTO (x20,000). 

(a) (b) 



48 
 

3.3.2 Deposition of mesoporous TiO2 film 

 

The mesoporous TiO2 layer is the most common semiconductor that serves as an electron 

transport material in n-ssDSCs. Due to its nanocrystalline structure, a high grain-boundary-to-

volume ratio provides a large surface area for a monolayer of sensitiser molecules to adsorb 

onto, enhancing light absorption.5 The mesoporous TiO2 (mes-TiO2) layer is commonly 

deposited via techniques such as screen printing, doctor blading and spin coating. For this 

work a highly dispersed titania nanoparticle paste consisting of anatase titania particles of size 

15-20 nm was used to deposit a transparent mes-TiO2 film. Initially, the layout in Figure 3.1(b) 

was used and the mes-TiO2 layer was deposited in the centre of the device via doctor blading 

(Figure 3.7(a)). This involved manually placing Scotch tape on the substrate surface to leave 

the square active area exposed. Like the conventional etching method mentioned in Section 

3.2.2, taping was time consuming and difficult to reproduce. Therefore, a screen printing mesh 

that employed the layout in Figure 3.1(c) was designed that led to increased reproducibility 

(Figure 3.7(b)). This method of depositing the mes-TiO2 allows for scalability and is compatible 

with roll-to-roll device fabrication.  

 

 

 

 

 

 

 

A Dektak3ST profilometer was used to measure the thickness of the screen printed mes-TiO2 

film for a number of samples across the larger screen printed substrate to see whether the 

deposition was uniform. Table 3.2 shows the thicknesses that were measured. 

Sample 1 2 3 4 5 6 7 8 9 10 11 

Thickness (µm) 1.82 1.73 1.75 1.96 2.10 1.93 1.99 2.01 2.08 1.96 1.87 

Table 3.2: Thickness of screen printed mes-TiO2 film at different points across the substrate, measured with 
a Dektak3ST profilometer. 

(a) (b) 

Figure 3.7: Mes-TiO2 films deposited via (a) doctor blading, and (b) screen printing using the screen 
printing mesh design (165.31 polyester). 
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The results in Table 3.2 show that screen printing was relatively uniform, with thicknesses 

being measured between 1.7-2.1 µm. To enable sufficient pore-filling and low series 

resistance by the HTM, the optimum TiO2 thickness for solid-state DSCs is around 2 µm,6 

therefore these results show that screen printing using this mesh was successful in depositing 

a suitable mes-TiO2 layer for these devices. 

 

3.3.3 Spiro-OMeTAD HTM optimisation of pore filling 

 

In ssDSCs, a solid charge transport material is used to facilitate the movement of charges 

between the dye and the counter electrode through inter-molecular hopping processes.7 In 

the case of n-ssDSCs this charge is a photogenerated hole. A suitable HTM is one that fills the 

pores of the mesoscopic scaffold and leaves a solid capping layer on top of the mes-TiO2 once 

all solvent has evaporated. Figure 3.8 depicts this process occurring during spin coating, a 

common technique used to deposit the HTM. 

 

 

 

 

 

 

 

An important factor influencing ssDSC performance is the quality of the pore filling with the 

HTM as this influences the performance of dye regeneration. A well-filled pore structure 

increases the coverage of dye with the HTM, which yields a higher charge injection efficiency. 

As well as this, the average spatial separation between electrons in the TiO2 and holes in the 

HTM is increased, slowing down recombination. Finally, the percolation pathway of holes in 

the HTM is improved, which increases the ambipolar diffusion coefficient for charges in the 

device.8 Increasing the concentration of HTM will improve pore filling, however if the 

concentration is too high this will increase the capping layer thickness and result in a rise in 

Figure 3.8: Schematic representation of the spin-coating process for depositing a HTM. After 
evaporation of all solvent, a solid capping layer remains on top of the infiltrated network. 
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series resistance. The concentration of HTM at which the pores are optimally filled 

corresponds to the concentration at which the capping layer starts to form.  

Photoinduced absorption spectroscopy (PIA) can be used to investigate the quality of pore 

filling as it monitors the effectiveness of dye regeneration by recording the spectral shift in 

absorption upon excitation, which closely matches the absorption spectrum of the oxidised 

dye species. For this work, the concentration of the HTM Spiro-OMeTAD was varied between 

60 and 120 mg ml-1 and deposited on separate LEG4-sensitised TiO2 photoanodes. Figure 3.9 

shows the PIA spectra of LEG4/TiO2 (black line) with the oxidised dye molecules visible at the 

absorption range between 700 – 800 nm.9 Upon infiltration of the pores with Spiro-OMeTAD 

a decrease in absorption intensity is observed. This reveals that the HTM is regenerating the 

dye as the oxidised dye molecules are quenched. At lower concentrations of HTM (60 – 70 mg 

ml-1), the decrease in absorption intensity is lower than the that of higher concentrations of 

HTM (≥ 80 mg ml-1). This indicates that the pores are not optimally filled at lower 

concentrations.  

 

 

 

 

 

 

In order to see the effect that insufficient pore filling has on device performance, J-V cures 

were measured for devices with concentrations of Spiro-OMeTAD ranging from 60 to 120 mg 

ml-1. Figures 3.10 and 3.11 show that when the concentration of Spiro-OMeTAD is varied 

between 60 and 100 mg ml-1, an increase in JSC, VOC and FF is observed with increasing pore-

filling, leading to better device performance. However, at concentrations higher than 100 mg 

ml-1 Spiro-OMeTAD, a reduction in JSC and FF is seen, implying that at 100 mg ml-1 the pores 

are optimally filled and any further increase in concentration of Spiro-OMeTAD will result in a 

thicker capping layer, leading to resistive losses and a negative impact on device performance. 

Figure 3.9: Photoinduced absorption spectra of LEG4-sensitised TiO2 films with varying concentration 
of Spiro-OMeTAD filling the pores. LiTFSI (25 mM) and tBP (76 mM) additives were included. 
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Figure 3.10: J-V curves of champion FTO/TiO2/LEG4/spiro-OMeTAD/Ag n-ssDSCs fabricated with varying 
concentrations of spiro-OMeTAD, measured under AM1.5 simulated sun light of 100 mW cm-2 irradiance 
at 0.2 V s-1. The curves have been separated into 2 graphs, (a) concentrations before optimum pore filling, 
and (b) concentrations after optimum pore filling. 

 

(a) (b) 

Figure 3.11: Box plots showing J-V characteristics of FTO/TiO2/LEG4/spiro-OMeTAD/Ag n-ssDSCs 
fabricated with varying concentrations of spiro-OMeTAD, measured under AM1.5 simulated sun light of 
100 mW cm-2 irradiance at 0.2 V s-1. 
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3.4 p-type ssDSC 
 

3.4.1 Deposition of mesoporous NiO film 

 

For all previously reported p-ssDSC, the nanoporous metal oxide used was NiO, the most 

widely researched p-type semiconductor. Deposition techniques include spin coating10,11 and 

screen printing12 of homemade NiO pastes, and doctor blading of NiCl2 gel.13 In this section 

screen printing of a commercial NiO paste is assessed in addition to spin coating and slot-die 

coating NiCl2 sol gel, and techniques are compared using UV-Vis spectroscopy. 

NiO nanoparticle paste is commercially available through Solaronix, where NiO films can be 

deposited by screen printing and firing at 300°C to form a mesoporous layer of NiO with a 

semi-transparent grey appearance. Figure 3.12 shows the UV-Vis spectra of screen printed 

NiO films before and after being submerged in a P1 dye bath overnight.  

 

 

 

 

 

 

 

After sintering at 300°C, the NiO film exhibited a matte appearance. This indicates scattering 

due to a large NiO particle size, which explains the relatively low dye adsorption. Therefore, 

an in-house NiCl2 sol-gel was tested to assess whether increased dye loading could be 

achieved. Suzuki et al. described a method of synthesising nanoporous NiO films using a series 

of polyethyleneoxide-polypropyleneoxide-polyethyleneoxide (PEO-PPO-PEO) triblock co-

polymers as a template for preparing a nanoporous NiO membrane.14 They found that particle 

and pore sizes of the membrane could be adjusted by altering the PEO/PPO ratio. For triblock 

co-polymer templates with a high PEO/PPO ratio the NiO membrane was formed by the 

Figure 3.12: (a) UV-Vis spectra of screen printed NiO paste shown in (b), before and after P1 dye loading 

 

(a) 

(b) 
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uniform distribution of NiO nanoparticles with small interparticle voids, which gives a larger 

surface area for dye adsorption, whereas low PEO/PPO ratio templates resulted in larger 

interparticle voids and less surface area. High PEO/PPO ratio led to two-fold higher dye-

sensitisation IPCE and three-fold higher photocurrent in comparison with low PEO/PPO ratio 

polymers. In attempt to increase the dye adsorption, a NiCl2 sol-gel was prepared using the 

polymer templating method described by Suzuki et al.  

A preliminary experiment was run to see if the NiCl2 sol-gel could be successfully deposited 

via spin coating. Both dynamic and static spin coating was tested at 700 rpm, as well as 

dynamic spin coating at 600 rpm, and the resulting films are seen in Figure 3.13(b). The spectra 

show that the absorbance of P1 dye at λmax (468 nm) was (0.532-0.314=) 0.218 a.u. for dynamic 

spin coating at 600 rpm, (0.394-0.268=) 0.126 a.u. for dynamic spin coating at 700 rpm, and 

(0.438-0.26=) 0.178 a.u. for static spin coating at 700 rpm. This indicates that static spin 

coating facilitates increased dye adsorption, similarly observed when lowering the spin speed. 

Nonetheless, Figure 3.13(b) reveals that spin coating NiCl2 sol-gel results in a non-uniform film, 

suggesting that this deposition technique might not be optimal method to fabricate 

mesoporous NiO films for p-ssDSCs 

 

 

 

 

 

 

 

 

 

 
 

The next deposition technique assessed was slot-die coating of NiCl2 sol-gel. Slot-die coating 

offers precise deposition of thin films onto substrates through an automated coating 

procedure, where the coating speed and dispense rate can be adjusted to control film 

thickness. A range of coating speeds (1 – 6 mm s-1) and dispense rates (0.145 – 1 µl s-1) were 

tested. For slower coating speeds and dispense rates, the total volume of sol-gel deposited 

Figure 3.13: (a) UV-Vis spectra of spin coated NiCl2 sol-gel film with the highest dye loading, with and without 
sensitisation with P1 dye. (b) Spin coated NiCl2 sol-gel films fabricated at different spin coating parameters, 
before and after dye loading 

600 RPM 
DYNAMIC 

700 RPM 
DYNAMIC 

700 RPM 
STATIC 

(a) 
(b) 

600 RPM 
DYNAMIC 
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was too large that, once sintered, the thick NiO would no longer be adhered to the substrate 

and flake off. Therefore, the parameters that resulted in the largest absorbance while staying 

adhered to the substrate was a coating speed of 2.5 mm s-1 and a dispense rate of                     

0.435 µl s-1 (Figure 3.14(a)). 

 

 

 

 

 

 

 

 

 

Using the same coating speed of 2.5 mm s-1 and a dispense rate of 0.435 µl s-1, another layer 

of NiO was deposited onto the sintered NiO film and the UV-Vis spectra were measured to see 

how the thickness of NiO film increases dye adsorption (Figure 3.15(a)). The spectra show that 

the absorbance at λmax for 1 layer of slot-die coated NiO was 0.321 a.u. and for 2 layers of slot-

die coated NiO was 0.772 a.u., indicating that slot-die coating 2 layers of NiCl2 sol gel fabricates 

a mesoporous NiO film that exhibits the largest amount of dye adsorption for increased light 

absorption.  

 

 

 

 

 

 

 

 

Figure 3.14: (a) UV-Vis spectra of slot-die coated NiCl2 sol-gel film with the highest dye loading, 
with and without sensitisation with P1 dye. (b) Slot-die coated NiCl2 sol-gel films fabricated at 
different coating speeds and dispense rates. 

Coating speed = 2.5 mm s-1 

Dispense rate = 0.435 µl s-1 

(a) 
(b) 

Figure 3.15: (a) UV-Vis spectra of slot-die coated NiCl2 sol-gel film with the highest dye loading, 
with and without sensitisation with P1 dye. (b) Slot-die coated NiCl2 sol-gel films fabricated at 
different coating speeds and dispense rates. 

(a) 

(b) 

Coating speed = 2.5 mm s-1 

Dispense rate = 0.435 µl s-1 
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Chapter 4. 

Automated Spray Pyrolysis Machine Build 

 
 

 

4.1 Introduction 

 

Spray pyrolysis is a thin-film deposition technique that is commonly used in solar cell 

fabrication to deposit a thin, compact blocking layer. The technique involves the atomisation 

of a precursor solution into thin droplets that are directed onto a heated substrate (Figure 

4.1). The droplets decompose under high temperature and what is left on the substrate is a 

thin coating of the desired solid material.  

 

 

 

 

 

 

 

The way in which the droplets decompose is dependent upon the temperature of the 

substrate (Figure 4.2). For low temperature depositions, the droplet lands on the substrate 

and decomposes on the surface. At higher temperature depositions, the solvent within the 

droplet evaporates during the flight to form a precipitate. The precipitate lands on the 

substrate, where it decomposes on the surface. At even higher temperatures, after solvent 

Figure 4.1: Schematic diagram of deposition of a precursor solution via spray pyrolysis. 



58 
 

evaporation the precipitate melts and vaporises mid-flight. The vapour diffuses to the 

substrate and undergoes chemical vapour deposition onto the surface. At the highest 

temperatures, before reaching the substrate droplet vaporises to form solid particles.1 This 

illustrates that the temperature of the substrate has a great effect on the composition and 

crystallinity of the film. Consequently, spray pyrolysis is a highly temperature dependent 

deposition technique. 

 

 

 

 

 

Other key parameters in spray pyrolysis include concentration of precursor solution, spraying 

rate, carrier gas used and distance from nozzle to substrate. For example, if the distance 

between the nozzle and the substrate is larger the droplet has more time to undergo the 

chemical reactions mentioned earlier, thus affecting the characteristics of the thin film. A way 

in which we can sustain the optimal key parameters and minimise batch-to-batch variation in 

film characteristics is to automate the spray pyrolysis technique. Automated spray pyrolysis 

uses advanced instrumentation to control the deposition, thereby reducing variation between 

batches, as well as between users. A computer-controlled system creates reproducible, 

uniform films and can also be scaled up to accommodate large-scale production.  

There are a number of different atomisers that can be used in spray pyrolysis and the choice 

of atomiser determines the droplet size and distribution. One example is an ultrasonic 

frequency atomiser where high-frequency ultrasonic vibrations cause the liquid surface to 

oscillate to a certain amplitude, which leads to the ejection of tiny droplets. An advantage of 

ultrasonic spray pyrolysis is that droplet size can be precisely controlled via the ultrasonic 

amplitude, forming very fine and uniform droplets that result in a highly uniform and 

homogeneous thin film.  

Figure 4.2: Deposition processes that occur at different substrate temperatures, where 
temperature increases from left to right. 
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In this work, an automated spray pyrolysis machine that utilises an ultrasonic frequency 

atomiser was built to perform the thin film deposition of blocking layers in solid-state dye-

sensitised solar cells.  

 

 

 

 

 

 
 
 

 

 

 

 

 

4.2 Construction and Automation 
 
 
 

4.2.1. Machine design 

 

The OpenBuilds® C-Beam Machine was chosen to house the spray nozzle and hotplate as it 

consists of three linear actuators that allow movement along 3 axes; x and y to move the spray 

nozzle across the hotplate, and z to change the height of the spray nozzle. The machine, as 

originally purchased, was too short in the z-direction to accommodate the hotplate 

underneath the spray nozzle with sufficient height for deposition. To address this issue, the 

four vertical v-slot linear rails of length 250 mm were replaced with longer rails of length 550 

mm to raise the height of the spray nozzle. Additionally, the gantry plate in the y-direction was 

not large enough to accommodate the entire footprint of the hotplate. Therefore, a custom-

made gantry plate with a larger area was attached to the existing one. 

Figure 4.3: Set up of Automated Spray Pyrolysis Machine. 



60 
 

Three NEMA23 stepper motors are used to move the gantry plates that transport the spray 

nozzle and hotplate. 4-lead bipolar stepper motors are used over unipolar stepper motors to 

allow greater torque output to be achieved. An OpenBuilds® BlackBox controller connects the 

motors with the computer and allows XYZ motion to be controlled using the OpenBuilds® 

CONTROL software. The machine is powered by a 24V power supply.  

A spray head holder was designed, 3D printed and attached to the z axis gantry plate (Figure 

4.4). The holder was designed with a cylindrical shape to snugly fit the spray head and featured 

a gap in the centre of the bottom to accommodate the spray nozzle. The top of the holder was 

designed as a rectangle to fit over the existing holder that came with the machine, and 

included two side panels with slots for screws, allowing it to be secured into the pre-existing 

holes in the original holder. A later design feature was added to the spray head holder; two 

small holes in the side of the cylinder to allow ventilation from the ventilation holes of the 

spray head. These holes must remain uncovered to prevent the device from overheating. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) (c) 

Figure 4.4: (a) Autodesk Fusion 360 design of the spray head holder. Once 3D printed the holder 
attaches onto the linear actuator, as shown in (b), and secure the spray head in place, shown in (c). 
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4.2.2. Syringe pump design 

 

A syringe pump was built from a linear actuator to ensure constant flow rate of the precursor 

solution to the ultrasonic atomiser. A syringe holder (Figure 4.5) was designed, 3D printed and 

connected to the gantry plate with a NEMA23 stepper motor used to slowly move the syringe 

plunger into the syringe barrel to create a constant flow. To accommodate various volumes of 

solution, a variety of syringe holders were designed in different sizes to accommodate 5 ml, 

10 ml, 20 ml and 60 ml syringes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A uStepper S controller with an embedded Arduino platform was used to communicate with 

the NEMA23 stepper motor. In order to control the embedded platform a LabVIEW 

programme was written that incorporated LINX virtual instruments, providing a user interface 

to manage syringe pump parameters such as the acceleration, speed and direction. 

(b) (a) 

(c) 

Figure 4.5: Autodesk Fusion 360 designs of the (a) syringe plunger holder and (b) syringe 
flange holder. Once 3D printed, they attach onto the linear actuator, as shown in (c). 
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4.2.3. Controlling spray distribution 

 

Geometric code (G-code) was written and opened in the OpenBuilds® CONTROL software to 

instruct the machine motors where to move, at what speed to move, and which path to follow. 

