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Lay summary 

Lay summary 

This thesis will cover the topic of dye-sensitised solar cells (DSSCs) and perovskite 

solar cells (PSCs), focussed on essential layers within these for conducting positive 

charges. The DSSC and PSC are classified as third-generation solar cells and have 

brought new impetus to the photovoltaic research field due to their artistry such as 

colour and flexibility, and stable performance under low-intensity light. Both solar 

cells consist of multiple layers, where the basic architecture can be written as <electron 

(negative charge) conducting layer / light absorber layer / hole (positive charge) 

conducting layer>. In the last layer, the liquid electrolyte and solid hole transport 

material (HTM) are interchangeable. The prominent difference between the DSSC and 

PSC is the different light absorber materials they use, which is a dye molecule for the 

DSSC and a metal-halide perovskite for the PSC.  

One of the current challenges for the DSSC and PSC is their long-term stability. To 

conduct positive charges (holes), a standard DSSC incorporates a liquid electrolyte in 

their structure, which increases the risk of the electrolyte to evaporate or leak. PSCs 

normally use solid HTMs, but they suffer from shorter shelf-lifetime than DSSCs 

because the perovskite is unstable against the moisture in air. 

This thesis explores the solution towards highly efficient and stable DSSCs or PSCs, 

by taking a broad approach for both solar cells with a focus on the <electrolyte or 

HTM> layer. Our first study (Chapter 3) investigates a previously reported copper-

based electrolyte for DSSCs. By mixing two kinds of dyes in the cell, high efficiencies 

were achieved in addition to the reduction of the materials cost. Inspired by the known 

ability of these copper-based electrolytes to be turned into solid-state HTMs by slowly 

evaporating the electrolyte, our second study (Chapter 4) demonstrates a novel solid-

state polyiodide (Ply-I) HTM that is produced from a liquid electrolyte. The polyiodide 

HTMs are shown to work as efficiently as their liquid counterpart in DSSCs with an 

extremely long shelf lifetime. Our third study (Chapter 5) moves onto PSCs. A novel 

monothiatruxene-based organic HTM was synthesised and demonstrated to work as 

efficiently as the standard Spiro-MeOTAD HTM, but with higher stability. Our last 

study (Chapter 6) focusses on organic-inorganic copper iodide complexes as HTMs 

in PSCs. This unique class of HTMs led to relatively low performance, which can be 
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associated with the poor interface and grain boundaries observed in the fabricated 

PSCs.  

Overall, we believe that the approach and results described in this thesis will provide 

useful insights in designing alternative electrolytes and HTMs to achieve highly 

practical DSSCs and PSCs. 



From electrolytes to HTMs in DSSCs and PSCs 

i 

Abstract 

Abstract 

Dye-sensitised solar cells (DSSCs) and perovskite solar cells (PSCs) have brought new 

impetus to the photovoltaic research field due to their artistry such as colour and 

flexibility, and stable performance under low-intensity light. These solar cells adopt a 

common architecture of <electron transport layer / light absorber layer / electrolyte or 

hole transport layer>, however show distinct features owing to the different light 

absorber materials, i.e. a donor-acceptor type dye for the DSSC and a metal-halide 

perovskite for the PSC.  

One of the remaining challenges for the DSSC and PSC is their long-term stability. 

Leakage of the volatile electrolyte especially in DSSCs has pushed the field towards 

developing solid-state hole transport materials (HTMs). However, depositing the HTM 

in DSSCs has often led to poor interfaces, lowering the performance of the cell. PSCs 

have overcome this challenge by increasing the thickness of the perovskite layer, but 

have suffered from shorter shelf-lifetime than DSSCs, owing to the instability of the 

perovskite material against moisture and ion migration within the cell.  

This thesis explores the solution towards highly efficient and stable DSSCs or PSCs, 

by taking a broad approach for both solar cells with a focus on the <electrolyte or 

HTM> layer. Our first study (Chapter 3) investigates a previously reported copper 

bipyridyl electrolyte in respect to the standard iodide/triiodide electrolyte in DSSCs. 

We demonstrate that the copper bipyridyl DSSCs reach high photovoltages over 1.0 

V, with co-sensitised devices attaining power conversion efficiencies (PCE) over 9% 

at 1 sun, 10% at 0.1 sun, and 29% at 1000 lux. Owing to the low-cost 5T dye co-

sensitised with the efficient XY1 dye, the cost performance was found to be improved. 