The machine was instructed to move in straight lines along the x and y axes from given 

coordinates, as shown in Figure 4.6. 

 

 

 

 

 

 

 

 

 

The x and y coordinates were chosen such that spraying begins to the left of the hotplate and 

stops to the right of the hotplate, ensuring consistent coverage across the entire surface.  

 

4.2.4. Controlling spray rate and droplet size 

 

A UP200St ultrasonic system consisting of an ultrasonic transducer and generator converts 

electrical power into mechanical oscillations and transfers these to the S26d18S nebulizer 

sonotrode. When electrically powered, the ultrasonic processor generates longitudinal 

mechanical oscillations (reversed piezoelectric action) with a 26 KHz frequency. Adjustment 

of the processor’s power output allows selection of the mechanical amplitude between 20% 

and 100%. The duty cycle between pause and ultrasonic action can be set from 10% to 100%, 

which allows pulse operation (10% is 0.1 second of ultrasonic action followed by 0.9 second 

pause, 100% is continuous operation). 

b) 

a) 

Figure 4.6: (a) G-code written for one spraying cycle, where G1 instructs the machine to move in a 
straight line, F3000 sets the speed to 3000 mm/min, and X## Y## specifies the end position. (b) The 
resulting pathway of the spray head (for movement in the X direction) and the hotplate (for 
movement in the Y direction), where the spraying height is kept constant (in the Z direction). 
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A LAN-interface was set up to enable the monitoring and configuration of all important 

ultrasonic processor settings via a computer. LabVIEW virtual instruments were written that 

called on the network IP address specific to the ultrasonic system, which allowed the device 

to be switched on and off, and for the amplitude and pulse to all be set through a user 

interface. These virtual instruments were written in a while loop along with the LINX virtual 

instruments so that the ultrasonic spray and the syringe pump worked in unison. The LabVIEW 

user interface created to control the spray rate and droplet size is shown in Figure 4.7. 
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Figure 4.7: LabVIEW programme user interface to control the spray head parameters, syringe pump 
parameter, and spray cycle parameters. 
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Chapter 5. 

Improving the performance of the n-type ssDSC 
 

 

5.1 Introduction 
 

Interfacial charge transfer plays a pivotal role in solid-state dye-sensitised solar cells (ssDSCs) 

due to its direct influence on the overall device performance. There are several approaches 

that can be taken to enhance the processes that occur at each interface within the device in 

order to improve the charge transfer between various materials within the solar cell structure. 

Some of the key factors that affect interfacial charge transfer includes light absorption and 

excitation, injection of electrons into the semiconductor material, transport through the 

semiconductor and interfacial recombination.  

In this chapter, two different approaches to enhancing interfacial charge transfer in n-type 

ssDSCs will be discussed. The first approach focuses on promoting efficient charge transfer by 

utilising a fabrication method known as co-sensitisation, which aims to expand the light 

absorption of the solar cell to increase the density of charge carriers in the device. Absorption 

spectra of the co-sensitised system are compared with the spectra of single dye systems, and 

their J-V characteristics are analysed to determine the impact on device performance. The 

second approach investigates the use of an alternative hole transporting material (HTM) with 

enhanced conductivity and mobility, as well as improved molecular packing compared with 

the commonly employed Spiro-OMeTAD HTM. The objective is to improve the flow of holes 

through the material so that the likelihood of recombination is reduced, thus leading to the 

more efficient extraction of photogenerated charges.  
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5.2 Co-sensitisation of LEG4 with L0 and L1 

 

5.2.1 Background 
 

To improve the efficiency of DSCs, researchers have not only investigated novel materials but 

have also explored innovative methodologies and approaches to utilise existing materials. A 

main drawback of organic sensitisers is their sharp and narrow absorption bands.1 One idea 

that has been proven as a promising approach to combat the partial absorption coverage of 

the solar spectrum is co-sensitisation of the photoelectrode, a fabrication method that uses 

two or more different dyes with complementary optical absorption characteristics to produce 

the DSC working electrode.2 When two or more different dyes absorb photons in different 

regions of the solar spectrum the optical absorption of the device is broadened (Figure 5.1), 

which can lead to more effective power conversion. This was successfully employed in a liquid 

DSC with the collaborative sensitisation of ADEKA-1 and LEG4, resulting an improvement of 

the PCE by a factor of 1.3, achieving a 14% PCE.3 

 

 

 

 

 

 

 

 

 

As well as extending the absorption spectrum, co-sensitisation can also result in a denser 

monolayer of dyes4 (Figure 5.2). This can effectively prevent charge recombination and lead 

to an increase in VOC of the device.5 This was observed in ssDSC, where the addition of GBA or 

ABA as co-adsorbents was shown to inhibit charge transfer from electrons in the TiO2 

conduction band to holes in Spiro-OMeTAD.6 

Figure 5.1: Extension of the absorption spectra through co-sensitisation. 
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There are two principal techniques for dye co-sensitisation; the cocktail approach and the 

sequential approach. For the cocktail approach, co-sensitisation occurs in one step through 

immersing the mesoporous metal semiconductor in a ‘cocktail’ of two or more dyes, whereas 

for the sequential approach the mesoporous metal semiconductor surface is sensitised using 

one dye at a time. The cocktail approach offers the advantage of simplified fabrication, 

however when sensitisation occurs at the same time unwanted dye competition can occur, 

meaning one dye may adsorb more favourably onto the semiconductor surface and occupy 

most of the available anchoring sites. On the other hand, the sequential approach has a more 

complex fabrication process but offers a high level of control over dye loading, as the order of 

sensitisation and sensitisation time can be adjusted to modify dye loading for each dye. In this 

work, the cocktail approach was utilised to co-sensitise mesoporous TiO2 using LEG4 with 

either L0 and L1 dyes. The structures of the dyes are shown in Figure 5.3. 

 

Figure 5.2: Illustration of reduced charge recombination of a co-sensitised TiO2 surface. 

Figure 5.3: Structures of LEG4, L0 and L1 dyes. 
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As ssDSCs are limited to thin mesoporous metal semiconductor layers due to difficulty 

surrounding pore filling, donor-(π-linker)-acceptor (D-π-A) dyes with high molar extinction 

coefficients have been designed to achieve sufficient light harvesting using only a small 

amount of dye. LEG4 is a carboxy-anchor D-π-A dye that was designed for high photocurrents 

by extension of the linker fragment. However, long π-conjugation renders elongated and 

rodlike molecules that tend to form aggregates at the interface of the semiconductor 

substrate, which results in a lower efficiency.7 Therefore, it is expected that co-sensitisation 

of LEG4 with a smaller molecule will not only improve absorption but also fill in any vacant 

anchoring sites to create a denser monolayer of dye molecules on the surface of the TiO2 to 

prevent charge recombination between the TiO2 and the HTM.  

L0 and L1 are small dye molecules that have been reported to have an absorption band in the 

shorter wavelength region than LEG4. Both dyes form part of a set of dyes with increasing π-

conjugation. By increasing the π-conjugation the HOMO and LUMO energy level gap is 

decreased.8 By visualising the HOMO and LUMO energy levels in the energy level diagram 

(Figure 5.4) and comparing to the conduction band of TiO2, it is clear that a decrease in the 

HOMO and LUMO energy level gap will lead to a gain in photovoltaic current.3,8 This is because 

it becomes easier for electrons to move between these states, promoting a more efficient 

separation of charge. 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Energy level diagram of the components in the n-ssDSC, 
comparing organic dyes LEG4, L0 and L1. Energy levels for TiO2, 
LEG4, L1, L0 and Spiro-OMeTAD were taken directly from literature. 



69 
 

5.2.2 Results and Discussion 
 

Normalised absorption spectra of mesoporous TiO2 films with each of the three dyes used in 

this work was measured, using bare mesoporous TiO2 film as reference (Figure 5.5). The 

absorption maxima for L0, L1 and LEG4 dyes adsorbed onto TiO2 films is 406 nm, 427 nm and 

475 nm respectively. This is in agreement with literature that reports a redshift in emission 

spectra upon increasing π-conjugation.8  

 

 

 

 

 

 

 

 

The absorption spectra indicates how co-sensitisation with LEG4 and either L0 or L1 can 

broaden the absorption spectrum of the solar cell. The absorption maximum for L0 is at a 

lower wavelength than the absorption maximum for L1. Consequently, for L0 there is a 

reduced overlap with the absorption spectrum of LEG4. This implies that, when co-sensitised 

with LEG4, L0 will exhibit a greater enhancement in absorption compared to L1. However, as 

the cocktail approach to co-sensitisation is used here, how favourable each dye adsorbs onto 

the mesoporous TiO2 can affect the absorption of the final device. To account for this, a range 

of relative concentrations for each co-adsorbent was employed in a series of devices and their 

absorption spectra and current density-voltage characteristics were compared. Two sets of 

solar cells were fabricated, the first set containing LEG4:L0 co-sensitised ssDSCs and the 

second set containing LEG4:L1 co-sensitised ssDSCs. For each set the relative concentration of 

LEG4:co-adsorbent used was 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75, 0:1. Figure 5.6 shows the red 

colour of the LEG4 dye (left) and the yellow colour of the L1 dye (right), and their appearance 

at each co-sensitised relative concentration on mesoporous TiO2 films. 

Figure 5.5: Normalised absorption spectra of TiO2 films with L0, L1 and LEG4 organic 
dyes employed as sensitisers. 
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As anticipated, the absorption spectra for co-sensitised devices is broader than that of LEG4, 

L0 and L1 only, with LEG4:L0 co-sensitised devices extending further than LEG4:L1 devices 

(Figure 5.7). For both sets of co-sensitised devices the maximum absorbance is reduced upon 

addition of the co-adsorbent, as well as the absorbance onset shifting to lower wavelengths. 

This indicates that, rather than only binding to sites unoccupied by LEG4 on the TiO2 surface, 

the co-adsorbent attached to sites that LEG4 would have bound to, signifying unwanted dye 

competition. 

Figure 5.6: Dye baths with (a) varying volumes of LEG4 dye and (b) varying volumes of L1 dye added to LEG4 
dye to create co-sensitisers and (c) TiO2 co-sensitised films of the following concentrations: (1) LEG41 (2) 
LEG40.75:L10.25 (3) LEG40.5:L10.5 (4) LEG40.25:L10.75 (5) L11.  

Figure 5.7: Absorption spectra of (a) LEG4, L0 and LEG4:L0 sensitised TiO2 films and (b) LEG4, L1 and LEG4:L1 
sensitised TiO2 films. 

(a) 

(b) 

(c) 

(a) (b) 
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To investigate the effects of co-sensitisation on device performance, J-V characteristics were 

measured using an AM1.5G and 100 mW cm-2 solar simulator, as shown in Figures 5.8 – 5.10. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: J-V curves of champion FTO/TiO2/dye/Spiro-OMeTAD/Ag n-ssDSCs, where LEG4 is co-sensitised 
with (a) L0 dye and (b) L1 dye at various relative concentrations, measured under AM1.5 simulated sun light 
of 100 mW cm-2 irradiance at 0.2 V s-1. 

(a) (b) 
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Figure 5.9: Box plots showing the JSC, VOC, FF and PCE of LEG4:L0 co-sensitised TiO2 based ssDSCs employing 
Spiro-OMeTAD as the HTM (with 76 mM tBP and 25 mM LiTFSI), measured under AM1.5 simulated sun light 
of 100 mW cm-2 at a scan rate of 0.2 V s-1. 
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The J-V curves of the champion devices in the two sets of solar cells containing co-sensitised 

TiO2 are reported (Figure 5.8). The JSC, VOC, FF and PCE of all devices in each set are shown in 

Figures 5.9 (LEG4:L0) and 5.10 (LEG4:L1). The JSC is dependent upon the number of photons 

absorbed by the dye molecules. As mentioned previously, co-sensitisation of LEG4 with L0 or 

L1 was shown to broaden the absorption spectra and absorb a wider range of photons across 

the solar spectrum, thus increase the JSC. This is seen in the J-V characteristics as the mean JSC 

is increased for all but one of the co-sensitised device sets.  

For both sets of devices, co-sensitisation results in a lower VOC, and as the concentration of 

the co-adsorbent (L0 or L1) is increased, the VOC decreases further. The VOC is determined by 

the difference in potential energy between the Fermi level of the HTM (close to the valence 

band) and the Fermi level of the TiO2 (close to the conduction band). The more carriers present 

in the TiO2 conduction band, the higher the Fermi level and therefore the higher the VOC. Since 

co-sensitisation of L0 and L1 with LEG4 has resulted in an increase in JSC but a decrease in VOC 

these devices must be exhibiting an increase in recombination compared with LEG4 alone. 
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Figure 5.10: Box plots showing the JSC, VOC, FF and PCE of LEG4:L1 co-sensitised TiO2 based ssDSCs employing 
Spiro-OMeTAD as the HTM (with 76 mM tBP and 25 mM LiTFSI), measured under AM1.5 simulated sun light 
of 100 mW cm-2 at a scan rate of 0.2 V s-1. 
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This is confirmed by the work of Wiberg et al. where the recombination kinetics of L0 and L1 

dyes were studied and the results showed ultrafast injection and a following rapid 

recombination. Recombination rates were also found to increase when adding tBP, which was 

attributed to an increase in tendency to inject electrons into reactive surface states.9 This is 

also reflected in the decrease in FF for L0 and L1 devices, and a reduction in the PCE of co-

sensitised devices, as the mean PCE is reduced upon co-sensitisation for all but one ratio of 

LEG4:co-adsorbent, 0.75:0.25. 

For LEG40.75:L00.25 devices, the mean PCE is greater than the individual LEG4 and L0 devices, 

showing successful co-sensitisation. The same can be said for LEG40.75:L10.25 devices. The two 

sets of devices were fabricated in separate batches to allow for a range of co-adsorbent 

concentrations to be tested. Although the highest PCE was achieved from the LEG4:L1 co-

sensitisation, the champion PCE only exhibited a 2% enhancement with respect to the PCE of 

LEG4 alone, whereas for the LEG4:L0 co-sensitisation the champion PCE exhibited a 7% 

enhancement. Therefore, L0 proved to be a more suitable co-adsorbent for LEG4 compared 

to L1.  

The decrease in PCE for devices with 0.5:0.5 and 0.25:0.75 ratios of LEG4:co-adsorbent 

indicates unfavourable molecular packing, suggesting that instead of the smaller molecule (co-

adsorbent) occupying vacant anchoring sites around LEG4 sensitisation on the TiO2 surface, at 

ratios of 0.5 co-adsorbent and above the number of LEG4 molecules adsorbed onto the TiO2 

is reduced, which leads to a negative impact on the device performance. If the sequential 

approach had been taken, where LEG4 was sensitised first, then a more favourable molecular 

packing may have been achieved for higher concentrations of coadsorbent. 

 

5.2.3 Conclusion 
 

The co-sensitisation of large organic dye LEG4 with smaller organic dyes L0 or L1 has shown 

to extend the absorption spectra to lower wavelengths. As the absorption maximum of L0 is 

further away than that of LEG4 compared with L1, the absorption spectra exhibited less 

overlap, therefore enhanced broadening. When tested in devices, most co-sensitised devices 

demonstrate an enhancement in JSC due to improved light absorption, however this comes 

with a trade-off: a decrease in VOC as a result of recombination losses.  
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An increase in PCE was only achieved for a 0.75:0.25 ratio of LEG4 to co-adsorbent. This was 

a result of utilising the cocktail approach, where co-sensitisation occurs in one step through 

immersion of the films in a ‘cocktail’ of dyes. This led to unwanted dye competition at larger 

concentrations of co-adsorbent, where the co-adsorbent occupied more than the optimal 

number of anchoring sites on the TiO2 surface. Since LEG4 has a favourable injection efficiency 

this dye should occupy the most available anchoring sites and the co-adsorbent with less 

favourable characteristics should ‘fill the gaps’ to create a denser monolayer of dye for 

reduced recombination, without having a negative impact on device performance. Therefore, 

future work should include testing the sequential approach and varying the dipping times in 

each dye bath to ensure optimal molecular packing. As well as this, the concentration of tBP 

could also be reduced, as when used in conjunction with L0 and L1 this is thought to cause 

injection into reactive surface states, leading to an increase in charge recombination.9 

Overall, L0 outcompeted L1 as a co-adsorbent to LEG4, generating a 7% increase in PCE for 

the champion device compared with LEG4 alone, whereas the use of L1 as a co-adsorbent only 

generated a 2% increase in PCE for the champion device. However, optimising the 

combination of dyes and their interactions with the semiconductor is critical to mitigate the 

adverse effects on VOC and overall device efficiency.  
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5.3 Investigating amide-based hole transport material TPABT 

 

5.3.1 Background 
 

The most well known HTM for monolithic solid-state DSCs is the organic material 2,2′,7,7′-

tetrakis-(N,N-di-4-methoxyphenylamino)-9,9′-spirobifluorene (Spiro-OMeTAD) (Figure 5.9). 

However, with spiro-biflourene being an expensive starting material the cost of manufacturing 

Spiro-OMeTAD is estimated to be ~$90 per gram.10 This significant contribution to the total 

device cost, coupled with the complex synthesis, hinders the commercialisation of devices 

that contain the material. The alternatives that have been published, although compete in 

performance with Spiro-OMeTAD, are also synthesised in multi-step procedures with 

extensive product purification.11 To tackle this issue a new generation of hole transporting 

materials has surfaced in perovskite solar cells (PSCs) that reach power conversion efficiencies 

comparable to Spiro-OMeTAD based devices, but are synthesised in a simple, low-cost 

condensation reaction.12 This new generation of HTMs introduce a functional amide-based 

backbone that demonstrate properties such as fast hole injection rate, reduced interfacial 

recombination, and improved device stability, that can compete with conjugated state-of-the-

art HTMs that are currently used in PSCs.  

Aromatic amides are being utilized as hole transporting materials due to their ease of 

manufacture via condensation chemistry. The reactions can be done under ambient 

conditions, and purification is simple as water is the only side product. As well as this, no 

expensive metal catalysts are needed, keeping synthesis costs to less than $10 per gram.10  It 

is generally believed that amide-bonds that are non-conjugated make poor linkers for the 

preparation of semiconducting materials, since non-conjugation is said to hinder charge 

transport.13 However, bulk materials exhibit enhanced intermolecular interactions due to 

close molecular packing and good intermolecular orbital overlap. This leads to more 

satisfactory charge transport properties, which can overcome the loss in charge transport due 

to non-conjugation.  