These copper bipyridyl DSSCs are known for their ability to be turned into solid-state 

cells by slowly drying out the electrolyte, which leads to our second study (Chapter 

4) on solid-state polyiodide DSSCs. Here we demonstrate that a novel solid-state 

polyiodide (Ply-I) DSSC can be produced from a standard iodide/triiodide electrolyte. 

These solid-state cells reached a stabilised maximum PCE of 5.0% compared to the 

corresponding liquid-state cells at maximum 5.7%. The Ply-I cell was shown to be 

stable over 8000 h without encapsulation. Our third study (Chapter 5) moves onto 

PSCs. A novel monothiatruxene-based organic HTM (TrxS-2MeOTAD) was 
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synthesised and demonstrated to work as efficiently as the standard Spiro-MeOTAD 

HTM (~19%), and with higher operational stability. In our last study (Chapter 6) we 

investigate copper iodide complexes as dopant-free organometallic HTM candidates 

in PSCs. This unique class of HTMs has led to relatively low performance (maximum 

6.5%) than predicted from their conductivity, apparently due to the poor interface and 

grain boundaries observed in the fabricated PSCs.  

Overall, we believe that the approach and results described in this thesis will provide 

useful insights in designing alternative electrolytes and HTMs to achieve highly 

practical DSSCs and PSCs.  
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Chapter 1 Introduction 

1.1 Overview of the chapter 

This thesis will cover the topic of dye-sensitised solar cells (DSSCs), perovskite solar 

cells (PSCs), electrolytes and hole transport materials (HTMs) and provide an 

integrated view on these independent elements.  

Photovoltaic research dates from 140 years ago—with three or four generations of 

photovoltaic techniques currently under research as of 2020. Socially, economically, 

and politically, the world has been shifting towards a more environmentally cautious 

attitude in the recent years, which coincides with the interest in developing this 

renewable technology for carbon-free electricity generation. 

From a scientific viewpoint, photovoltaic materials convert light into electricity, where 

the light source can be anything from light bulbs to the sun. One of the first reports on 

“solar” cells was by Adams and Day in 1876.1 They detected a photocurrent through 

a selenium rod with platinum electrodes on each end when illuminated by light from 

different sources such as a limelight or candlelight. Their report does not mention any 

connection of their findings to sunlight conversion. 

Therefore, to be accurate, these devices should be called photovoltaic (PV) cells or 

photocells. In this thesis, however, the term “solar cell” and “PV cell” will often be 

interchangeably used, depending on the context and as a generic term for convenience. 

The DSSC and PSC, targeted in this thesis, face both demands for on-grid power 

generation and off-grid power generation. Within the context of commercialisation, 

further materials development is inevitable to fulfil all necessary requirements for 

these solar cells, which are: 

1) Sufficiently large power output, 

2) sufficiently long lifetime, 

3) low associated cost, and 

4) safety. 
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The power output is often assessed by the output power density, i.e. power per unit 

area. This is because it is desirable to have a large power output using a minimal 

amount of space and materials.  

 

The features of the DSSC (liquid-state and solid-state) and PSC are listed in Table 1.1. 

based on the criteria 1) to 4) above (power output, lifetime, cost and safety). 

 

Table 1.1 Features of the liquid electrolyte DSSC, solid-state DSSC and solid-state PSC. 

Criteria l-DSSC*a s-DSSC*b PSC*c 

Power output vs. 

incident light  

14.5% (outdoor)*d 

34.0% (indoor)*e 

11.7% (outdoor) 

30.0% (indoor) 

25.2% (outdoor) 

36.0% (indoor) 

Operational 

lifetime*f 

> 1000 h, but risk of 

electrolyte leakage2 

> 1000 h3 > 1000 h, but influenced 

by moisture and light4 

Cost Low-cost materials 

and production 

Low-cost materials and 

production 

Low-cost materials and 

production 

Safety Low hazard Low hazard Pb toxicity 

*a l-DSSC: DSSC with liquid electrolyte. *b s-DSSC: DSSC with solid hole transport material. *c 

PSC: solid-state PSC. *d outdoor: 1 sun. *e Indoor: 1000 lux. *f for un-encapsulated cells. 

 

While DSSCs show moderate light-to-electricity power conversion efficiency (PCE) 

compared to the PSC under outdoor conditions, the indoor efficiency is similar to the 

PSC. The main challenges for the DSSC are the efficiency at 1 sun and the instability 

risk caused by the use of the volatile electrolyte. For the PSC, the PCE is remarkable, 

however there are issues of very poor stability and the use of toxic Pb. The common 

motivation that underlies in this thesis is to find ways to improve the stability of the 

device while maintaining the efficiency, by exploring alternative materials for the 

electrolyte or the HTM. 
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Figure 1.1 Simplified structure of a DSSC or PSSC (window/anode, electron transport material 

(ETM), light absorber, electrolyte or hole transport material (HTM) and cathode). The scale for 

film thickness, etc. is not considered in the image. 

Figure 1.1 illustrates the different layers in a DSSC or PSC. The role of the electrolyte 

or HTM is to mediate/transport the charges between the cathode and the light absorber 

when the cell is under operation. The electrolyte and HTM are distinguished by their 

names depending on the type of charge conduction, i.e. ionic conduction will take 

place in the liquid electrolyte while electronic conduction will occur in the solid HTM. 

The “hole” is a terminology to express the absence of an electron. If three electrons 

are excited from the ground-state to the excited state, then three holes are 

simultaneously created.  Hole transport to a particular direction can be described as a 

flow of electrons in the opposite direction. Besides liquid electrolytes and HTMs, there 

are also reports on quasi-solid-state charge transporters (gel electrolytes) or solid 

electrolytes. The similarities and differences between the electrolyte, gel electrolyte, 

solid electrolyte an HTM are summarised in Table 1.2. 

Table 1.2 Comparison of the electrolyte, gel electrolyte, solid electrolyte and HTM. 

Feature Electrolyte Gel 

electrolyte 

Solid 

electrolyte 

HTM 

State Solution Gel Solid Solid 

Conduction Ionic Ionic Ionic Electronic (p-type) 

Stability Risk of leakage 

and evaporation 

Generally 

stable 

Generally 

stable 

Generally stable, however may 

promote instability in the 

perovskite 

Electrolyte or HTM

Cathode

Window/Anode
ETM

Light absorber

hν
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This introduction chapter will cover the basic backgrounds on DSSCs and PSCs, as 

well as research advancements on the electrolyte and HTM. The challenges will be 

addressed, and the aim and approach of this thesis will be explained. 

 

1.2 General concepts in PV cells 

This section explains the general concepts that are common to any type of solar cell. 

 

The power conversion efficiency (PCE), or simply “efficiency”, of a solar cell is 

defined by: 

PCE (%) ≜ (
𝑃out

𝑃in
)

max

× 100 =  
𝑃max [mW ∙ cm−2]

𝑃in [mW ∙ cm−2]
× 100, (Equation 1.1) 

where Pin is the incident optical power density input, Pout is the electrical output power 

density and Pmax is the maximum electrical power density output of the cell. The power 

is expressed in the form of power density, which is the power divided by the active 

area (= the illuminated area) of the solar cell.  

 

A simplified model of a solar cell is illustrated in Figure 1.2. 

 

Figure 1.2 simplified model of a solar cell. NHE refers to the normal hydrogen electrode. 

 

Electrons

Holes

hν
eV

Solar cell

Eg

E [V] vs NHE
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The photon-to-electron conversion can be described by: 

ℎ𝜈g = 𝐸g = 𝑒𝑉, (Equation 1.2) 

where hvg and Eg represent the optical gap of the light absorber, e is the elemental 

charge (= 1.602176634·10-19 C), and V is the voltage of the cell. In 1961, Shockley 

and Queisser concluded that the theoretical maximum PCE is around 30%, with a light 

absorber having an optical gap of 1.1 eV.5 Their values are widely accepted today. 

They called their 30% limit a detailed balance limit because it considered the basic 

laws of physics such as the principles of the detailed balance. It is to be noted, however, 

that the calculation was for a p-n junction type cell (e.g. crystalline silicon) and that 

the light source was assumed as a blackbody; an approximation of the solar spectrum. 

Their overall calculation method applies to different types of solar cells illuminated 

under different conditions if the variables are adjusted. 