N3,N4-bis(4-(bis(4-methoxyphenyl)amino)phenyl)thiophene-3,4-dicarboxamide (TPABT) is an 

example of an amide-based small molecule that exhibits improved molecular packing14 (Figure 

5.11). The shorter hole-hopping distance between molecules results in an electrical 

conductivity of ~10-5 S cm-1, whereas Spiro-OMeTAD exhibits a poor conductivity of                  
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~10-8 S cm-1.15 As well as this, TPABT has a higher bandgap therefore more transparent in the 

visible range of the solar spectrum than Spiro-OMeTAD, which leads to lower parasitic 

absorption losses.14 This suggests that TPABT might possess the capability to exceed Spiro-

OMeTAD in terms of both performance and cost-effectiveness. 

 

 

 

 

 

 

 

 

 

Several strategies have been used to improve the hole mobility and charge transport 

properties of HTMs to achieve high performing solar cells. A well-established method that is 

most widely employed is the inclusion of additives to the HTM. The most common additives 

used to dope Spiro-OMeTAD are lithium bistrifluoromethanesulfonimidate (LiTFSI) and 4-

tertbutylpyridine (tBP) (Figure 5.12). LiTFSI is seen to increase conductivity of Spiro-OMeTAD 

up to ~10-5 S cm-1.16 This is because Li+ is an effective p-dopant in the presence of oxygen, 

facilitating the oxidation of Spiro-OMeTAD. This results in positive charge transfer to the Spiro-

Figure 5.11: Structures of TPABT and Spiro-OMeTAD HTMs. 
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OMeTAD molecules, increasing the hole density in the film. Therefore, holes fill the deepest 

trap states and enhancement in hole mobility is observed.17 As well as this, the Fermi level (EF) 

shifts towards the HOMO level,18 promoting efficient hole transport. 

 

Upon the addition of LiTFSI to Spiro-OMeTAD there appears to be a concentration gradient of 

Li+ ions throughout the HTM.18 This can mean the interface between the Spiro-OMeTAD/LiTFSI 

and the counter electrode can be dominated by LiTFSI rather than Spiro-OMeTAD for high 

concentrations of LiTFSI. To control this gradient other additives can be used in conjunction 

with LiTFSI, such as tBP. tBP is said to improve the homogeneity of LiTFSI throughout the film, 

as well as improve the hole collection efficiency at the absorber/HTM interface and improve 

the steady state performance.19 As such additives have a dramatic effect on device 

performance, it is important to ensure the optimal concentration is used.  

The aim of this research is to explore the application of the aromatic amide TPABT as a HTM 

in ssDSCs. TPABT is low cost and the synthesis procedure is simple in comparison to the state-

of-the-art HTM Spiro-OMeTAD, both of which are characteristics that can facilitate 

commercialisation of ssDSCs. This study will focus on how changing the concentration of the 

additives tBP and LiTFSI to TPABT affects the device performance and dye regeneration, which 

will be determined via J-V characterisation, UV-Vis, PIA and TAS measurements. In addition to 

this, a self-attenuation of hysteric behaviour present in the devices will be discussed. 

 

5.3.2 Results and Discussion 
 

To improve the conductivity of TPABT for enhanced PCE a series of devices were fabricated 

where the concentration of tBP and LiTFSI in TPABT were varied. The initial experiment 

undertaken varied the concentration of the additives with respect to TPABT but kept the ratio 

Figure 5.12: Structures of LiTFSI and tBP HTM additives. 
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of the additives tBP:LiTFSI constant. Two ratios of tBP:LiTFSI were investigated; the first was 

the ratio of tBP:LiTFSI used in Spiro-OMeTAD based ssDSCs in Section 3.3.3 (S), and the second 

was the ratio of tBP:LiTFSI used in TPABT based PSCs (T).14 These ratios were 1:0.33 (S) and 

1:0.22 (T) of tBP:LiTFSI. The molar concentration of tBP:LiTFSI was increased in uniform 

multiples from 114:38 mM to 570:190 mM for the S ratio (1:0.33), and from 114:25 mM to 

570:125 mM for the T ratio (1:0.22) (Table 5.1). The concentration of TPABT was 50 mg ml-1 

for all devices, as this is the concentration at which the solubility limit of TPABT is reached. 
 

 

 

 

 

 

 

J-V scans were taken to investigate the effect of varying the concentration of additives to 

TPABT on the device performance. Forward bias to short-circuit (reverse) and short-circuit to 

forward bias (forward) scans yielded highly different results (Figure 5.13). When scan direction 

influences the shape of a J-V curve this is known as hysteresis.20 It was found that increasing 

the concentration of additives to TPABT has a significant influence on hysteresis; hysteresis 

seems to intensify with an increase in additives. It should be noted that for devices S3-S5 and 

T4-T5 (where LiTFSI concentration is above 76 mM) the FF for reverse scans is above 1. These 

curves in specific exhibit an unusual shape after a certain reduction in applied voltage. Instead 

of the current beginning to plateau after maximum current has been reached (as observed in 

a typical J-V curve) the current experiences a steep decline and then starts to plateau. A similar 

observation is evident for S2 and T3, when LiTFSI molar concentration is 76 mM and 75 mM 

respectively. However, the decrease in current happens at a much lower applied voltage and 

no plateau is observed. It is clear that the higher the concentration of additives, the higher the 

applied voltage is at which the current begins to reduce. For forward scans, all resemble typical 

J-V curves except for S2 and T3. For these devices, at low applied voltages the opposite to 

Units of 
additive 

tBP 
(mM) 

LiTFSI 
(mM) 

Reverse scan 
PCE (%) 

Forward scan 
PCE (%) 

S1 114 38 0.047 0.046 
S2 228 76 0.226 0.044 
S3 342 114 0.175 0.025 
S4 456 152 0.189 0.017 
S5 570 190 0.189 0.007 
T1 114 25 0.018 0.012 
T2 228 50 0.070 0.021 
T3 342 75 0.222 0.052 
T4 456 100 0.238 0.036 
T5 570 125 0.154 0.026 

Table 5.1: Molar concentrations of the additives tBP and LiTFSI to 50 mg ml-1 TPABT for two sets of samples 
(S and T, where S = 114:38 mM and uses the tBP:LiTFSI ratio 1:0.33, and T = 114:25 and uses the ratio 1:0.22). 
PCE for reverse and forward scans are included. Devices were measured under AM1.5 simulated sun light of 
100 mW cm-2 irradiance at 0.2 V s-1. 
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their corresponding reverse scan is seen, where the current experiences a steep decline as the 

voltage is increased. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These devices exhibit a sufficient VOC but suffer from low JSC, FF and PCE. This could be due to 

low electron injection into the conduction band of the TiO2, poor hole extraction from the dye 

to TPABT, or poor conductivity of TPABT. It is evident that LiTFSI has a greater effect on solar 

cell performance compared with tBP, as S2 and T3 devices yielded similar J-V curves and 

output efficiency even though the latter has an additional 114 mM tBP. Therefore, to 

investigate the effects of LiTFSI alone another experiment was undertaken, this time keeping 

the concentration of tBP constant. The concentration of tBP was kept at 76 mM for all devices 

to keep consistent with the concentration used in ssDSCs employing Spiro-OMeTAD as a HTM 

in Section 3.3.3. Additionally, a lower concentration of tBP could reduce the conduction band 

(a) (b) 

(d) (c) 

Figure 5.13: J-V curves showing (a) reverse scans and (b) forward scans for champion devices from sample 
set S, and (c) reverse scans and (d) forward scans for champion devices from sample set T. Both sets contain 
5 samples with increasing concentration of tBP and LiTFSI additives to TPABT, where set S has a 1:0.33 ratio 
and set T has a 1:0.22 ratio of tBP:LiTFSI (see Table 5.3 for exact concentrations). Devices were measured 
under AM1.5 simulated sun light of 100 mW cm-2 irradiance at 0.2 V s-1. 
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edge of the TiO2, therefore increase electron injection into the mesoporous scaffold.19 The 

concentration of LiTFSI was varied between 25 mM and 100 mM and their J-V characteristics 

were measured (Figure 5.14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For devices containing LiTFSI concentrations of 25 mM and 100 mM there is no photocurrent 

generated and no output J-V curve is observed. For 25 mM LiTFSI, there is insufficient p-doping 

and for 100 mM there is likely an excess of p-doping; an abundance of holes could act as a 

recombination centre for photo-generated electrons, which would lead to the loss of charge 

carriers.21 When the concentration of LiTFSI is 50 mM the output J-V curve displays little 

hysteresis. However, for 75 mM significant hysteresis is observed, which follows the same 

trend observed in the previous batch (Figure 5.13); the J-V curves exhibit a consistent shape 

for 76 mM, 228 mM and 342 mM of tBP when the molar concentration of LiTFSI is ~ 75 mM. 

As the LiTFSI molar concentration is increased from 50 mM to 75 mM, the maximum current 

Figure 5.14: J-V curves of champion devices showing (a) reverse scans of all devices, (b) reverse scans of TPABT 
devices only, and (c) forward scans of TPABT devices only, with varying LiTFSI concentration to 50 mg ml-1 TPABT, 
keeping tBP concentration constant to 76 mM. A reference device employing a 100 mg ml-1 Spiro-OMeTAD HTM 
with 25 mM LiTFSI and 76 mM tBP is shown. Devices were measured under AM1.5 simulated sun light of 100 
mW cm-2 irradiance at 0.1 V s-1. 

(a) 

(b) (c) 
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density measured is enhanced. This is due to an increase in hole mobility which can be 

attributed to a greater reduction in the barrier height for charge hopping between TPA units.14 

A decrease in VOC is also observed with increasing molar concentration of LiTFSI, where Spiro-

OMeTAD devices containing 25 mM LiTFSI exhibits the highest VOC and TPABT devices 

containing 75 mM exhibits the lowest VOC out of the working devices, which may be due to a 

shift in the TiO2 energy levels due to more Li+ ions. 

Upon remeasuring the J-V characteristics of the same solar cells after 3 months of being stored 

in a desiccator (Figure 5.15), the JSC of the Spiro-OMeTAD reference device decreased from 

7.73 mA cm-2 to 3.70 mA cm-2 due to degradation. Furthermore, the VOC increased from 0.76 

V to 0.89 V. This indicates oxygen-induced degradation that can be ascribed to the creation of 

O2−• at the TiO2 surface, leading to an upward shift of the TiO2 conduction band thus an 

increase in cell voltage.22 On the other hand, the JSC of the TPABT device containing 75 mM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: J-V curves of champion devices shown in Figure 5.12, 3 months after device fabrication, showing (a) 
reverse scans of all devices, (b) reverse scans of TPABT devices only, and (c) forward scans of TPABT devices only, 
with varying LiTFSI concentration to 50 mg ml-1 TPABT, keeping tBP concentration constant to 76 mM. A 
reference device employing a 100 mg ml-1 Spiro-OMeTAD HTM with 25 mM LiTFSI and 76 mM tBP is shown. 
Devices were measured under AM1.5 simulated sun light of 100 mW cm-2 irradiance at 0.1 V s-1. 

(a) 

(b) (c) 
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LiTFSI increased from 0.29 mA cm-2 to 1.90 mA cm-2, whereas the VOC only slightly decreased 

from 0.73 V to 0.68 V. This indicates that the oxidation time for Spiro-OMeTAD-based ssDSCs 

and TPABT-based ssDSCs differs, which could be due to the closer packing of TPABT molecules 

requiring more time for oxygen to penetrate through the HTM. This is supported by PIA 

measurements (Figure 5.16) of devices in Table 5.3, where sample series S was measured 3 

days after device fabrication and sample series T was measured 23 days after device 

fabrication. 

 

 

 

The PIA spectrum for LEG4 shows a negative ∆A signal centred around 590 nm due to the 

decreased light absorption from the ground state dye (D). The positive ∆A signal in the range 

of 650 to 800 nm is ascribed to the oxidised dye state (D+).23 The PIA spectrum for S2 device 

measured 3 days after device fabrication shows a bleach with a minimum around 610 nm and 

a positive absorption feature with a maxima centred around 750 nm. The PIA spectrum for 

the same device measured after prolonged aging also shows a bleach with a minimum around 

610 nm. However, a quenching of the oxidised dye state is observed. This indicates dye 

regeneration occurs only after a prolonged duration of oxidation, affirming the observation 

that TPABT oxidation time is much longer than Spiro-OMeTAD oxidation time, which is seen 

to quench the oxidised dye state after only 3 days. 

The 3 month aged devices were studied further through exposure to a light soaking treatment. 

This was done by carrying out repetitive scan cycles (a reverse scan followed by a forward scan 

is equivalent to 1 scan cycle) while subject to simulated AM 1.5G illumination. Interestingly, 

(a) (b) 

Figure 5.16: (a) PIA spectra of a device from sample set S2 (tBP:LiTFSI = 1:0.33) measured 3 days after device 
fabrication and again after prolonged aging to demonstrate how oxidation time affects dye regeneration. (b) PIA 
spectra of reference spiro-OMeTAD device measured 3 days after device fabrication. 
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after repeated scan cycles the observed hysteresis reduces until it is almost negligible for all 

devices. In conjunction with this, the Jsc and PCE both increase up until a certain scan number 

(differing for each LiTFSI concentration). For 75 mM LiTFSI where this is observed the most, 

the Jsc increases from 0.9 mA cm-2 in the first scan to 5.1 mA cm-2 in the fifth scan, and the 

PCE increases from 0.33% to 1.48% (Figure 5.17). After the fifth scan both Jsc and PCE begin 

to reduce. In contrast, this behaviour was not observed for Spiro-OMeTAD based devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17: Successive J-V curves for 3 month aged FTO/TiO2/LEG4/TPABT/Ag ssDSC with 75 mM LiTFSI and 
76 mM tBP additives to 50 mg ml-1 TPABT, showing a significant reduction in hysteresis and improvement of 
device performance with successive scans. Devices were measured under AM1.5 simulated sun light of 100 
mW cm-2 irradiance at 0.1 V s-1. 
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The proposed hypothesis is that the significant increase in photovoltaic performance is due to 

Li+ ion migration from coordinates inside the pores toward the TiO2/LEG4 interface. The 

positively charged Li+ ions have a tendency to adsorb onto the negatively charged TiO2 

surface,24 which is driven by a local electric field that is induced after photoexcitation and 

charge separation. This local electric field is established when the two quasi-Fermi levels are 

shifted in opposite directions due to electron and hole injections upon light absorption.25 The 

presence of Li+ at the TiO2/LEG4 interface alters the space charge formed by the electron 

injection into the TiO226 and screens conduction band electrons after injection, thus supressing 

charge recombination and enhancing the photocurrent and solar cell performance.27 

One factor that is interlinked with J-V hysteresis in perovskite solar cells is the Fermi level 

alignment between the electron transport material (ETL) and the perovskite absorber, and it 

was shown that the depth of trap states correlates to the energy difference between the Fermi 

level and conduction band minimum in the ETL.28 Deep trap states are likely to trigger charge 

accumulation at the interface, which leads to enhanced charge recombination at the 

ETL/absorber interface. For the 75 mM LiTFSI device shown in Figure 5.18 it is reasonable to 

assume that at the beginning of the light soaking treatment before the suggested Li+ ion 

migration, hysteresis is most prominent due to an unfavourable Fermi level alignment. 

However, upon light soaking the Li+ ions likely migrate towards the surface of the ETL, resulting 

in a more favourable Fermi level alignment and minimising the presence of deep trap states; 

the photocurrent is increased and hysteresis is reduced. 

 

 

Figure 5.18: J-V curves for 3 month aged FTO/TiO2/LEG4/TPABT/Ag ssDSC for varying concentrations of LiTFSI 
and 76 mM tBP additives to 50 mg ml-1 TPABT for (a) before light soaking treatment and (b) after light soaking 
treatment. A reference device employing a 100 mg ml-1 Spiro-OMeTAD HTM with 25 mM LiTFSI and 76 mM tBP 
is shown. Devices were measured under AM1.5 simulated sun light of 100 mW cm-2 irradiance at 0.1 V s-1. 
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5.3.3 Conclusion 
 

In summary, TPABT has been successfully utilised as a HTM in TiO2 based ssDSCs, achieving a 

PCE of 1.48% for a 3 month aged device. Aging was found to be essential for dye regeneration 

to allow for oxidation of TPABT, which requires a longer oxidation time than Spiro-OMeTAD. 

This could be due to the denser molecular packing of TPABT. Once aged, it is critical to subject 

the devices to a light soaking treatment for optimal device performance, as all devices 

exhibited an increase in PCE upon light soaking, with the largest improvement observed being 

from 0.33% to 1.48%. This is due to the presence of a local electric field that arises after 

photoexcitation and charge separation, causing the Li+ ions to adsorb onto the TiO2 surface. 

Here, the Li+ ions screen conduction band electrons after injection, inhibiting charge 

recombination and minimising J-V hysteresis due to a preferential Fermi level alignment in the 

TiO2, therefore enhancing JSC and overall device performance.  

Modification of the heterojunction between the TiO2 and TPABT through addition of tBP and 

LiTFSI additives revealed that the optimum molar concentration of LiTFSI was around 75 mM, 

for concentrations of tBP ranging from 76 mM to 342 mM. However, further optimisation is 

required. This includes determining the optimal oxidation time, as the devices were only 

measured after 3 months aging in a desiccator. Therefore, further investigation could reveal 

promising efficiencies from the low-cost, easily synthesised amide-based HTM. 

 

5.4 Experimental Methods 

 

5.4.1 Chemical reagents 
 

All chemicals were used as received without further purification. Titanium(IV) isopropoxide 

(97%), acetylacetone (≥99%), transparent titania paste, titanium(IV) chloride tetrahydrofuran 

complex (97%), tert-Butanol (≥99.5%), acetonitrile (≥99.9%), spiro-OMeTAD (99%), and tBP 

(98%) were purchased from Sigma-Aldrich. Ethanol (99.8%) was purchased from Fisher 

Chemical. LEG4 (DN-F05), L0 (DNF01), and L1 (DNF02) were purchased from Dyenamo. 

Anhydrous chlorobenzene (99.5%, extra dry), anhydrous chloroform (99.9%, extra dry), 
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anhydrous isopropanol (99.8%, extra dry), and LiTFSI (99%) were purchased from Acros 

Organics. Anhydrous acetonitrile (>99.8%) was purchased from Alfa Aesar. 

 

5.4.2 Device fabrication 
 

Preparation of FTO/c-TiO2/mes-TiO2: 

Fluorine-doped tin oxide (FTO, Pilkington, 7 Ω sq-1) coated glass substrates were cleaned in 

ultrasonic baths of detergent diluted in tap water (15 min), de-ionised water (15 min), and 

ethanol (15 min) in sequence. The substrates were then blown dry using a nitrogen flow. The 

FTO was then etched using a Ulyxe laser etcher to create the electrode pattern (parameters 

specified in Section 3.2.2), and then exposed to UV-ozone for 15 min to remove the last traces 

of organic residues. A compact TiO2 blocking layer was deposited via 15 spray cycles of spray 

pyrolysis on a hotplate at 450°C using an airbrush and N2 as the carrier gas. The solution used 

in the spray pyrolysis was 3.6 ml acetylacetone and 2.4 ml titanium(IV) isopropoxide dissolved 

in 54 ml ethanol. To deposit the mesoporous TiO2 film (~ 1.9 µm), transparent titania paste 

was screen printed onto the compact layer. After sintering on a hotplate at 450°C for 30 min 

the substrates were cooled to room temperature and immersed into a 40 mM aqueous 

solution of titanium(IV) chloride tetrahydrofuran complex for 20 min at 70°C. The substrates 

were then rinsed with de-ionised water and ethanol successively, and then annealed on a 

hotplate at 500°C for 30 min.  

 

Dye sensitisation: 

Co-sensitisation of LEG4 with L0 and L1: Once cooled to 70°C the substrates were immersed 

into a 0.1 mM solution of sensitiser in a mixture of tert-butanol and acetonitrile (1:1 volume 

ratio). The sensitiser solution varied from 100% LEG4, 75% LEG4 + 25% co-adsorbent, 50% 

LEG4 + 50% co-adsorbent, 25% LEG4 + 75% co-adsorbent, and 100% co-adsorbent. The 

substrates were left in the solution overnight and then the sensitised electrodes were rinsed 

with acetonitrile.  

Investigating amide-based hole transporting material TPABT: Once cooled to 70°C the 

substrates were immersed into a 0.1 mM solution of LEG4 sensitiser in a mixture of tert-

butanol and acetonitrile (1:1 volume ratio). The substrates were left in the solution overnight 

and then the sensitised electrodes were rinsed with acetonitrile. 
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Hole transporting material deposition: 

The preparation and deposition of the HTM solutions were carried out in a nitrogen-filled 

glovebox. The HTM solution was homogeneously spread by means of a pipette onto the 

sensitised electrode and left to penetrate into the mesoporous network for 30 s, followed by 

a two-step spin coating for 40 s at 700 rpm then 2 s at 2000 rpm.  

Co-sensitisation of LEG4 with L0 and L1: The formulation of the HTM solution was 100 mg       

ml-1 Spiro-OMeTAD in anhydrous chlorobenzene, with the addition of 76 mM tBP and 25 mM 

LiTFSI (LiTFSI was pre-dissolved in anhydrous acetonitrile at 170 mg ml-1). The solution was 

filtered through a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter and 50 µl was 

dispensed onto the substrate. The films were left overnight in a desiccator. 

Investigating amide-based hole transporting material TPABT: The formulation of the Spiro-

OMeTAD HTM solution was 100 mg ml-1 Spiro-OMeTAD in anhydrous chlorobenzene, with the 

addition of 76 mM tBP and 25 mM LiTFSI (LiTFSI was pre-dissolved in acetonitrile at 170 mg 

ml-1). The solution was filtered through a 0.45 µm PTFE syringe filter and 50 µl was dispensed 

onto the substrate. The formulation of the TPABT HTM was 50 mg ml-1 TPABT (synthesised as 

previously reported)14 dissolved in a mixture of anhydrous chloroform and anhydrous 

chlorobenzene (2:1 volume ratio) along with various concentrations of LiTFSI and tBP 

(concentrations are specified in figure captions). The TPABT solution was heated for 10 min at 

70°C until transparent, then passed hot through a 0.45 µm PTFE syringe filter and 60 µl was 

dispensed onto the substrate. The films were left overnight in a desiccator. 

 

Metal electrode deposition: 

The substrates were placed in a BOC-Edwards Auto thermal evaporator where 120 nm of silver 

was deposited through a mask under high vacuum (10-6 Torr) at a rate of 1 Ås-1 to form the 

silver electrodes. 

 

5.4.3 Characterisation 
 

UV-Vis measurements were taken using an Ocean Optics USB2000+ Fiber Optic Spectrometer. 

J-V measurements were taken using a Keysight U2722A source meter with a HelioSim-CL60 

solar simulator (Voss electronic GmbH). PIA measurements were taken using square-wave-
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modulated (Signal Recovery 650) blue light (405 nm, 3 mW, Thorlabs) for excitation, while as 

a probe a white light (ASB-W-030 Spectral Products) was used, which focussed on a 

monochromator (Digikröm CM110). A circular photodiode (Thorlabs) initially recorded a 

DC±AC signal, which was amplified and split into its components using a pre-amplifier (Model 

5182 Signal Recovery). The lock-in amplifier (Model 7225 Signal Recovery) locked onto the 

reference phase from the chopper unit and extracted amplitude and phase of the AC signal.29  
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Chapter 6. 

Improving the performance of the p-type ssDSC 
 

 

6.1 Introduction 

 

Charge recombination in solar cells results in a loss of the generated electrical current, thereby 

exerting a significant effect on the power conversion efficiency (PCE) of the device. The 

maximum open circuit voltage (VOC) is restricted by charge recombination as it is controlled 

by the concentration of the injected charges in the semiconductor, which impacts the Fermi 

level of the semiconductor.1 There are several recombination pathways that exist within the 

device, such as bulk recombination, interfacial recombination and trap-assisted 

recombination, which may require different strategies for minimising their impact on device 

performance. The work in this chapter focusses on minimising interfacial recombination in 

NiO based p-type ssDSCs at the ETM/FTO interface (1) and at the ETM/NiO interface (2), 

depicted in Figure 6.1. 

 

 

 

 

 

 

 
Figure 6.1: Schematic diagram of a p-type ssDSC with the electron transfer process depicted in 
grey and interfacial charge recombination process (1) at the ETM/FTO interface and (2) at the 
ETM/NiO interface depicted in red. 
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To supress recombination between the highly concentrated holes in the FTO and the reduced 

ETM, a thin compact blocking layer is deposited directly onto the conductive substrate. For all 

previously reported p-ssDSCs, a 60-200 nm compact NiO blocking layer was deposited via spin 

coating,2 spray pyrolysis3 and sputter coating.4,5 To prevent recombination of electrons and 

holes the blocking layer must be pinhole free, which can be investigated using scanning 

electron microscopy (SEM). In addition, the blocking effect can be analysed using cyclic 

voltammetry (CV). In this section a NiO blocking layer is deposited via two separate 

techniques, spin coating and spray coating, and their suitability to mitigate recombination will 

be discussed.  

Another critical factor that limits the performance in p-type DSCs is charge recombination 

between the reduced ETM and holes in NiO valence band. Due to the lower dielectric constant 

of NiO compared with TiO2 (NiO: ~ 11.9, TiO2: 30-170), Coulombic screening between the 

charged dye and the carrier in the semiconductor is weaker.6,7 This causes greater charge 

recombination in devices utilising NiO compared with TiO2. Furthermore, it was previously 

suggested that the charge transport mechanism in NiO occurs via hole hopping over potential 

barriers at the surface of the NiO nanocrystals.8 However, the existence of excess Ni3+ at the 

surface of the film can lead to low charge transfer resistances and high rates of charge 

recombination.9 This is attributed to oxidised Ni3+ surface states that trap a hole to “Ni4+” – a 

mixed valence state of Ni higher than 3.10,11 This process is known as hole shallow-trapping 

(Figure 6.2). Once trapped, the “Ni4+” holes are able to interact with the reduced dye and the 

electrolyte in DSCs or the ETM in ssDSCs.  

 

 

 

 

 

 

 

 

Figure 6.2: Schematic diagram of the electron-hole dynamics after band gap excitation. The pink 
area represents the VB, the light blue area represents the CB, the squares and triangles 
represent trap states, and the grey area represents the experimental reference of the density 
of states. Arrows indicate the movement of an electron. 
Figure taken from DOI: 10.1039/c7sc03442c 
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One method proven useful in reducing charge recombination losses is by passivation of the 

NiO surface states to insulate the NiO surface.12,13 Therefore, in the latter half of this chapter 

three different NiO surface treatments tested at various concentrations are employed to form 

a barrier layer with the objective of suppressing recombination, and current density-voltage 

(J-V) characteristics are assessed to determine the blocking effect. Transient absorption 

spectra of the devices are compared to provide insights into charge carrier dynamics, and the 

lifetimes associated with various kinetic processes are extracted to determine the timescales 

of different transitions occurring within the device. Utilising this data, a comparison is made 

to assess how effectively each treatment minimises charge recombination.  

 

6.2 SEM and EDX Analysis of compact NiO blocking layer  
 

6.2.1 Spin coating 

 

A blocking layer solution of 0.5 M nickel acetate tetrahydrate in 2-methoxyethanol was 

deposited via spin coating onto clean FTO glass at 2000 rpm for 30 s. The process was repeated 

2 and 3 times to obtain different film thicknesses for comparison. The spin coated films were 

annealed at 450 °C for 30 min to allow thermal decomposition of nickel acetate tetrahydrate 

into compact NiO.14 These films are shown in Figure 6.3. 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Figure 6.3: SEM images of (a) bare FTO substrate, (b) 6x6cm FTO substrate with 2 NiO spin coating cycles, 
(c) 6x6cm FTO substrate with 3 NiO spin coating cycles, and (d) 2x2cm FTO substrate with 3 NiO spin 
coating cycles, where all images are taken at x20,000 magnification. 
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Figure 6.3 shows SEM images that display the morphology of (a) bare FTO, and (b), (c), and (d) 

FTO coated with a NiO film. For images (b), (c), and (d), the compact NiO film was deposited 

via spin coating, where (b) uses a 6x6cm glass substrate with 2 spin coating cycles, (c) uses a 

6x6cm glass substrate with 3 spin coating cycles, and (d) uses a 2x2cm substrate with 3 spin 

coating cycles. For bare FTO, a rough surface comprised of irregular grain boundaries is 

observed. For all spin coated substrates the surface appears smoother, indicating there is a 

film of NiO overlaying the FTO. However, large cracks are present on the surface. This suggests 

that these films are not compact, therefore not suitable for use as a blocking layer in p-type 

ssDSCs as the ETM can come into contact with the FTO, facilitating charge recombination at 

the ETM/FTO interface. This would lead to the devices short circuiting. 

EDX analysis was undertaken to confirm that the lines on the surface of the films in Figure 

6.3(b)-(d) are in fact cracks in the NiO film. Figure 6.4(a) shows a x50,000 magnification of the 

NiO coated FTO, where visibility inside the crack is higher. Here, the morphology looks similar 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) 

Figure 6.4: SEM image of FTO coated with 2 NiO spin coating cycles at (a) x50,000 magnification and (b) 
x40,000 magnification for EDX analysis, where (c) shows the EDX spectrum obtained at the yellow square 
from inside the crack. 
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to that of bare FTO shown in Figure 6.3(a). Point analysis was taken both inside outside of the 

crack. The spectrum outside the crack, where the NiO film should be compact, shows an 

atomic weight percentage (At%) of Ni to be 3.7%, and Sn to be 14.6%. When EDX point analysis 

was taken inside the crack, the At% of Ni reduced to 0.6% and Sn increased to 19.1%, 

confirming that the feature is a crack. The presence of the cracks shows that spin coating with 

this NiO blocking layer recipe is incompatible. This is supported by the photocurrent density-

photovoltage (J-V) characteristics of p-ssDSCs employing a spin coated NiO blocking layer, as 

they show the devices have short circuited. 

In attempt to fabricate a film that blocks direct contact between the FTO and ETM, annealing 

steps were carried out between each spin coating cycle. This was to see whether the 

subsequent cycle would fill in the cracks from the previous cycle. SEM images shown in Figure 

6.5 reveal surfaces with features that resemble cracks but on a much smaller scale than 

observed in Figure 6.3, with a larger distance between each crack. Therefore, annealing after 

each successive spin coating cycle does reduce the width and quantity of the cracks in the NiO 

film. 

 
 

 

 

 

 

Since there has been 3 successive NiO films deposited on top of one another, the cracks 

present at the surface might not actually be exposing FTO, instead it could be exposing the 

underlying NiO film. To investigate this, these films were utilised as blocking layers in p-ssDSC 

FTO/bl-NiO/mes-NiO/P1/PCBM/BCP/Ag devices. However, the results show that the devices 

showing little to no variation between the number of annealing cycles (Figure 6.6), therefore 

there must be a pathway through the cracks in each layer for electrons from the ETM to flow 

to the FTO, rendering this deposition technique unsuitable to deposit a compact, pinhole free 

NiO film from this precursor solution. 

(a) (b) 

Figure 6.5: SEM images of FTO coated with (a) 2 NiO spin coating cycles and (b) 3 NiO spin coating cycles 
with annealing steps carried out after each cycle, where both images are taken at x20,000 magnification. 
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6.2.2 Spray coating  

 

The NiO blocking layer precursor solution used previously in Section 6.2.1 was diluted to 37 

mM nickel acetate tetrahydrate in 2-methoxyethanol. The solution was sprayed using an in-

house built Automated Spray Pyrolysis Machine (see Chapter 4). Due to the toxicity of NiO in 

aerosol form, it was important to have this automated so that the deposition could take place 

inside a closed fume hood. An ultrasonic spray head was fed the precursor solution at a rate 

of 6.7 ml min-1. The spray head was positioned at 18 cm above the substrates, which were 

kept heated at 450 °C. The processor’s mechanical amplitude was set to 49% and pulse set to 

100% (100% is continuous operation). The speed at which the ultrasonic spray head moved 

was set to 2000 mm min-1. After each spraying cycle, a wait time of 60 s was used to allow 

thermal decomposition of the precursor solution. 

Initially, the total number of spraying cycles used was 17 and 30 cycles to compare the 

coverage and surface morphology. Figure 6.7 shows SEM images and their corresponding EDX 

area analysis for NiO films deposited using 17 and 30 spraying cycles at 2 sites per film. Bare 

FTO is also shown for comparison. When 17 spraying cycles of precursor solution were 

deposited, EDX shows that for Site 1 the At% of Ni was 0.4% and for Site 2 was negligible. This 

suggests that 17 spraying cycles was insufficient for complete coverage. 

 

Figure 6.6: Current density-voltage (J-V) scans of FTO/c-NiO/mes-NiO/P1/PCBM/BCP/Ag devices, 
where the c-NiO has been fabricated with varying number of spin coating cycles and annealing steps. 
Devices were measured under AM1.5 simulated sun light of 100 mW cm-2 irradiance at 0.01 V s-1 
(black, red, blue) or 0.2 V s-1 (green). 
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When 30 spraying cycles of precursor solution were deposited, EDX shows that the At% of Ni 

was 1.1% for Site 1 and 2.4% for Site 2. For both films there is a variation of At% of Ni, which 

indicates that the film being deposited is not uniform. This could be due to a number of factors 

such as the speed of the spray head, the heigh of the spray head and also the temperature of 

the hotplate during deposition, as discussed in Chapter 4: Automated Spray Pyrolysis Build. 

However, on inspection of the film fabricated with 30 spraying cycles at a magnification of 

x30, large clusters of solid material are visible on the FTO substrate. An EDX line scan was 

performed to verify the material forming the large clusters. In Figure 6.8, when the intensity 

of Sn detected decreases the intensity of Ni detected increases. This occurs at areas between 

900-1200 μm across the substrate, at around 2000 μm across the substrate, and at around 

3350 μm across the substrate. These areas correspond to where the yellow line in Figure 6.8(a) 

crosses the large clusters. This verifies that the ultrasonic spray coating of this specific NiO 

precursor solution at this set of spray coating parameters has led to a non-uniform coating of 

NiO that consists of large and small clusters of solid material. Consequently, carrying out 

optimisation of the spray coating parameters was required. However, due to the toxicity of 

NiO in aerosol form this was ruled out in the interest of safety for lab users. As well as this, 

recombination at the PCBM/NiO interface cannot be disregarded. Therefore, different 

approaches to supressing recombination are discussed in the remainder of this chapter. 

(a) 

Figure 6.7: SEM images of (a) bare FTO, (b) site 1 and (c) site 2 of FTO coated with 17 NiO spraying cycles, and (d) 
site 1 and (e) site 2 of FTO coated with 30 NiO spraying cycles. 

(b) (c) 

(d) (e) 
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6.3 NiO surface treatments as blocking layers in p-type 

ssDSCs 

 

6.3.1 Atomic layer deposition of alumina 
 

Minimising the recombination of the highly concentrated holes in the FTO and the reduced 

ETM is vital for solar cell performance. Since the blocking layers deposited on FTO described 

in Section 6.2 were unsuccessful in stopping enough recombination at the ETM/electrode 

interface for a working device, the use of an additional thin layer of an insulating material on 

the surface of NiO can also be deposited to act as a blocking layer to minimise charge carrier 

Figure 6.8: (a) SEM image of FTO coated with 30 NiO spraying cycles at x30 magnification for EDX line 
analysis, where (b) the EDX spectrum of Sn and (c) the EDX spectrum of Ni are obtained along the yellow 
line. 

(a) 

(b) 

(c) 
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recombination at the ETM/NiO interface (Figure 6.9). The first material tested was the atomic 

layer deposition (ALD) of alumina (AlOxHy).  

 

 

 

 

 

 

 

 

 

 

 

Due to the large band gap of aluminium oxide (Al2O3), the utilisation of an Al2O3 coating on 

the NiO surface has been shown to increase overall conversion efficiency by 74% for a NiO-

based DSC, resulting from an increase in JSC due to an increased efficiency of carrier collection 

at the semiconductor-FTO interface, and an increase in VOC due to a higher resistance for 

electron-hole recombination across NiO surface locally.15 This process was undertaken for 

NiO-based ssDSCs in this work, testing 1-3 ALD cycles.  

Due to a low number of ALD cycles the overall reaction (shown in equation 6.1) may not go to 

completion, meaning aluminium could exist in the form of Al2O3, AlO(OH), or Al(OH)3 phases. 

Therefore, the word ‘alumina’ has been used to describe the mixture of phases of unknown 

composition, AlOxHy. 