 

The principal idea is that the PV cell will absorb photons of equal or higher energy 

than hνg, while those with lower energy will be wasted. An absorbed photon in an ideal 

case will produce an electron with charge e at a voltage of V = hνg/e. Meanwhile, the 

current will be directly related to the number of absorbed photons. This will be 

influenced by the spectrum of the incident light. 

There are further parameters that will reduce the attainable PCE. These are for 

example: 

1) A loss-in-voltage to result in V < hνg/e. The standard loss-in-voltage will depend on 

the type of the PV cell due to different detailed architectures. 

2) The impedance of the solar cell (which reduces the fill factor (see Chapter 2)). 

 

In case of a DSSC or PSC, the loss-in-voltage comes from the energy mismatch 

between the light absorber and ETM or HTM, and also from charge recombination. 

Charge recombination refers to the recombination of the photogenerated electrons with 

the holes, or in other words, the undesired back flow of the electrons. An example of 
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a recombination route is illustrated in Figure 1.3. The attainable voltage is influenced 

by the recombination as follows:6,7 

 

Figure 1.3 An example of charge recombination within the light absorber layer. The loss-in-

voltage will depend on the recombination rate. 

𝑉OC ∝ ln (
1

𝑘rec
) , (Equation 1.3) 

where krec is the recombination rate. The solar cell should be designed so the 

recombination is kept to a minimum.  For a DSSC, charge recombination mainly 

occurs at the TiO2/electrolyte interface, FTO/electrolyte interface, and the TiO2/dye 

interface.8 This translates to the ETM/HTM, FTO/HTM and ETM/perovskite interface 

for a PSC. For the standard cell configuration for each solar cell, please refer to Figure 

1.10 and Figure 1.15. The back-reaction from the excited state to the ground state (or 

from the conduction band edge to the valence band edge) of the light absorber is 

normally negligible, as the process is known to be very slow compared to the injection 

of the electrons to the TiO2 or ETM (e.g. ~100 ps vs. ~ ns for a DSSC).9  

 

The standard solar spectrum and a spectrum of a fluorescent white light are shown in 

Figure 1.4. The two spectra can be distinguished by both the intensity range and 

spectral range, where the fluorescent light is shown to be about two orders of 

magnitude weaker and lacks emission in the IR range. Considering such differences, 

Ho et al., calculated the attainable PCE for indoor PV cells based on the theory by 

Shockley and Queisser, and obtained a value as high as 57% for a fluorescent white 
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light source at 1000 lux.10 This higher value for indoor PV can be explained by the 

wider optimal energy gap of the light absorber, which sits around 1.8–1.9 eV instead 

of 1.2–1.4 eV as in the case of 1 sun, as well as the narrower emission spectrum of the 

indoor light source that reduces both the subgap absorption loss and relaxation loss. 

 

Figure 1.4 Standard solar spectrum ASTM G-173-03 (1 sun) and spectrum of a LUMILUX® DE 

LUXE Warm White 930 (Osram) fluorescent lamp at 1000 lux. Modified from the literature.11,12  

The standard solar spectrum 

The standard solar spectrum in Figure 1.3 is a precisely defined spectrum distributed 

by the organisation ASTM International. It is based on the extraterrestrial solar 

irradiance which reaches the Earth with an airmass of 1.5 (AM1.5). AM1.5 

corresponds to a plane parallel atmosphere above a flat earth with a zenith angle of 

48.2o. AM1.5G, where G stands for global, refers to AM1.5 with a sun-faced 37o-tilted 

surface. The AM1.5G spectrum is the widely accepted choice for flat plate 

photovoltaic research. This AM1.5G spectrum with an integrated power density of 100 

mW·cm-2 is called 1 sun. If the incident light has an AM1.5G spectrum with 10% 

intensity, i.e. 10 mW·cm-2, then this is called 0.1 sun. In most laboratory research on 

solar cells, commercial solar simulators are used as the 1 sun incident light. These 

simulators normally use an artificial white light such as xenon or light emitting diode 

(LED) as the source, with a combination of filters to adjust the spectrum to AM1.5G. 

It is important to use a high-grade solar simulator to achieve reliable results. 
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The indoor light spectrum 

The spectrum of indoor lighting is unique for each lighting type (fluorescent, LED, 

halogen, etc.), with the emission mostly limited within the visible range.13 At present, 

there is no standard indoor light spectrum similar to the standard solar spectrum. Due 

to the specific purpose of indoor lighting, the light intensity is normally measured in 

photometric units such as illuminance in lux. To quantitatively assess the performance 

of the PV cell under indoor light, one should therefore convert the values into 

radiometric units, i.e. irradiance in µW·cm-2. A potential confusion that could arise in 

reporting indoor PV efficiencies is the fact that the conversion of illuminance into 

irradiance is specific for each light type and model. The following information should 

therefore be shared in each individual report for fair assessment: 

- the spectrum of the incident light (model of the light source) 

- the intensity of the incident light in lux and µW·cm-2 

 

Figure 1.5 shows the approximate relation between the power density (irradiance) of 

the incident light and its illuminance. A 1000 lux bright white light will correspond to 

around 300 µW·cm-2. 

 

Figure 1.5 The approximate relation between the power density and illuminance of common 

indoor lighting. Modified from the literature.10 

Solar PV cells 

Solar-to-electricity conversion has been the main target for PV development up until 

now. Solar PV cells, or simply solar cells, are facing increasing demand following the 
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global political efforts towards establishing a more sustainable society. Electricity 

production by crystalline silicon solar cells (1st generation PV) and thin-film (CdTe, 

CIGS) solar cells (2nd generation PV) has been steadily rising for the last few years 

(Figure 1.6).  

 

Figure 1.6 Annual growth of generated electricity per energy source. The numbers for 2020 are 

an estimation. Redrawn based on the literature.14 

The high expectations of Solar PV can be summarised as the following: 

1) Accessibility: The amount of solar energy the Earth receives is abundant and stable, 

with hardly any regional discrimination. Not only does the sun provide us with 

essential light and heat for survival, but it also delivers an excess of energy to Earth, 

i.e. 103–104 times more than the human energy consumption (the Earth annually 

receives 1024 J,15 while the annual global human consumption in 2019 was 5.84 × 1020 

J).16 Non-solar indoor light can also be utilised by selecting an appropriate type of off-

grid PV cell. 

2) Reliability: The process of PV conversion is exhaust-free and noise-free, making it 

easier to install PV cells in residential areas. Widely commercialised PV cells have a 

light-to-electricity power conversion efficiency (PCE) of around 20%, while more 

elaborate multi-junction solar cells (for space applications) can attain PCEs of over 

40%. 
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Other upcoming solar cells such as organic solar cells and perovskite solar cells could 

broaden the designability of the outdoor-type solar cells and facilitate the installation, 

leading to further expanded share. 

 

Indoor PV cells 

The recent Covid-19 pandemic has “forced” the world to implement new measures 

that would accelerate digitalisation and contactless communication in a remarkably 

short span. This indicates that the internet of things (IoT), a concept that may still feel 

remote to many of us would rapidly finds its way into our everyday life in a sufficiently 

near future. Although on-grid electricity generation is still the mainstream, off-grid 

electricity generation is an equally interesting area for photovoltaics to be involved in. 

In fact, amorphous silicon solar cells (a-Si) have been powering pocket calculators and 

solar watches since the late 1980s.17   

A solar cell with the maximum attainable 57% PCE at 1000 lux will generate c.a. 170 

µW·cm-2 of electricity. This indicates that a 2 cm × 3 cm cell (~1 mW) will suffice to 

power a wireless sensor.13,18 

 

1.3 Existing PV technologies 

Figure 1.7 lists the best certified efficiencies of all the existing PV technologies as for 

August 2020. 90% of the current market for solar PV is dominated by crystalline 

silicon solar cells and the rest by thin-film solar cells (blue and green in Figure 1.7). 

Multi-junction solar cells (purple) exhibit efficiencies over 40%, however these have 

elaborate structures and are limited to use on spacecrafts or terrestrial solar 

concentrator systems. The crystalline silicon solar cell (or simply “silicon solar cell”) 

is the most mature solar cell technology with a history of 80 years.19 It is often 

classified as the 1st generation of solar cells, with characteristics such as high rigidity, 

high performance (26.1% for single-crystalline (normally referred to as 

monocrystalline), 23.3% for multi-crystalline) and guaranteed stability of ~25 years. 
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Figure 1.7 Certified solar cell efficiency record chart as of August 2020. Reproduced from the 

literature (https://www.nrel.gov/pv/cell-efficiency.html, 3rd August 2020).20  

https://www.nrel.gov/pv/cell-efficiency.html
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An example of a silicon solar cell architecture is illustrated in Figure 1.8(a). The 

silicon solar cell is called a p-n junction cell, where n- and p- type silicon are fused 

together. This allows efficient light absorption and the successive separation of 

electrons and holes.  