 

2Al(CH3)3 + 3H2O →  Al2O3 + 6CH4 

The impact of the deposited alumina layers was assessed by constructing NiO p-type ssDSCs, 

both with and without undergoing ALD treatment, followed by the evaluation of their photo-

conversion properties. Figure 6.10(b) shows a box plot of the JSC of FTO/c-NiO/mes-

NiO/P1/PCBM/BCP/Ag ssDSCs with and without ALD alumina coating on the mesoporous NiO 

surface (note that c-NiO is the spin coated NiO film mentioned in Section 6.2.1 with cracks 

present in the film). These results convey an initial drop in JSC after ALD treatment and a 

recovery of JSC with more ALD cycles. Devices that have undergone ALD treatment exhibit an 

 
 
 

(6.1) 

Fig 6.9: Schematic representation of the interfacial electron transport 
processes in NiO-based liquid DSCs and the effect of an alumina coating. 
Figure taken from DOI: 10.1021/la203534s 
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overall reduction in JSC compared to untreated devices. However, as the number of ALD cycles 

increases, the JSC shows a corresponding increase. This differs to the results obtained for liquid 

DSCs that underwent ALD treatment, where the JSC increased for 1 ALD cycle but reduces for 

2 and 3 ALD cycles, which is attributed to poor hole injection across the alumina interface into 

NiO.15 This suggests that the number of ALD cycles in this study could have been increased up 

to a point where the JSC begins to increase.  

 

 

 

 

 

 

 

 

An additional factor contributing to the overall decrease in JSC could be due to the precursors 

used during the ALD treatment, trimethylaluminum (TMA) and deionised water (H2O). The 

presence of water adsorbed on the surface of mesoporous NiO can lead to the formation of 

Ni-OH groups, which impact the surface states the NiO film (Ni2+ → Ni3+). Surface states 

dominate the conductivity in mesoporous NiO films as hole hopping occurs mainly at the 

NiO/ETM interface.16 With the presence of such Ni3+ states, the valence band may shift 

upwards in energy, which can lead to greater charge recombination.9 Therefore, this could 

explain why the JSC of almost all ALD treated devices is lower than untreated devices. A 

successive thermal treatment of T > 600 K after ALD treatment and before submersion into 

the P1 dye bath would remove any residual moisture on the mesoporous NiO surface.17 Due 

to the cost and availability of the ALD equipment, testing an increased number of ALD cycles 

as well as testing a thermal treatment after the ALD treatment could not be performed. 

Therefore, alternative surface treatments were carried out and discussed in the remainder of 

this section.  

Fig 6.10: (a) Current density - voltage (J-V) curves of champion NiO-based ssDSCs (excluding outliers) with and 
without utilisation of an ALD alumina coating, with varying number of ALD cycles from 1 cycle to 3 cycles, and 
(b) a box plot representing the JSC of all devices. Devices were measured under AM1.5 simulated sun light of 
100 mW cm-2 irradiance at 0.1 V s-1. 

(a) (b) 
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6.3.2 Aluminium alkoxide solution treatment 

Chemical surface treatment by aluminium alkoxide solution onto the surface of mesoporous 

NiO is another method seen to form a thin insulating layer to prevent electron injection into 

the NiO and minimise recombination in p-type DSCs.18 This is represented with the same 

diagram as seen for ALD of alumina (Figure 6.9). For this treatment, mesoporous NiO films 

were submerged in a solution of aluminium-tri-sec-butoxide in dry iso-propanol at 60°C for 20 

minutes, followed by sintering at 200°C for 30 minutes. This treatment was chosen as it can 

be carried out in a dry solvent, avoiding any reaction with NiO and water. 

To control the thickness of the insulating layer several concentrations of aluminium alkoxide 

solution were tested, from 5 mM to 20 mM. Initially, cyclic voltammetry (CV) of FTO coated 

with aluminium alkoxide treatment was measured to investigate the blocking effects of the 

films fabricated from the range of concentrations, comparing films that were rinsed with dry 

iso-propanol prior to sintering and those that were left unrinsed. CV measurements were 

performed using a three-electrode system in 3 M KCl/DI water with 20 mM [Co(en)3]Cl3. This 

redox couple was chosen as the potential is within the NiO band gap and was shown to be an 

excellent mediator for p-DSCs.19 Here, the working electrode was either bare or treated FTO, 

the counter electrode was Pt wire, and the reference electrode was Ag/AgCl. The 

voltammograms are shown in Figure 6.11.  

 

 

 

 

 

 

 

The CV obtained from a bare FTO working electrode shows a quasi-reversible response. For 

all cases where the working electrode used was treated FTO where a rinsing step was included, 

clear anodic and cathodic peaks are still apparent. In all cases except for the highest 
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Figure 6.11: Cyclic voltammograms of FTO films that underwent aluminium alkoxide solution treatment at 
various concentrations (a) without a rinsing step and (b) with a rinsing step, with bare FTO included as a 
reference. The analyses were recorded at a scan rate of 0.1 V s-1 in a 3 M KCl/DI water solution with 20 mM 
[Co(en)3]Cl3. 

(a) (b) 
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concentration, 20 mM, the peak current actually increases. This shows that the rinsing step 

removes some of the deposited aluminium alkoxide, resulting in a non-compact insulating 

layer therefore only a small blocking effect is seen. The increase in redox signal may be due to 

the deposited film creating an increased surface area of the electrode. For CV measured for 

treated FTO where a rinsing step was omitted, the quasi-reversible response is only visible for 

the lowest concentration of aluminium alkoxide solution tested, which was 5 mM. For all other 

concentrations, almost all of the current is supressed. This demonstrates that 5 mM 

concentration is too low to form a fully insulating layer of aluminium alkoxide. To test the 

impact of the blocking layer on solar cell performance, J-V curves were measured and their 

photoconversion properties were analysed (Figure 6.12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12: Current density - voltage (J-V) curves of champion NiO-based ssDSCs with and without utilisation 
of an aluminium alkoxide surface treatment on NiO, for varying concentrations of solution, for (a) treatments 
with no rinsing step and (b) the box plot showing JSC for the whole batch, and (c) treatments with a rinsing 
step and (d) the boxplots showing JSC for the whole batch. Outliers have been omitted. 

(c) (d) 

(a) (b) 
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From the J-V scans it was shown that the photoconversion properties remained relatively 

unchanged after chemical surface treatment when a rinsing step was included. However, 

when the rinsing step was omitted the JSC of the devices were affected. Again, rather than 

experiencing an enhancement as seen in literature,18 the surface treatment led to a 32%, 26% 

and 52% reduction in JSC  for 5 mM, 10 mM and 20 mM Al2O3 solution treatments, respectively. 

This indicates that, for both ALD and chemical Al2O3 surface treatments, the hole injection into 

NiO was being inhibited by the presence of the insulating films, or charge transport through 

NiO was supressed.  

 

6.3.3 Chenodeoxycholic acid treatment 

The two previous surface treatments involving the deposition of alumina onto the 

mesoporous NiO surface were found to decrease the JSC as they were unable to reduce charge 

recombination within the device and instead potentially inhibited hole injection into NiO or 

supressed charge transport through the NiO electrode. Therefore, a third and final surface 

treatment was tested utilising a different material, chenodeoxycholic acid (CDCA). In n-type 

TiO2 based DSCs, CDCA has often been used as a co-adsorbent to break up the π-π aggregates 

between organic sensitisers and create a physical barrier on the semiconductor to reduce 

recombination at the TiO2/electrolyte interface.20 However, Odobel et al. found that co-

adsorption of CDCA with the dye did not reduce charge recombination in a liquid p-type DSC.12 

Consequently, CDCA was utilised in an alternative manner by performing dye chemisorption 

first and then spin coating an ethanol solution of CDCA onto the already dyed photocathode. 

This, in turn, created a physical barrier shown to prevent charge recombination. Therefore, 

rather than using an insulating layer of alumina, this method was utilised for CDCA to form an 

insulating organic layer after dye chemisorption. 

Several concentrations of ethanol solutions of CDCA were tested; 2 mM, 5 mM and 10 mM. 

As well as this, the conventional method of using CDCA as a co-adsorbent to P1 was also tested 

for comparison. The performance of the resulting devices is shown in Figure 6.13. The JSC 

increased by 2.47 mA cm-2 upon addition of a 2 mM CDCA insulating layer, and by 0.29 mA 

cm-2 with a 5 mM CDCA layer. However, when the concentration was increased to 10 mM, the 

JSC decreased by 0.45 mA cm-2. This suggests that with low concentrations of CDCA the charge 

recombination is reduced, but when the concentration is too high a different process is 
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supressed, having a negative impact on device performance. When CDCA is utilised as a co-

adsorbent in P1 JSC is increased by 0.73 mA cm-2, which is less than a third of the increase 

generated via spin coating onto the already dyed NiO. However, as only one concentration of 

co-adsorbent was tested no definitive conclusion can be drawn regarding which method is 

superior.  

 

 

 

 

 

 

 

 

 

6.4 Using Transient Absorption Spectroscopy to determine 

the blocking effects of various NiO surface treatments 

 

Transient absorption spectroscopy (TAS) is an experimental technique used to study the 

dynamics of photo-excited states in materials. For ssDSCs, TAS can provide crucial insights into 

several aspects of device operation, such as photoexcited states, charge carrier dynamics and 

interfacial processes. The transient absorption spectra (chirp-corrected) for NiO based p-type 

ssDSCs utilising ALD of alumina, aluminium alkoxide solution treatment, and 

chenodeoxycholic acid (CDCA) treatment were measured, and the extent to which they inhibit 

recombination in the device is discussed. 

This portion of the chapter is divided into sub-sections; the first three (6.4.1 to 6.4.3) contain 

the transient absorption spectra for each surface treatment accordingly. Also included in these 

sub-sections are two graphs that contain the transient spectrum for all concentrations of the 

Figure 6.13: (a) Current density - voltage (J-V) curves of champion NiO-based ssDSCs with and without 
utilisation of CDCA surface treatment on NiO, for varying concentrations of solution, and (b) the boxplots 
showing JSC for the whole batch. Outliers have been omitted. 

(a) (b) 
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surface treatment at two specific time delays, one fast (300 ps) and one slow (1 ns), to examine 

how the spectral response changes at varying concentrations. The last three sub-sections 

(6.4.4 to 6.4.6) present the kinetic information obtained from the transient absorption 

spectra. The sub-sections are divided into the kinetics studied at each wavelength: first the 

ground state bleach of the dye around 510 nm, and secondly the excited state of the dye 

around 580 nm (these characteristics show a similar result to TAS measurements obtained for 

P1 in solution, as documented in previous publications),21,22 and finally the reduced state of 

the dye around 630 nm (which is in close agreement with spectroelectrochemistry 

measurements by Qin et al).22 These sub-sections allow a straightforward comparison of how 

each surface treatment affects various processes within the device. Kinetic data has been 

normalised and exponential functions, shown in Equation 6.2, have been used to model the 

decay or rise of the transient signal. From this, the lifetimes associated with each kinetic 

process has been extracted to provide insight into the timescales of the different transitions 

occurring within the device.   

𝑦𝑦 = 𝐴𝐴1𝑒𝑒
−𝑥𝑥
𝜏𝜏1 + 𝐴𝐴2𝑒𝑒

−𝑥𝑥
𝜏𝜏2 + 𝑦𝑦0 

 

Where 𝜏𝜏1 and 𝜏𝜏2 are the lifetimes of the process, 𝐴𝐴1and 𝐴𝐴2 are the amplitudes corresponding 

to the initial value of the decay, 𝑦𝑦0 represents the offset parameter, 𝑦𝑦 is the observed data 

point and 𝑥𝑥 is time.  

 

 
6.4.1 Transient absorption spectra – ALD of alumina 
 

For no ALD treatment when P1 is directly bound to NiO and PCBM is utilised as the ETM, TAS 

measurements (Figure 6.14) are in agreement with those obtained by Zhang et al., with an 

absorption peak centred around 630 nm corresponding to the reduced state of the dye, which 

diminishes within 500 ps.3 When varying the number of ALD cycles, differences in TAS 

measurements are observed, namely a faster decay as well as the characteristics of the 

isosbestic point. An isosbestic point occurs at a specific wavelength where the absorbance 

remains constant across different time delay, resulting in all time traces intersecting at exactly 

the same wavelength. For no ALD there is one clear isosbestic point around 550 nm, implying 

a simple two-state process where two well-defined states interconvert, such as ground and 

excited states. For 1, 2 and 3 ALD cycles there are multiple crossover points at different 

 
 
 

(6.2) 
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wavelengths. This suggests these systems involve more complex dynamics, potentially with 

intermediate states or multiple pathways for relaxation. Kinetic fits are shown in Sections 

6.4.4 to 6.4.6. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.4.2 Transient absorption spectra – Aluminium alkoxide solution treatment 

 

Generally, the TAS measurements for the aluminium alkoxide (Al2O3) solution treatment 

(Figure 6.15) are similar to those for the ALD treatment, showing an absorption peak centred 

300 fs 1 ns 

No ALD 1 ALD 
cycle 

2 ALD 
cycles 

3 ALD 
cycles 

excited state  reduced        
state  

Stark shift 

Figure 6.14: Transient absorption spectra upon excitation at 490 nm of FTO/NiO/Alumina/PCBM. 
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around 630 nm and an isosbestic point at around 550 nm. However, for all concentrations of 

Al2O3 there remains one clear isosbestic point around 550 nm, implying a simple two-state 

process. The absorption intensity increases with increasing concentration of Al2O3, showing a 

more significant absorption peak around 630 nm at faster timescales (300 fs). This suggests 

that higher concentrations of Al2O3 prolong the lifetime of the excited state. Kinetic fits are 

shown in Sections 6.4.4 to 6.4.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15: Transient absorption spectra upon excitation at 490 nm of FTO/NiO/Al2O3/PCBM. 

No Al2O3 5 mM Al2O3 

10 mM Al2O3 20 mM Al2O3 

300 fs 1 ns 
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6.4.3 Transient absorption spectra – Chenodeoxycholic acid treatment  

TAS measurements for devices employing the CDCA treatment (Figure 6.16) show across all 

samples, the absorption peak centred around 630 nm remains. Higher CDCA concentrations 

prolong the excited-state lifetime, which suggests that less recombination occurs at the 

NiO/PCBM interface. When CDCA is incorporated into the P1 dye bath a stronger signal is 

observed. This could indicate that CDCA in P1 enhances the separation of charge carriers and 

promotes more effective charge transport. Kinetic fits are shown in Sections 6.4.4 to 6.4.6. 
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CDCA      
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Figure 6.16(a): Transient absorption spectra upon excitation at 490 nm of FTO/NiO/P1/CDCA/PCBM. 
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6.4.4 Kinetics at 510 nm – ground state bleach of the dye 

Molecules in their ground state typically absorb light at specific wavelengths. When a dye 

molecule absorbs a photon and transitions from its ground state (HOMO) to an excited state 

(LUMO) this leads to a reduction in the number of molecules in the ground state. This ground 

state depopulation causes a bleach in absorption spectrum at the wavelengths where the 

ground state absorbs. For these devices, the P1 ground state bleach is at ~ 510 nm.21 

Figure 6.17 shows that for all surface treatments, the lifetimes associated with the fast decay 

(within several picoseconds) are consistent for all concentrations of each surface treatment           

(𝜏𝜏1= < 1 ps, 𝜏𝜏2 is a few picoseconds). This indicates that the presence of the insulating layer 

does not affect the ground state bleach. The only difference is exhibited when CDCA is used 

as a co-adsorbent in P1. This stands to reason, as co-sensitisation directly impacts light 

absorption.  

For the slower decay (tens of picoseconds to nanoseconds) the kinetic data show that there is 

little difference between ALD and Al2O3 treatments (𝜏𝜏3= 100 – 200 ps) and the number of ALD 

cycles or concentration of Al2O3 solution has little effect on the ground state bleach, indicating 

there is little impact on injection and recombination. For CDCA, the kinetic data does not 

display an exponential behaviour. This suggests that CDCA treatment has a different effect on 

the ground state bleach of the dye compared with the two other treatments. 

 

300 fs 1 ns 

Figure 6.16(b): Transient absorption spectra upon excitation at 490 nm of FTO/NiO/P1/CDCA/PCBM. 
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510 nm (0-10 ps) 
 𝜏𝜏1 ps (𝐴𝐴1) 𝜏𝜏2 ps (𝐴𝐴2) 𝑦𝑦0 
NiO|P1 0.32 ± 0.03 (-1.04)  2.34 ± 0.30 (-0.41) -0.04 
NiO|1 ALD cycle|P1 0.23 ± 0.01 (-1.21) 1.85 ± 0.08 (-0.49) -0.01 
NiO|2 ALD cycles|P1 0.22 ± 0.01 (-1.20) 1.71 ± 0.06 (-0.54) -0.02 
NiO|3 ALD cycles|P1 0.18 ± 0.01 (-1.54) 1.33 ± 0.06 (-0.53) -0.02 

 

 

 

Figure 6.17: Kinetic traces obtained at 510 nm, corresponding to the ground state bleach of the dye, for 
various NiO surface treatments. Data was extracted from TAS measurements upon excitation at 490 nm. 