 

Figure 1.8 Simplified structure of a (a) crystalline silicon solar cell and (b) thin-film solar cell 

(CIGS). Redrawn based on the literature.17,21 The scale of the layer thickness is not considered.  

The silicon solar cell features a thick (100-400 µm absorber layer),21,22 heavy and rigid 

films compared to the later generation of PV cells. With their sturdiness and high PCE, 

they are suitable for residential applications but not for areas such as indoors, outer 

space or mobile applications. 

Thin-film solar cells are classified as the 2nd generation of solar cells. They have been 

competing with crystalline silicon since the 1960s,23 with advantages such as reduced 

absorber layer thickness (1–5 µm compared to 100–400 µm for silicon), light-weight 

and flexibility, making them the choice for space applications until this day.17,24 An 

example of a thin-film solar cell structure is illustrated in Figure 1.8(b). 

Representative types of thin-film solar cells include hydrogenated amorphous silicon 

(a-Si), CdTe and CuIn1-xGaxSe2 (CIGS). a-Si cells have a moderate PCE of 14% at 1 

sun, but have been a low-cost efficient choice for indoor PV (9-10% PCE with 100-

500 lux indoor light).25 Furthermore, a latest study has demonstrated a semi-

transparent a-Si cell with a PCE of 36% under 3000 lux white LED light.18 Meanwhile, 

while CdTe and CIGS exhibit high PCEs of 22–23% at 1 sun, they are not suitable for 

consumer electronics because of the harmful chemicals that are required in the final 

device or during production (Cd and H2Se). 

(a) (b) 
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In addition to the first two generations of PV, there are other exciting PV technologies 

that are currently under small-scale manufacturing and continuous research. 3rd-PV 

cells, including organic solar cells (OPV), dye-sensitised solar cells (DSSC), quantum-

dot solar cells and perovskite solar cells (PSC), are the newest class of solar cells where 

the component layers are produced from solutions rather than vacuum deposition as in 

the 1st or 2nd generation PV. The solution processability greatly reduces the cost of 

manufacturing and expands the possibility of light-weight flexible designs. The cell 

architecture also leaves an extensive room for materials development and engineering. 

This thesis focuses on the dye-sensitised solar cell (DSSC) and perovskite solar cell 

(PSC), with the simplified structures shown in Figure 1.9. As seen from these models, 

the two share great commonalities in their architecture. The prominent difference is 

the light absorber material, which is a dye for the DSSC and a lead halide perovskite 

for the PSC. A dedicated overview on the two types of solar cells will be given in 

sections 1.3, 1.4 and 1.5.  

 

Figure 1.9 Simplified structure of a (a) dye-sensitised solar cell and (b) perovskite solar cell 

(conventional n-i-p structure; see section 1.4 for details). 

The certified record efficiency for the DSSC is 12.3% as of August 2020,26 while the 

maximum reported efficiency is 14.5%.27 The maximum certified and reported 

efficiency for the PSC is 25.2%.28  

 

The last (4th) generation is a group of relatively low-cost tandem cells or heterojunction 

cells for terrestrial use. A silicon/a-Si tandem cell has been reported to give 26.7% 

(a) (b) 
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PCE.29 The idea of integrating novel PV technologies such as PSCs or OPVs with 

silicon solar cells as multijunction solar cells may lead to affordable solar cells with 

PCEs exceeding 30%, because the second cell can be engineered so it absorbs and 

reuses the light that has been “wasted” by the first cell. Owing to the excellent PCE of 

PSCs, the silicon/PSC tandem has been researched since 2014, with the first 

demonstrated cell reaching 13.4% PCE.30 The certified record efficiency as of August 

2020 is 29.1% (Figure 1.7).  