Table 6.1(a): Fitted lifetimes (𝜏𝜏) of the ground state bleach with corresponding amplitudes (𝐴𝐴) and offset 
(𝑦𝑦0) for various NiO surface treatments.  
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510 nm (10-1500 ps) 
 𝜏𝜏3 ps (𝐴𝐴3) --- 𝑦𝑦0 
NiO|1 ALD cycle|P1 152.22 ± 9.26 (0.79) --- 0.23 
NiO|2 ALD cycles|P1 157.12 ± 10.30 (0.85) --- 0.15 
NiO|3 ALD cycles|P1 129.52 ± 6.19 (0.89) --- 0.14 

 

510 nm (0-10 ps) 
 𝜏𝜏1 ps (𝐴𝐴1) 𝜏𝜏2 ps (𝐴𝐴2) 𝑦𝑦0 
NiO|P1 0.46 ± 0.06 (-1.03)  2.62 ± 0.94 (-0.32) 0.01 
NiO|5 mM Al2O3|P1 0.52 ± 0.06 (-0.97) 3.67 ± 1.47 (-0.31) 0.02 
NiO|10 mM Al2O3|P1 0.29 ± 0.02 (-0.98) 1.66 ± 0.33 (-0.45) -0.05 
NiO|20 mM Al2O3|P1 0.36 ± 0.02 (-0.89) 2.52 ± 0.17 (-0.47) 3x10-4 

510 nm (10-1500 ps) 
 𝜏𝜏3 ps (𝐴𝐴3) --- 𝑦𝑦0 
NiO|P1 154.20 ± 5.88 (0.94)  --- 0.09 
NiO|5 mM Al2O3|P1 66.03 ± 11.50 (1.22) --- 0.26 
NiO|10 mM Al2O3|P1 145.05 ± 9.92 (0.85) --- 0.16 
NiO|20 mM Al2O3|P1 117.20 ± 22.86 (0.88) --- 0.45 

 

510 nm (0-10 ps) 
 𝜏𝜏1 ps (𝐴𝐴1) 𝜏𝜏2 ps (𝐴𝐴2) 𝑦𝑦0 
NiO|P1 0.15 ± 0.03 (-1.74)  1.29 ± 0.12 (-0.68) -0.05 
NiO|2 mM CDCA|P1 0.23 ± 0.20 (-0.76) 1.98 ± 0.69 (-0.67) -0.09 
NiO|5 mM CDCA|P1 0.55 ± 0.53 (-0.43) 1.01 ± 0.41 (-0.49) -0.13 

 

 

 

6.4.5 Kinetics at 580 nm – excited state of the dye 

The transient absorption spectra show a positive absorption feature at around 580 nm. This is 

assigned to the excited state of the dye, P1*. Figure 6.18 shows that for the decay occurring 

within the first 10 ps, all three surface treatments make almost no difference to the lifetime 

of the excited state of the dye. However, for the slower decay there are clear differences 

between the data. For all samples without any surface treatment, CDCA as a co-adsorbent in 

P1, and for the lower concentrations of Al2O3 treatment, rather than showing a decay the data 

points begin to rise. This could indicate two overlapping processes, such as the decay of the 

excited state overlapping with the rise of the charge separated state. On the other hand, for 

all numbers of ALD cycles, the highest concentration of Al2O3 treatment and for all 

concentrations of spin coated CDCA, the data show an exponential decay. These differences 

propose that the surface treatments at these concentrations might influence hole injection 

into the NiO.  

Table 6.1(b): Fitted lifetimes (𝜏𝜏) of the ground state bleach with corresponding amplitudes (𝐴𝐴) and offset 
(𝑦𝑦0) for various NiO surface treatments.  
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580 nm (0-10 ps) 
 𝜏𝜏1 ps (𝐴𝐴1) 𝜏𝜏2 ps (𝐴𝐴2) 𝑦𝑦0 
NiO|P1 0.36 ± 0.02 (0.95)  2.81 ± 0.22 (0.51) 4x10-4 
NiO|1 ALD cycle|P1 0.37 ± 0.01 (0.83) 3.40 ± 0.13 (0.55) -0.01 
NiO|2 ALD cycles|P1 0.36 ± 0.02 (0.83) 3.28 ± 0.16 (0.55) -0.01 
NiO|3 ALD cycles|P1 0.40 ± 0.02 (0.68) 3.15 ± 0.11 (0.65) -0.02 

Figure 6.18: Kinetic traces obtained at 580 nm, corresponding to the excited state of the dye, for various 
NiO surface treatments. Data was extracted from TAS measurements upon excitation at 490 nm. 

Table 6.2(a): Fitted lifetimes (𝜏𝜏) of the excited state of the dye with corresponding amplitudes (𝐴𝐴) and offset 
(𝑦𝑦0) for various NiO surface treatments.  
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580 nm (10-1500 ps) 
 𝜏𝜏3 ps (𝐴𝐴3) 𝜏𝜏4 ps (𝐴𝐴4) 𝑦𝑦0 
NiO|1 ALD cycle|P1 24.86 ± 1.21 (0.72) 218.07 ± 10.40 (0.49) 0.05 
NiO|2 ALD cycles|P1 26.89 ± 1.08 (0.71) 249.07 ± 11.01 (0.47) 0.02 
NiO|3 ALD cycles|P1 26.49 ± 1.09 (0.70) 238.01 ± 10.03 (0.49) 0.02 

 

580 nm (0-10 ps) 
 𝜏𝜏1 ps (𝐴𝐴1) 𝜏𝜏2 ps (𝐴𝐴2) 𝑦𝑦0 
NiO|P1 0.62 ± 0.05 (0.90)  5.00 ± 1.48 (0.45) -0.05 
NiO|5 mM Al2O3|P1 0.40 ± 0.03 (1.18) 2.84 ± 0.24 (0.54) 0.01 
NiO|10 mM Al2O3|P1 0.45 ± 0.02 (0.98) 3.54 ± 0.35 (0.46) -0.01 
NiO|20 mM Al2O3|P1 0.40 ± 0.02 (1.12) 3.39 ± 0.23 (0.48) -0.01 

580 nm (10-1500 ps) 
 𝜏𝜏3 ps (𝐴𝐴3) 𝜏𝜏4 ps (𝐴𝐴4) 𝑦𝑦0 
NiO|20 mM Al2O3|P1 16.28 ± 1.00 (0.93) 109.16 ± 6.12 (0.50) 0.04 
 

580 nm (0-10 ps) 
 𝜏𝜏1 ps (𝐴𝐴1) 𝜏𝜏2 ps (𝐴𝐴2) 𝑦𝑦0 
NiO|P1 0.59 ± 0.07 (0.92)  3.60 ± 1.04 (0.42) -7.4x10-4 

NiO|2 mM CDCA|P1 0.46 ± 0.05 (0.85) 3.18 ± 0.52 (0.50) -0.001 
NiO|5 mM CDCA|P1 0.31 ± 0.05 (0.81) 3.23 ± 0.43 (0.57) -0.008 
NiO|10 mM CDCA|P1 0.52 ± 0.11 (0.78) 8.49 ± 7.32 (0.50) -0.028 
NiO|CDCA in P1|P1 0.34 ± 0.04 (0.89) 2.85 ± 0.39 (0.47) 0.027 

580 nm (10-1500 ps) 
 𝜏𝜏3 ps (𝐴𝐴3) 𝜏𝜏4 ps (𝐴𝐴4) 𝑦𝑦0 
NiO|2 mM CDCA|P1 22.74 ± 10.32 (0.56) 115.39 ± 47.06 (0.38) 0.21 
NiO|5 mM CDCA|P1 19.17 ± 7.28 (0.71) 92.56 ± 48.59 (0.29) 0.27 
NiO|10 mM CDCA|P1 21.32 ± 15.26 (0.46) 117.11 ± 50.26 (0.45) 0.18 
 

 

6.4.6 Kinetics at 630 nm – reduced state of the dye 

The transient absorption spectra show a positive absorption feature at around 630 nm. This is 

assigned to the reduced state of the dye, P1-. In Figure 6.19, it is evident that the 

recombination process for devices with and without ALD and Al2O3 treatments is very similar. 

For the fast decay, 𝜏𝜏1= < 1 ps and 𝜏𝜏2 is a few picoseconds, and for the slower decay, 𝜏𝜏1 is 

around 30 ps and 𝜏𝜏2 is around 300 ps. This is in line with measurements obtained by Qin et al. 

who observed a decay within a few hundred picoseconds.22 However, for CDCA surface 

treatment the recombination process seems to be affected. This supports the J-V 

characteristics obtained in Section 6.3.3, where CDCA was the only treatment seen to increase 

the JSC. 

Table 6.2(b): Fitted lifetimes (𝜏𝜏) of the excited state of the dye with corresponding amplitudes (𝐴𝐴) and offset 
(𝑦𝑦0) for various NiO surface treatments.  



114 
 

 

 

 

630 nm (0-10 ps) 
 𝜏𝜏1 ps (𝐴𝐴1) 𝜏𝜏2 ps (𝐴𝐴2) 𝑦𝑦0 
NiO|P1 0.34 ± 0.02 (0.75)  2.84 ± 0.16 (0.59) 5.6x10-4 

NiO|1 ALD cycle|P1 0.38 ± 0.02 (0.76) 3.30 ± 0.20 (0.58) -0.01 
NiO|2 ALD cycles|P1 0.28 ± 0.02 (0.86) 3.00 ± 0.14 (0.59) 0.01 
NiO|3 ALD cycles|P1 0.28 ± 0.02 (0.74) 2.90 ± 0.11 (0.70) -0.02 

Figure 6.19: Kinetic traces obtained at 630 nm, corresponding to the reduced state of the dye, for various 
NiO surface treatments. Data was extracted from TAS measurements upon excitation at 490 nm. 

Table 6.3(a): Fitted lifetimes (𝜏𝜏) of the reduced state of the dye with corresponding amplitudes (𝐴𝐴) and 
offset (𝑦𝑦0) for various NiO surface treatments.  
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630 nm (10-1500 ps) 
 𝜏𝜏3 ps (𝐴𝐴3) 𝜏𝜏4 ps (𝐴𝐴4) 𝑦𝑦0 
NiO|P1 36.03 ± 2.92 (0.68)  431.67 ± 66.89 (0.39) 0.04 
NiO|1 ALD cycle|P1 33.10 ± 2.60 (0.69) 377.34 ± 47.58 (0.41) 0.03 
NiO|2 ALD cycles|P1 32.75 ± 1.21 (0.68) 311.85 ± 14.70 (0.46) 0.03 
NiO|3 ALD cycles|P1 31.58 ± 1.53 (0.67) 301.73 ± 18.90 (0.43) 0.03 

 

630 nm (0-10 ps) 
 𝜏𝜏1 ps (𝐴𝐴1) 𝜏𝜏2 ps (𝐴𝐴2) 𝑦𝑦0 
NiO|P1 0.71 ± 0.10 (0.77)  3.78 ± 1.00 (0.55) -0.02 
NiO|5 mM Al2O3|P1 0.94 ± 0.12 (0.90) 15.88 ± 27.01 (0.68) -0.36 
NiO|10 mM Al2O3|P1 0.59 ± 0.04 (0.88) 6.08 ± 1.34 (0.51) -0.09 
NiO|20 mM Al2O3|P1 0.65 ± 0.07 (0.88) 5.92 ± 2.42 (0.45) -0.08 

630 nm (10-1500 ps) 
 𝜏𝜏3 ps (𝐴𝐴3) 𝜏𝜏4 ps (𝐴𝐴4) 𝑦𝑦0 
NiO|P1 29.96 ± 3.81 (0.64)  283.94 ± 43.27 (0.43) 0.07 
NiO|5 mM Al2O3|P1 26.57 ± 1.35 (0.80) 280.83 ± 18.32 (0.46) 0.01 
NiO|10 mM Al2O3|P1 29.85 ± 1.54 (0.70) 292.96 ± 17.34 (0.49) 0.03 
NiO|20 mM Al2O3|P1 25.11 ± 1.20 (0.74) 282.65 ± 15.99 (0.46) 0.04 
 

630 nm (0-10 ps) 
 𝜏𝜏1 ps (𝐴𝐴1) 𝜏𝜏2 ps (𝐴𝐴2) 𝑦𝑦0 
NiO|P1 0.90 ± 0.14 (0.90)  13.01 ± 22.42 (0.59) -0.27 
NiO|2 mM CDCA|P1 0.74 ± 0.25 (0.66) 12.23 ± 18.01 (0.93) -0.40 
NiO|5 mM CDCA|P1 0.49 ± 0.13 (0.67) 5.12 ± 2.10 (0.61) -0.05 
NiO|10 mM CDCA|P1 0.63 ± 0.63 (0.62) 4.29 ± 13.66 (0.26) 0.14 
NiO|CDCA in P1|P1 0.32 ± 0.14 (0.85) 2.06 ± 0.85 (0.46) 0.11 

630 nm (10-1500 ps) 
 𝜏𝜏3 ps (𝐴𝐴3) 𝜏𝜏4 ps (𝐴𝐴4) 𝑦𝑦0 
NiO|P1 21.10 ± 5.32 (0.65)  279.17 ± 66.27 (0.36) 0.21 
NiO|5 mM CDCA|P1 3.35 ± 1.89 (4.34) 100.18 ± 13.81 (0.53) 0.19 
NiO|CDCA in P1|P1 27.53 ± 19.53 (0.46) 339.37 ± 216.57 (0.31) 0.24 
 

 

 
 

 

6.5 Conclusion 

 
The first half of this chapter aimed to minimise recombination at the ETM/FTO interface by 

implementing two different techniques for depositing a compact NiO blocking layer onto the 

conductive substrate. For spin coating of the NiO blocking layer, three spin coating cycles were 

carried out in succession followed by one annealing step. SEM and EDX analysis revealed large 

cracks in the blocking layer and J-V scans showed devices had short circuited. As a result, the 

experiment was repeated with three annealing steps, one after each successive spin coating 

Table 6.3(b): Fitted lifetimes (𝜏𝜏) of the reduced state of the dye with corresponding amplitudes (𝐴𝐴) and 
offset (𝑦𝑦0) for various NiO surface treatments.  
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cycle. SEM showed a reduction in the size and frequency of the cracks. However J-V scans 

revealed no difference in J-V parameters, indicating the presence of a continuous electron 

pathway across each subsequent layer. Therefore, spray coating was utilised as an alternative 

deposition technique to deposit the NiO blocking layer. Spray coating was carried out on the 

in-house built Automated Spray Pyrolysis Machine (Chapter 4). SEM and EDX analysis showed 

small and large clusters of material on the surface of the FTO, indicating non-uniform coating 

of the NiO blocking layer. This could have been due to the spray coating parameters used 

during deposition, such as the speed of the spray head, the height of the spray head and the 

temperature of the hotplate. Further optimisation of these parameters is required, however 

due to the toxicity of NiO in aerosol form this optimisation was ruled out in the interest of 

safety for lab users. Consequently, another approach was used to minimise recombination 

within the device. 

In the second half of this chapter, three NiO surface treatments were tested as blocking layers 

to minimise the recombination at the ETM/NiO interface; atomic layer deposition of alumina, 

aluminium alkoxide solution treatment, and chenodeoxycholic acid treatment. The aim here 

was to passivate Ni3+ surface states which may facilitate charge recombination. Out of the 

three treatments only CDCA was seen to increase JSC. However, the J-V curve still resembled 

straight lines. In NiO based DSCs, a similar J-V response was observed depicting straight lines 

when using 100% water as the electrolyte solvent.13 This resistive behaviour was attributed to 

the localised electronic states centred on surface -OH groups associated with Ni vacancies. To 

investigate this further, transient absorption spectroscopy was carried out for all three surface 

treatments and their lifetimes of various processes was extracted from their kinetics. Overall, 

the change in kinetics arising from each surface treatment was not enough to make an impact 

on the performance of the solar cell, and devices still exhibited resistive behaviour. The 

lifetimes associated with the reduced state of the dye showed little to no variation between 

surface treatments and concentrations of each treatment tested, indicating recombination 

rates remained unaffected. However, a clear difference was observed between the slower 

process (tens of picoseconds to nanoseconds) that occurs at 580 nm, which is assigned to the 

excited state of the dye. This suggests that rather than mitigating recombination, the 

insulating layers had possibly contributed to the formation of non-injecting dyes anchored 

onto the Al2O3 sites, which could be associated with hole-shallow trapping. D’Amario et al. 

used transient absorption spectroscopy to analyse the trapping of electrons and holes by band 

gap excitation of NiO nanoparticle films and revealed that after a femtosecond pulse the hole 
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is trapped on a sub-picosecond time scale in a “Ni4+” state – a shallow trap for holes since they 

are located close to the valence band.11 This is visible for the p-ssDSCs in this work, as kinetic 

data displays fast processes that are < 1 ps. Therefore, once trapped the hole survives until it 

recombines within the nanosecond timeframe.  

It was also uncovered that there are two kinds of holes that recombine with electrons in the 

reduced dye, both with very different kinetics.23 Biphasic recombination kinetics show a fast 

pathway (15 nm) and a slow pathway (1 ms). The hole showing fast recombination is assigned 

to the “Ni4+” trap and is most relevant at positive potentials. The slower recombination is 

assigned to the Ni3+ and is more important at negative potentials. Therefore, the fast 

recombination has a greater impact on device performance. Since these devices exhibit fast 

recombination, the poor device performance can be attributed to the “Ni4+” shallow hole 

trapping. 

Overall, it is believed that these devices exhibit fast recombination therefore significantly 

affecting hole injection into the NiO. It could be possible that other processes are occurring, 

such as silver ions (Ag+) from the metal contacts have migrated into adjacent layers, including 

the electron transport material. Here, they could interfere with regeneration processes. 

However, due to not having working devices parameters such as transport time and 

recombination resistance from impedance could not be calculated. Future investigations 

could include employing different sensitisers to increase the lifetime of the charge separated 

state. If recombination of the trapped hole is slowed down then this could be outcompeted 

by regeneration.  

 

 

6.6 Experimental Methods 

 

6.6.1 Chemical reagents 
 

All chemicals were used as received without further purification. Nickel(II) acetate 

tetrahydrate (99.995%), 2-methoxyethanol (99.8%, anhydrous), nickel(II) chloride (99.9%, 

anhydrous), poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 

(F108), aluminium-tri-sec-butoxide (97%), acetonitrile (>99.5%), PCBM (>99.5%), and 
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bathocuproine (96%) were purchased from Sigma-Aldrich. Ethanol (99.8%) was purchased 

from Fisher Chemical. P1 (DNFP01) was purchased from Dyenamo. Anhydrous isopropanol 

(99.8%, extra dry) and anhydrous chlorobenzene (99.5%, extra dry) were purchased from 

Acros Organics. Chenodeoxycholic acid was purchased from Apollo Scientific. 

 

6.6.2 Device fabrication 
 

FTO substrate preparation:  

Fluorine-doped tin oxide (FTO, Pilkington, 7 Ω sq-1) coated glass substrates were cleaned in 

ultrasonic baths of detergent diluted in tap water (15 min), de-ionised water (15 min), and 

ethanol (15 min) in sequence. The substrates were then blown dry using a nitrogen flow. The 

FTO was then etched using a Ulyxe laser etcher to create the electrode pattern (parameters 

specified in Section 3.2.2), and then exposed to UV-ozone for 15 min to remove the last traces 

of organic residues. 

 

NiO blocking layer deposition: 

Spin coating: A blocking layer solution of 0.5 M nickel acetate tetrahydrate in 2-

methoxyethanol was deposited via spin coating onto clean FTO glass at 2000 rpm for 30 s. The 

process was repeated 2 and 3 times to obtain different film thicknesses for comparison. The 

spin coated films were annealed at 450 °C for 30 min to allow thermal decomposition of nickel 

acetate tetrahydrate into dense NiO. 