 

1.4 The dye-sensitised solar cell (DSSC) 

Inspired by ideas on electrolysis, photosynthesis and photography, studies on 

photoelectrochemical cells using a dye-sensitised semiconductor progressed in the 

1960–1980s.31–36 A wide-gap semiconductor was sensitised with a dye to extend the 

photoabsorption to the visible region and generate a weak anodic photocurrent (a few 

µA per cm2) in an electrolyte solution. The PCE under monochromatic light was 

around 1–2% in such systems until Grätzel’s group achieved 12% PCE under 470-nm 

monochromatic light at 158 µW·cm-2 in 1988, and 7.1% under 1 sun in 1991.37,38 Their 

cell architecture of <fluorine-doped SnO2 (FTO) conducting glass / mesoporous TiO2 

/ ruthenium-based dye / I-/I3
- organic solvent-based electrolyte / platinised FTO> 

(Figure 1.10) is what we call the “conventional” dye-sensitised solar cell (DSSC) 

today. 
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Figure 1.10 (a) Energy diagram of a DSSC under operation. The values for the energy levels were 

taken from the literature.39 The potential values are vs. NHE. Ec: conduction band edge of TiO2. 

EF: quasi-Fermi energy of the TiO2 under illumination. S*: excited state of the dye. S0/S+: 

ground/oxidised state (HOMO) of the dye. Eredox: redox potential of I-/I3
-. (b)  11 cm × 11 cm DSSC 

with artistic design (PICTO 1010DEMO, Solaronix). 

The operation mechanism of a DSSC under illumination can be described as follows: 

 1) A proportion of the light is absorbed by the dye as it enters the cell from the anode 

side.  

2) The excited electron is injected into the conduction band of the TiO2 (electron 

injection) and diffuses towards the anode (FTO).  

3) On the cathode (Pt) side, the oxidised dye is reduced by the iodide in the electrolyte. 

This is called dye regeneration. 4) The triiodide is reduced to iodide at the counter 

electrode. The generated current or power can be collected by connecting an external 

circuit to the cell. 

 

The following is a brief overview of each component in the DSSC. 

 

 The n-type oxide 

The n-type oxide should have a wide bandgap (~3.0 eV) with a conduction band edge 

slightly lower than the LUMO of the dye.6 It should also have good electron mobility 

and good chemical stability. While semiconductors such as ZnO and SnO2 have also 

(a) (b) 
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been explored,40,41 TiO2 has long been the optimal choice as it covers all these 

requirements. A mesoporous TiO2 film with sintered nanoparticles (20-50 nm) creates 

a large surface area with a roughness factor around 1000.37  Having a larger surface 

area is the key to increased dye-loading and larger photocurrent, because the charge 

can only be extracted from the dye molecules that are chemically bound to the TiO2 

surface. This is different from the perovskite light absorber which will be discussed in 

Section 1.6. The incorporation of larger nanoparticles (>100 nm) in the film is also 

known to further increase the light harvesting through enhanced light scattering.42,43 

The mesoporous TiO2, while being the key element towards high-performing liquid 

cells, has also been a hurdle towards high-efficiency solid-state cells. As early as 1995, 

Tennakone et al. addressed the need to move towards all-solid-state cells, claiming 

that the liquid electrolyte has issues such as “dye desorption, solvent evaporation and 

degradation and seal imperfections”.44 They used CuI as the hole transport material 

and cyanidin as the dye, to reach a PCE of 0.8%. Poor pore filling of the mesoporous 

TiO2 by the HTM had often been suggested as the cause of lower performance in solid-

state cells. Thinner TiO2 films were found to give better efficiency because the pore 

filling was easier. 

 

 The dye  

The dye should absorb visible light with a high absorption coefficient, with an excited 

state energy higher than the TiO2 and a HOMO energy lower than the electrolyte 

(optical gap ~1.7 eV). Desired properties include broad optical absorption and slow 

decay of the dye excited state and slow recombination from the TiO2 to the dye or the 

oxidised species in the electrolyte. The latter can be blocked by dye steric bulk. 

Ruthenium-based dyes such as N3 or N719 have long been the standard choice due to 

their promising efficiency, relatively low-cost and stability compared to natural dyes. 
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Figure 1.11 Molecular representation of the N719 dye. 

In such dyes, the electronic transition occurs through metal-to-ligand charge transfer 

(MLCT), which means the electrons are passed from the Ru core to the carboxylate 

bipyridyl ligands upon light absorption. A monolayer of the dye molecule is directly 

attached to the TiO2 by the carboxylates to ensure fast charge injection into the TiO2. 