Spray coating: A blocking layer solution of 37 mM nickel acetate tetrahydrate in 2-

methoxyethanol was deposited using an in-house built Automated Spray Pyrolysis Machine 

(see Chapter 4). An ultrasonic spray head was fed the precursor solution at a rate of 6.7 ml 

min-1. The spray head was positioned at 18 cm above the substrates, which were kept heated 

at 450 °C. The processor’s mechanical amplitude was set to 49% and pulse set to 100%. The 

speed at which the ultrasonic spray head moved was set to 2000 mm min-1. 17 and 30 

repetitive spraying cycles were performed. After each spraying cycle, a wait time of 60 s was 

used to allow thermal decomposition of the precursor solution.  
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Mesoporous NiO deposition:  

A NiCl2 sol-gel was prepared using the polymer templating method described by Suzuki et al. 

A NiO precursor solution was prepared by dissolving anhydrous NiCl2 (1g) and the tri-block co-

polymer F108 (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)) 

(1g) into a mixture of ultra-pure deionised water (3g) and ethanol (6g). The solution was 

stirred overnight and left to rest for 2 weeks. The mixture was centrifuged for 15 min to 

sediment out undissolved NiCl2 and amorphous NiO. The sol-gel solution was then slot-die 

coated onto the NiO blocking layer at a coating speed of 2.5 mm s-1 and a dispense rate of 

0.435 µl s-1, followed by sintering on a hotplate at 450°C for 30 min. This process was repeated 

twice. 

 

Mesoporous NiO surface treatments: 

Atomic layer deposition of alumina: Substrates were heated to 200°C and the sequential 

deposition of the gaseous reactants of water (H2O – 50 cycles) and trimethylaluminum (TMA 

– 5 cycles) was undertaken. The overall reaction is 2Al(CH3)3 + 3H2O → Al2O3 + 6CH4. 

Aluminium could exist in the form Al2O3, AlO(OH), or Al(OH)3. This process was repeated 1 – 3 

times to control the thickness of the alumina. 

Aluminium alkoxide solution treatment: The aluminium alkoxide solution treatment was 

carried out in a nitrogen filled glovebox. NiO films were immersed in 5 mM, 10 mM, 15 mM 

and 20 mM solutions of Aluminium-tri-sec-butoxide in anhydrous isopropanol at 60°C for 20 

min. Once removed from the solution, half of the substrates underwent a rinsing step with 

anhydrous isopropanol. All substrates, including non-treated NiO, were heated at 200°C. 

 

Dye sensitisation:  

Once cooled to 70°C the substrates were immersed into a solution of P1 sensitiser (0.2 mM) 

in acetonitrile. The substrates were left in the solution overnight and then the sensitised 

electrodes were rinsed with acetonitrile. 

Co-sensitisation with chenodeoxycholic acid: For the devices where CDCA was utilised as a co-

adsorbent, 0.6 mM CDCA was added to the P1 dye bath. 
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Sensitised mesoporous NiO surface treatment: 

Chenodeoxycholic acid treatment: For the cases where chenodeoxycholic acid (CDCA) was 

utilised as a surface treatment, 2 mM, 5 mM and 10 mM solutions of CDCA in ethanol were 

prepared and deposited onto the substrates via spin coating at 2000 rpm for 30 s. No rinsing 

after spin coating was performed.  

 

Electron transport material deposition: 

The preparation and deposition of the ETM solution was carried out in a nitrogen-filled 

glovebox. The ETM solution was homogeneously spread by means of a pipette onto the 

sensitised electrode and left to penetrate into the mesoporous network for 30 s, followed by 

a two-step spin coating for 3 s at 1000 rpm and then 30 s at 3000 rpm. The formulation of the 

ETM solution was 40 mg ml-1 PCBM in anhydrous chlorobenzene. The solution was filtered 

through a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter and 60 µl was dispensed onto 

the substrate. The substrates were placed on a hotplate at 100°C for 5 min, then left overnight 

in a desiccator. 

 

Deposition of interlayer: 

The preparation and deposition of the interlayer solution was carried out in a nitrogen-filled 

glovebox. A 0.5 mg ml-1 solution of bathocuproine (BCP) in anhydrous isopropanol was left to 

stir overnight at 70°C. The BCP solution was deposited onto the substrates via spin coating at 

5000 rpm for 20 s, then left for 10 min at room temperature. 

 

Metal electrode deposition: 

The substrates were placed in a BOC-Edwards Auto thermal evaporator where 120 nm of silver 

was deposited through a mask under high vacuum (10-6 Torr) at a rate of 1 Ås-1 to form the 

silver electrodes. 
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6.6.3 Characterisation 
 

SEM was performed using a JSM-IT510 InTouchScope Microscope with an Oxford Instruments 

Ultim Max 100 EDX detector. J-V measurements were taken using a Keysight U2722A source 

meter with a HelioSim-CL60 solar simulator (Voss electronic GmbH). Cyclic voltammetry 

measurements were taken using an IviumStat potentiostat (details of the setup are in section 

6.3.2). TAS measurements were performed using an Ultrafast Systems TAS Spectrometer. 

Samples were pumped with Ti:Sapphire laser at 1kHz (800nm source pump). Excitation 

wavelength was selected using an optical parametric amplifier. For ultrafast measurements a 

portion of the pump beam was routed through a sapphire crystal to achieve white light 

continuum to act a probe beam. Excitation of 490 nm was used with a pump power of 60 µW. 

The pump power was varied to check for linearity and minimised to limit dye photobleaching. 

Four spectra were taken per sample and averaged to achieve the presented spectra. 
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Chapter 7. 

Tandem ssDSC assembly using a Charge 
Recombination Layer 
 

 

7.1 Introduction 
 

Tandem photovoltaic devices are constructed by sandwiching two individual cells (subcells) 

together. In a tandem device, the incident light that is unabsorbed by the top subcell is passed 

through and absorbed by the bottom subcell, thereby broadening the light absorption range. 

This offers the potential to increase the efficiency beyond the Shockley-Queisser limit for a 

single junction solar cell, as the maximum efficiency for a device with two photoactive dye-

sensitised electrodes is 43%.1 Based on Kirchhoff’s law, the theoretical photovoltage of a 

series connected tandem device is the sum of the voltages generated from the two subcells, 

whereas the photocurrent equals that of the subcell with the lowest produced current.2 

Integration of the two subcells requires electrical coupling. In liquid tandem DSCs (t-DSCs) the 

subcells are electrically connected as they share a redox electrolyte. However, for solid-state 

tandem DSCs (t-ssDSCs) the liquid electrolyte is replaced with a HTM and an ETM for the n-

type subcell and p-type subcell, respectively. External wiring between the separate devices 

will increase resistance and require additional interconnections. Therefore, the two subcells 

are joined together by what is known as a charge recombination layer (CRL). The role of this 

layer is to facilitate the recombination of separated charge carriers that are photogenerated 

within each subcell. After photoexcitation, electrons and holes are transported to their 

respective layers, the ETM and the HTM, then undergo recombination and annihilation within 

the CRL.2 
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In t-ssDSCs, the CRL should form an ohmic contact that minimises energy barriers for the 

charge carriers to flow across the CRL and facilitates efficient recombination. An ohmic contact 

also enhances the flow of current between the subcells, which enables efficient transfer of 

charge carriers from one subcell to the other. This promotes successive photon absorption by 

the subcells and enhances the overall electrical output of the tandem solar cell. The choice of 

the CRL is critical to device performance. A work function contrast is required to provide 

adequate energy level alignment for electron and hole collection. The CRL should be 

processed at low temperatures with a short annealing time to avoid damaging the underlying 

organic dye. As well as this, each successive layer of the CRL requires the use of orthogonal 

solvents. It is also important that the CRL has high optical transparency to allow unabsorbed 

light from the top subcell to pass through to the bottom sub-cell. 

In 2015, Jiang et al. proposed a two-terminal perovskite/perovskite tandem solar cell that uses 

a CRL consisting of Spiro-OMeTAD/PEDOT:PSS/PEI/PCBM:PEI.3 This is shown in Figure 7.1. The 

choice of Spiro-OMeTAD and PCBM enables efficient hole and electron collection, 

respectively. Additionally, PEI is employed to modify the surface and establish a work function 

contrast between the upper and lower surfaces of the PEDOT:PSS film.  

 

 

 

 

 

 

 

 

 

The tandem device in this thesis is comprised of an n-type ssDSC that incorporates spiro-

OMeTAD as the HTM, and a p-type ssDSC that incorporates PCBM as the ETM. Therefore, the 

CRL proposed by Jiang et al. seemed a reasonable starting point for the fabrication of a CRL 

for such tandem ssDSC. 

Figure 7.1: Two-terminal bottom-up perovskite/perovskite tandem solar 
cell utilising a CRL composed of Spiro-OMeTAD/PEDOT:PSS/PEI/PCBM:PEI. 
Figure obtained from DOI: 10.1039/c5ta08744a 
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7.2 Tandem cell design 
 

In earlier chapters, the cell design was arranged to have both top and bottom contacts located 

on one side of the substrate. However, in the tandem device two glass substrates are joined 

together. Consequently, the original singular cell design is no longer viable as it would prevent 

access to the contacts. Therefore, the cell design required modification to allow accessibility 

to contacts on individual glass substrates. Figure 7.2 shows the tandem cell design, where the 

grey area represents the area that is etched away. This creates two channels that, when the 

two subcells are placed together, create 2 pixels per tandem device. 

 

 

 

 

 

 

 

 

 

 

 

7.3 Charge Recombination Layer 
 

7.3.1 Spiro-OMeTAD 

 

The thickness of the Spiro-OMeTAD within the CRL employed in the perovskite/perovskite 

tandem device was 150 nm.3 A 150 nm overstanding layer was found to guarantee a smooth 

surface to provide a reliable serial connection between the two subcells in a ssDSC/vacuum 

deposited bulk heterojunction tandem solar cell.4 However, spin coating parameters used for 

Figure 7.2: Tandem ssDSC device design consisting of two subcells deposited on 30x20 
mm FTO substrates. The FTO substrates are etched (grey area) to leave two FTO channels 
(white areas: 20x6 mm and 10x6 mm) that create two pixels with active area of 36 mm2. 
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the perovskite/perovskite tandem were for deposition directly onto the perovskite film. 

Therefore, these parameters needed to be adjusted for deposition onto a mesoporous TiO2 

network in the ssDSC tandem. Consequently, the Spiro-OMeTAD that infiltrates the 

mesoporous TiO2 in the n-type subcell requires a 150 nm overstanding layer. Results from 

Docampo et al. (Figure 7.3) revealing the thickness of the overstanding layer as a function of 

casting Spiro-OMeTAD concentration (for the same concentration of tBP and LiTFSI additives 

used in this work) was used to extract the Spiro-OMeTAD concentration required to provide 

an overstanding layer of suitable thickness for integration into the CRL.5 A linear fit was 

employed for the slope containing data after 0.11 vol% and using the equation of the slope 

the Spiro-OMeTAD concentration that results in a 150 nm overstanding layer was found to be 

0.126 vol%, therefore a solution containing 0.126 vol% of Spiro-OMeTAD was deposited onto 

the photoanode. 

 

 

 

 

 

 

 

 

 

 

 

7.3.2 PCBM:PEI 

 

The CRL utilises a PCBM:PEI mixture that replaced pure PCBM. The presence of PEI was found 

to increase the conductivity of PCBM from < 10-5 S cm-2 to around 0.015 S cm-2 when a 1:15 

ratio of PEI:PCBM by weight was used.3 To investigate how this will impact device performance 

transient absorption spectroscopy (TAS) of FTO/NiO/P1/PCBM:PEI/BCP/Ag devices was 

undertaken for varying concentrations of PEI added to the PCBM. 

Figure 7.3: Overstanding layer thickness as a function of casting Spiro-OMeTAD concentration, where black 
squares show data from SEM image analysis, black line represents the prediction from fit, and the red dashed 
line shows the vol% of Spiro-OMeTAD that results in a 150 nm overstanding layer.   
Data retrieved from DOI: 10.1002/adfm.201201223 



129 
 

Figure 7.4 indicates the absorption peak centred around 630 nm differs when varying the 

concentration of PEI in the PCBM ETM, where a decrease in the amplitude of the absorption 

peak is observed with increasing concentration of PEI. This absorption peak is attributed to 

the reduced state of the dye. The impact that PEI has on device performance is discussed in 

Section 7.4 – Tandem J-V response.    

 

 

 

 

 

 

 

 

 

 
 

 

7.3.3 Ohmic contact 

 

Due to wetting difficulties of the PEDOT:PSS, this layer in the CRL was replaced with a 5 nm 

layer of thermally evaporated silver (Ag), as Ag has been successfully implemented as a 

recombination site in other tandem PV technologies.4,6 The work function of PEDOT:PSS used 

in the perovskite/perovskite tandem is about 5.0 eV,3 and the work function of Ag deposited 

on Spiro-OMeTAD is around 4.6 eV.7 An initial test of the CRL was carried out to ensure an 

NiO/P1/PCBM 

NiO/P1/PCBM:PEI (15:1) NiO/P1/PCBM:PEI (15:2) 

Figure 7.4: Transient absorption spectroscopy upon excitation at 490 nm of NiO/P1 with (a) PCBM, (b) a 
15:1 ratio of PCBM:PEI, and (c) a 15:2 ratio of PCBM:PEI by weight utilised as electron transporting 
materials. 

(a) 

(b) (c) 
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ohmic contact was achieved. This was performed by depositing Spiro-OMeTAD/Ag onto one 

FTO substrate and PCBM:PEI/PEI onto another FTO substrate (etched using the pattern shown 

in Figure 7.2 with silver contacts painted at the end of the FTO channel). I-V scans were 

performed while the substrates were clamped together. Figure 7.5(a) shows the I-V scan of 

the CRL without Ag exhibits a rectifying behaviour indicating a non-ohmic contact between 

the subcells, whereas Figure 7.5(b) shows that the CRL containing Ag forms a favourable ohmic 

contact. However, the currents obtained are low, indicating further optimisation is required.  

 

 

 

 

 

 

 

 

 

For devices employing the CRL in Figure 7.5(b), the PCBM:PEI blend will transport electrons to 

the Ag from the NiO subcell, the Spiro-OMeTAD will transport holes from the TiO2 subcell, and 

these photogenerated charges will recombine at the Ag recombination centre. This is assisted 

by the presence of PEI that will form a work function contrast between the top and bottom 

sides of the CRL for electron and hole collection and enhance the conductivity of PCBM from 

< 10-5 S cm-2 to around 0.015 S cm-2 when a 1:15 ratio of PEI:PCBM by weight is used.3 

 

7.3.4 Testing a transparent conductive adhesive for future applications in tandem ssDSCs 

 

The tandem ssDSCs in this work were held together with clamps, however, extending the 

potential of tandem ssDSCs to real-world applications will involve ensuring their structural 

integrity and proper assembly. Consequently, tandem devices consisting of two glass 

substrates will require mechanical adhesion of the two subcells. In this work, a UV glue was 

tested to secure the subcells as one device. However, this resulted in no electrical contact 

(a) (b) 

Figure 7.5: I-V response of (a) Spiro-OMeTAD/PEI/PCBM:PEI CRL and (b) Spiro-OMeTAD/Ag/PEI/PCBM:PEI 
CRL with a 15:1 ratio of PCBM:PEI by weight, measured at a scan rate of 0.5 V s-1.  

Spiro-OMeTAD/PEI/PCBM:PEI Spiro-OMeTAD/Ag/PEI/PCBM:PEI 
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between the n-type side and the p-type side. Therefore, a transparent conductive adhesive 

(TCA) was tested within the CRL to electrically and mechanically assemble the subcells as one 

device. The TCA used is taken from the work by Bryant et al. that is designed to have high 

transparency (>98%) and conduction paths vertically (𝑧𝑧-conduction),8 making this a suitable 

option for use in the CRL of the tandem ssDSC. The TCA consists of a blend of PEDOT:PSS and 

an acrylic adhesive, therefore when testing the CRL with this adhesive layer the evaporated 

Ag layer formerly used in this work was omitted from the CRL, as the PEDOT:PSS will now act 

as the recombination site.  

To test the TCA in the CRL the experiment in Section 7.3.1 was repeated to verify an ohmic 

contact is still achieved. The volume fraction of PEDOT:PSS used in the TCA was 0.0175. The 

ratio of PCBM:PEI was altered between 15:0.5, 15:1 and 15:2 by weight to vary the 

conductivity of the PCBM:PEI film.3 Spiro-OMeTAD was deposited onto one pre-etched FTO 

substrate and the PCBM:PEI, PEI, and TCA were deposited onto another (etched using the 

pattern shown in Figure 7.2 with silver contacts painted at the end of the FTO channel). The 

weight of a glass substrate was too heavy to be held by the small channels of TCA deposited, 

therefore once adhered together the substrates were then secured in place using the UV glue. 

Figure 7.6 shows the J-V response of CRLs containing TCA with varying ratios of PCBM:PEI.  

 

 

 

 

 

 

 

 

The PEDOT:PSS at the surface of a TCA that contains a 0.0175 volume fraction of PEDOT:PSS 

is at most ~ 1.75% of the total surface area, therefore current will only be collected from the 

Spiro-OMeTAD layer from 1.75% directly underneath the PEDOT:PSS. Therefore, to assist 

charge collection across the whole Spiro-OMETAD surface Bryant et al. spray coated a 50 nm 

(a) (b) 

Figure 7.6: I-V response of Spiro-OMeTAD/PEDOT:PSS/PEI/PCBM:PEI CRL containing a TCA with a 0.0175 
volume fraction of PEDOT:PSS, for the following ratios of PCBM:PEI: (a) 15:0.5, (b) 15:1 and 15:2 by weight, 
measured at a scan rate of 0.5 V s-1. 
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interlayer of PEDOT:PSS onto the Spiro-OMeTAD.8 Thus, future investigation will involve 

testing this interlayer in the CRL to improve charge extraction across the entirety of the Spiro-

OMeTAD interface, followed by testing the modified CRL containing the TCA in a tandem 

ssDSC.  

 

7.4 Tandem ssDSC J-V response 
 

Tandem ssDSCs were constructed employing a Spiro-OMeTAD/Ag/PEI/PCBM:PEI CRL and their 

J-V response was measured under AM1.5 simulated sunlight of 100 mW cm-2. To reveal the 

impact of the addition of PEI to the PCBM ETM on device performance, a series of devices 

were fabricated with varying concentrations of PEI, consisting of a 15:0.5, a 15:1, and a 15:2 

ratio of PCBM:PEI by weight.  

Figure 7.7 reveals that a higher VOC and JSC were obtained when illuminating from the n-type 

subcell side. The devices containing a 15:0.5 or 15:1 ratio of PCBM:PEI by weight performed 

slightly better than the device with no PEI added to PCBM. However, at a larger concentration 

of PEI where the ratio of PCBM:PEI by weight is 15:2, the device performance is hindered.  

 

 

 

 

 

 

 

 
 

 

 

 

Overall, the devices exhibit a poor FF and reveal the effects of parasitic resistances. This is 

likely due to the poor performance and resistive behaviour of the p-type subcell. A very high 

series resistance is likely present due to the inadequate blocking layer in the p-type subcell. 

Illuminating from n-subcell side Illuminating from p-subcell side (a) (b) 

Figure 7.7: J-V response of tandem ssDSCs employing a Spiro-OMeTAD/Ag/PEI/PCBM:PEI CRL for (a) 
illumination from the n-type subcell side, and (b) illumination from the p-type subcell side, measured under 
AM1.5 simulated sun light of 100 mW cm-2 at a scan rate of 0.5 V s-1. Dotted lines represent dark J-V curves. 
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Additionally, the JSC of the tandem ssDSCs is two orders of magnitude lower than the p-type 

and n-type ssDSCs studied in this thesis. This can be attributed to the low current drawn 

through the CRL (Figure 7.5). However, the VOC reaches an impressive 0.88 V, which is higher 

than that of the n-type ssDSC and p-type ssDSC alone. Therefore, this study has highlighted 

the potential of the tandem ssDSC configuration and the ability to utilise the collective open-

circuit voltages of the component devices. 

 

7.5 Conclusion 
 

In summary, the employment of a charge recombination layer (CRL) in a p-n tandem ssDSCs 

has shown to electrically connect the individual subcells and generate a VOC of the tandem 

device that is higher than that of the individual subcells. The VOC of the champion tandem 

device was 0.88 V, which is close to that of the highest efficiency liquid tandem DSC (VOC = 0.91 

V).9 This is a promising result considering the substantial set back in performance due to the 

inability of the p-type ssDSC to perform as expected. However, the low JSC of the tandem 

devices highlights that further optimisation of the CRL and exploration of alternative materials 

is required to fully unlock the potential of tandem ssDSCs, as the CRL employed in the tandem 

ssDSC was seen to reduce the JSC of the tandem device by two orders of magnitude in 

comparison with the theoretical JSC. Future work should involve testing the CRL employing the 

transparent conductive adhesive as the current obtained across this CRL was substantially 

higher. A further study on the effects of PEI on device performance is also required, as the 

results obtained in this work are insufficient to make any conclusive determinations.  

Furthermore, these results signify the importance of improving the performance of p-type 

ssDSCs; development of new p-type semiconductors that exhibit fast hole-transport 

properties, as well as the incorporation of dyes with broad absorption spectra and high 

extinction coefficients will help increase the PCE of the p-type device for improved efficiency 

of the tandem ssDSC.  
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7.6 Experimental Methods 

 

7.6.1 Chemical reagents 
 

All chemicals were used as received without further purification. Titanium(IV) isopropoxide 

(97%), acetylacetone (≥99%), transparent titania paste, titanium(IV) chloride tetrahydrofuran 

complex (97%), tert-Butanol (≥99.5%), acetonitrile (≥99.9%), spiro-OMeTAD (99%), tBP (98%), 

nickel(II) acetate tetrahydrate (99.995%), 2-methoxyethanol (99.8%, anhydrous), nickel(II) 

chloride (99.9%, anhydrous), poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) (F108), aluminium-tri-sec-butoxide (97%), PCBM (>99.5%), and 

polyethylenimine (PEI) were purchased from Sigma-Aldrich. Ethanol (99.8%) was purchased 

from Fisher Chemical. LEG4 (DN-F05) and P1 (DNFP01) were purchased from Dyenamo. 

Anhydrous chlorobenzene (99.5%, extra dry), anhydrous chloroform (99.9%, extra dry), 

anhydrous isopropanol (99.8%, extra dry), and LiTFSI (99%) were purchased from Acros 

Organics. Anhydrous acetonitrile (>99.8%) was purchased from Alfa Aesar. PEDOT:PSS (PH 

1000) was purchased from Ossila. 

 

7.6.2 Preparation of the photoanode 
 

Fluorine-doped tin oxide (FTO, Pilkington, 7 Ω sq-1) coated glass substrates were cleaned in 

ultrasonic baths of detergent diluted in tap water (15 min), de-ionised water (15 min), and 

ethanol (15 min) in sequence. The substrates were then blown dry using a nitrogen flow. The 

FTO was then etched using a Ulyxe laser etcher to create the electrode pattern (parameters 

specified in Section 3.2.2), and then exposed to UV-ozone for 15 min to remove the last traces 

of organic residues. A compact TiO2 blocking layer was deposited via 15 spray cycles of spray 

pyrolysis on a hotplate at 450°C using an airbrush and N2 as the carrier gas. The solution used 

in the spray pyrolysis was 3.6 ml acetylacetone and 2.4 ml titanium(IV) isopropoxide dissolved 

in 54 ml ethanol. To deposit the mesoporous TiO2 film (~ 1.9 µm), transparent titania paste 

was screen printed onto the compact layer. After sintering on a hotplate at 450°C for 30 min 

the substrates were cooled to room temperature and immersed into a 40 mM aqueous 

solution of titanium(IV) chloride tetrahydrofuran complex for 20 min at 70°C. The substrates 

were then rinsed with de-ionised water and ethanol successively, and then annealed on a 
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hotplate at 500°C for 30 min. Once cooled to 70°C the substrates were immersed into a 0.1 

mM solution of LEG4 sensitiser in a mixture of tert-butanol and acetonitrile (1:1 volume ratio). 

The substrates were left in the solution overnight and then the sensitised electrodes were 

rinsed with acetonitrile.  

 

7.6.3 Preparation of the photocathode 
 

Fluorine-doped tin oxide (FTO, Pilkington, 7 Ω sq-1) coated glass substrates were cleaned in 

ultrasonic baths of detergent diluted in tap water (15 min), de-ionised water (15 min), and 

ethanol (15 min) in sequence. The substrates were then blown dry using a nitrogen flow. The 

FTO was then etched using a Ulyxe laser etcher to create the electrode pattern (parameters 

specified in Section 3.2.2), and then exposed to UV-ozone for 15 min to remove the last traces 

of organic residues. A blocking layer solution of 0.5 M nickel acetate tetrahydrate in 2-

methoxyethanol was deposited via spin coating onto clean FTO glass at 2000 rpm for 30 s. The 

process was repeated 3 times. The spin coated films were annealed at 450 °C for 30 min to 

allow thermal decomposition of nickel acetate tetrahydrate into dense NiO. A NiCl2 sol-gel was 

prepared using the polymer templating method described by Suzuki et al. A NiO precursor 

solution was prepared by dissolving anhydrous NiCl2 (1g) and the tri-block co-polymer F108 

(poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)) (1g) into a 

mixture of ultra-pure deionised water (3g) and ethanol (6g). The solution was stirred overnight 

and left to rest for 2 weeks. The mixture was centrifuged for 15 min to sediment out 

undissolved NiCl2 and amorphous NiO. The sol-gel solution was then slot-die coated onto the 

NiO blocking layer at a coating speed of 2.5 mm s-1 and a dispense rate of 0.435 µl s-1, followed 

by sintering on a hotplate at 450°C for 30 min. This process was repeated twice. Once cooled 

to 70°C the substrates were immersed into a solution of P1 sensitiser (0.2 mM) in acetonitrile. 

The substrates were left in the solution overnight and then the sensitised electrodes were 

rinsed with acetonitrile.  
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7.6.4 Fabrication of the Spiro-OMeTAD/Ag/PEI/PCBM:PEI CRL 
 

The preparation and deposition of the Spiro-OMeTAD solution was carried out in a nitrogen-

filled glovebox. The HTM solution was homogeneously spread by means of a pipette onto the 

sensitised photoanode and left to penetrate into the mesoporous network for 30 s, followed 

by a two-step spin coating for 40 s at 700 rpm then 2 s at 2000 rpm. The formulation of the 

HTM solution was 0.126 vol% of Spiro-OMeTAD in anhydrous chlorobenzene, with the 

addition of 76 mM tBP and 25 mM LiTFSI (LiTFSI was pre-dissolved in anhydrous acetonitrile 

at 170 mg ml-1). The solution was filtered through a 0.45 µm polytetrafluoroethylene (PTFE) 

syringe filter and 75 µl was dispensed onto the substrate. The films were left overnight in a 

desiccator. 

The preparation and deposition of the PCBM:PEI and PEI solutions were carried out in a 

nitrogen-filled glovebox. The ETM solution was homogeneously spread by means of a pipette 

onto the sensitised photocathode and left to penetrate into the mesoporous network for 30 

s, followed by a two-step spin coating for 3 s at 1000 rpm and then 30 s at 3000 rpm. The 

formulation of the ETM solution was 40 mg ml-1 PCBM in anhydrous chlorobenzene with 

varying concentrations of PEI (15:0.5, 15:1 and 15:2 ratios of PCBM:PEI by weight). The 

solution was filtered through a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter and 90 µl 

was dispensed onto the substrate. The substrates were placed on a hotplate at 100°C for 5 

min. Following this, a PEI layer was deposited on top of the PCBM:PEI film by spin coating a 

solution of 0.1 wt% in anhydrous isopropanol at 5000 rpm for 1 min, then substrates were 

heated on a hotplate at 100°C for 1 min. The substrates were placed in a BOC-Edwards Auto 

thermal evaporator where 5 nm of silver was deposited through a mask under high vacuum 

(10-6 Torr) at a rate of 1 Ås-1. 

 

7.6.5 Characterisation of the tandem ssDSCs 
 

J-V measurements were performed using a 2401 Keithley SourceMeter with a HelioSim-CL60 

solar simulator (Voss electronic GmbH) measured under AM1.5 simulated sun light of 100 mW 

cm-2 at a scan rate of 0.5 V s-1. 
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7.6.6 Characterisation of the Spiro-OMeTAD/Ag/PEI/PCBM:PEI CRL 
 

The ohmic contact of the CRL was verified by constructing a device of FTO/Spiro-

OMeTAD/Ag/PEI/PCBM:PEI/FTO. The deposition of these layers was as described in Section 

7.5.4, with one substrate consisting of FTO/Spiro-OMeTAD/Ag and another substrate 

consisting of FTO/PCBM:PEI/PEI. A small spot of silver paint was deposited on the FTO contacts 

to improve the contact with the crocodile clips during characterisation. I-V measurements 

were performed while the substrates were clamped together using a 2401 Keithley 

SourceMeter at a scan rate of 0.5 V s-1. 

 

7.6.7 Characterisation of the Spiro-OMeTAD/PEDOT:PSS/PEI/PCBM:PEI CRL 
 

The ohmic contact of the CRL was verified by constructing a device of FTO/Spiro-

OMeTAD/PEDOT:PSS/PEI/PCBM:PEI/FTO. The deposition of all layers except PEDOT:PSS was 

as described in Section 7.5.4, with one substrate consisting of FTO/Spiro-OMeTAD and 

another substrate consisting of FTO/PCBM:PEI/PEI. The transparent conductive adhesive 

(TCA) containing PEDOT:PSS was fabricated as reported by Bryant et al. such that the final 

volume fraction of PEDOT:PSS in the dry TCA film was 0.0175.8 The TCA mixture was doctor 

bladed onto the FTO/PCBM:PEI/PEI substrate and dried for 15 min at 60°C followed by 5 min 

at 120°C. A hot press heated to 100°C was used to activate the pressure sensitive adhesive 

using pressure 0.15 MPa, and a UV epoxy was used to hold the glass substrates together. A 

small spot of silver paint was deposited on the FTO contacts to improve the contact with the 

crocodile clips during characterisation. I-V measurements were performed using a 2401 

Keithley SourceMeter at a scan rate of 0.5 V s-1. 
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Chapter 8. 

Conclusion 

 
 

 

This thesis aimed to establish the proof of concept for the tandem solid-state DSC, highlighting 

its potential for improved open-circuit voltages while overcoming the stability issues that 

surround liquid tandem DSCs. To accomplish this, the two subcells (n-type ssDSC and p-type 

ssDSC) that constitute the tandem device were designed and fabricated, followed by a study 

on a charge recombination layer (CRL) that electrically connected the two subcells. In Chapter 

7, a tandem ssDSC with VOC of 0.88 V and JSC of 0.005 mA cm-2 was achieved. The poor 

performance of the tandem device was attributed to the ineffective operation of the p-type 

ssDSC and the and low current measured through the CRL. The subsequent discussion 

addresses these existing issues and outlines future strategies to overcome them.  

The PCE of n-type ssDSCs is generally much lower than traditional DSCs as they utilise TiO2 

films that are around 2 µm, which are much thinner in comparison to liquid DSC. These thin 

films impact the performance of the device due to recombination between the photoinjected 

electrons and the holes in the HTM, as well as hinder light absorption. In Chapter 5, 

experiments aimed at enhancing increasing the light absorption in n-type ssDSCs were 

conducted through a co-sensitisation approach. This fabrication method has been seen to 

extend the absorption spectrum for enhanced light harvesting,1 as well as form a denser 

monolayer of dyes to prevent charge recombination.2 The co-sensitisation approach showed 

that employing LEG4 dye with a smaller co-adsorbent L0, which exhibits an absorption band 

in the shorter wavelength region compared with LEG4, resulted in a notable 7% increase in 

PCE. However, further improvements require optimisation of the dye loading by changing the 

method of co-sensitisation from the cocktail approach (two dyes loading at the same time) to 

the sequential approach (one day sensitised at a time). This would allow a higher level of 
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control over the dye loading which could reduce unwanted dye competition. Additionally, 

other dyes should be tested to extend the absorption region into higher wavelengths. 

Another method tested to improve the performance of n-type ssDSCs was the utilisation of 

an amide-based HTM with enhanced conductivity due to close molecular packing.3 Employing 

the amide-based HTM, TPABT, required modification of the heterojunction between the TiO2 

and the TPABT, therefore a series of experiments was undertaken, varying the concentration 

of additives LiTFSI and tBP to the TPABT in order to adjust the Fermi level alignment between 

the TiO2 and the HTM. Interestingly, it was found that a longer oxidation time, as well as light 

soaking treatment were necessary for devices employing TPABT as the HTM, whereas this was 

not the case for those employing Spiro-OMeTAD. It was hypothesised that the light soaking 

treatment induced Li+ ion migration in TPABT devices, resulting in a more favourable Fermi 

level alignment and minimisation of the presence of deep trap states. This raises the question 

of whether this behaviour is exhibited in other HTMs that might be disregarded after 

insufficient oxidation time or light soaking. Therefore, future work should involve developing 

a better understanding of such phenomena. 

In Chapter 6, an investigation was conducted to address recombination issues at the 

ETM/electrode interface in p-type ssDSCs. It was found that the spin coated blocking layer 

that was deposited onto the FTO to prevent recombination at the ETM/FTO interface was not 

compact. This was evident through SEM and EDX analysis which displayed the presence of 

cracks in the film, revealing the underlying FTO. Additionally, the spray coated blocking layer 

displayed non-uniform coverage, which would require extensive optimisation of the spray 

coating parameters which posed a health and safety risk due to the toxicity of NiO in aerosol 

form. Furthermore, the recombination at the ETM/NiO interface could not be ruled out, 

therefore an alternative approach was undertaken in which three surface treatments were 

tested to passivate the Ni3+ surface states that are accountable for charge recombination.4 

However, TAS measurements indicated that the lifetimes associated with the reduced state 

of the dye showed little to no variation between surface treatments, which implied that 

recombination rates remained unaffected. However, differences in the lifetimes associated 

with the excited state of the dye suggested that rather than mitigating recombination, the 

insulating layers may have generated non-injecting dyes anchored onto the passivated NiO 

surface. The kinetic data showed recombination in the sub-picosecond timescale. This is in 

agreement with results from D’Amario et al., who attribute this fast recombination to hole 
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shallow-trapping in a “Ni4+”.5 To avoid this, electron recombination with the trapped hole in 

the “Ni4+” state must be retarded to allow relaxation to the hole in the Ni3+ state, where 

recombination is slower. Thus, before employment of p-type ssDSCs into tandem ssDSCs, 

future work should involve testing a new dye that can exhibit long-lived charge separated 

excited states. Additionally, pore filling of the ETM into the mesoporous NiO network should 

be improved, as well as testing a sputtered NiO blocking layer, as this seems to be the effective 

method to fabricate a compact NiO blocking layer in the literature.6–8 

In Chapter 7, a charge recombination layer (CRL) was studied to electrically connect the two 

subcells by creating an energy level cascade that supported the electron transport from the 

p-type subcell and the hole transport from the n-type subcell into the charge recombination 

site. There, they recombine to enhance the flow of charge carriers between each subcell, and 

minimise recombination among the photogenerated charge carriers within each subcell. The 

CRL employed within the tandem ssDSC consisted of Spiro-OMeTAD/Ag/PEI/PCBM:PEI. A 

study of this CRL revealed the successful fabrication of an ohmic contact to minimise energy 

barriers for the charge carriers to flow across the CRL. However, the performance of the 

tandem ssDSCs was poor due to low current through the CRL and the additional work that is 

required on the p-type ssDSC. A further study was undertaken to test the adhesion of the CRL 

to mechanically connect the two subcells for real-world applications, removing the necessity 

to apply clamping or pressure on the subcells for their operation. A transparent conductive 

adhesive (TCA) containing PEDOT:PSS dispersed in an acrylic adhesive was employed in place 

of Ag, which was found to mechanically and electrically connected the CRL, and UV epoxy was 

used to hold the glass substrates in place. Results obtained for this CRL show that a PCBM:PEI 

ratio of 15:0.5 was able to form an ohmic contact. Therefore, future work will involve testing 

the TCA in a fully working tandem device.  

Overall, this study has revealed valuable insights into the operation and potential challenges 

of tandem ssDSCs. The crucial importance of obtaining high electrical conductivity in the CRL 

has been highlighted. Furthermore, the inability of the p-type ssDSC to perform as expected 

also had a direct impact on the overall performance of the tandem device as the photocurrent 

equals that of the subcell with the lowest produced current. This outcome underscores the 

significance of the p-type ssDSC performance in influencing the efficiency of the tandem 

device, and future research should place critical importance on studying the p-type electrode.  
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