Although Ru-based dyes have shown promising efficiencies in devices achieving over 

10% PCE, the use of scarce and toxic metals has shifted the research trend towards 

metal-free organic dyes. Organic dyes usually display higher absorption coefficients 

than metal-centred dyes, which resonates with the need for thinner TiO2 films when 

aiming for solid-state devices (see Section 1.4.1). Various types of organic dyes have 

been strategically developed in recent years. The dyes architectures can be classified 

based on the building blocks: conjugated electron donor (D), conjugated spacer (π) 

and conjugated electron acceptor (A). The most studied structure (including metal-

centred dyes) being the D-π-A,45 other structures such as D-A-π-A,46–48 π-A49,50 and 

A-D-A51 have been explored. Some examples are shown in Figure 1.12. The acceptor 

moiety is connected to the anchoring group (commonly carboxylate group). The dye 

designs are often focussed on tuning the energy levels, sterically hindering charge 

recombination, reducing dye aggregation and lowering the cost. 
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Figure 1.12 Examples of organic dyes with different backbone structures. Blue: electron donor. 

Yellow: conjugated spacer. Green: electron acceptor. 

 

 The electrolyte 

The electrolyte diffusively transports the charges between the electrodes in the DSSC 

by ionic conduction.52,53 Several aspects should be considered to assess an electrolyte: 

1) The redox potential (Eredox in Figure 1.13) should be less positive than that of 

the dye (EHOMO) for efficient dye regeneration. However, the more positive the 

redox potential is, the larger the achievable voltage output (VOC, max) will be. 

2) The electrolyte should allow fast diffusion (high conductivity) of the charges. 

3) The electrolyte should be compatible with the other components in the cell 

(does not degrade them). 

4) The materials and preparation cost should be low. 

5) The electrolyte should be stable. 

D-A-π-A 

D-π-A 

π-A 

D 

π 

A 
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Figure 1.13 Energy diagram of a DSSC, modified for section 1.4.3. EL stands for electrolyte. 

Firstly, the maximum attainable voltage in a DSSC is estimated from the quasi-Fermi 

level EF’ of the TiO2 under illumination and the redox potential Eredox of the electrolyte. 

This originates from the energy alignment between the different materials used for the 

charge transport layers (TiO2, EL) and absorber layer (dye). The simple equation to 

describe the maximum attainable voltage VOC, max (excluding the effect of 

recombination) is as follows: 

𝑉OC,max =  |𝐸𝐹′ − 𝐸redox|. (Equation 1.4) 

The classic electrolyte has long been the iodide/triiodide (I-/I3
-) non-aqueous 

electrolyte. In the I-/I3
- electrolyte, the charge transfer occurs as a multielectron 

process, where at least seven one-electron redox reactions are known to happen in the 

system. The formal redox reaction for the I-/I3
- is as follows:54  

I3
− + 2e− → 3I−. (Equation 1.5) 

The Nernst potential of this two-electron reaction is at 0.35 V vs. NHE. However, the 

reaction most responsible for the release of triiodide has been reported to be the 

following: 

2I− → I2
−∙ +  e−. (Equation 1.6) 

The potential of this reaction is at 0.93 V. The unstable diiode radical dissociates to I3
- 

and I-: 

EF’

Eredox

hν
VOC, max

ES0/S+

Eg

EC

ES*

Elred/ox

TiO2 Dye EL

Driving force

E [V] vs NHE
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2I2
−∙ → I3

− +  I−. (Equation 1.7) 

The large driving force (contributing to a major VOC loss) around 0.60-0.75 V between 

the I-/I3
- electrolyte and typical dyes can thus be explained by the potential difference 

between Equation 1.5 and Equation 1.6 (|0.35-0.93| V = 0.58 V).54,55  

Alternative electrolytes where the overall redox reaction is a one-electron process 

could be advantageous over I-/I3
- electrolyte because a smaller driving force can be 

expected. Cobalt electrolytes or copper electrolytes are explored in this context. With 

an appropriate selection of dye, the DSSCs employing these electrolytes have 

exhibited voltages over 1.0 V.56,57  

 

Secondly, points 2) and 3) relate to the choice of solvent. Commonly used solvents for 

the I-/I3
- electrolyte include acetonitrile, valeronitrile, 3-methoxypropionitrile, 

methoxyacetonitrile, ethylene carbonate, propylene carbonate, γ-butyrolactone and N-

methylpyrrolidone. These all fully dissolve the I-/I3
- species and are non-viscous with 

a high dielectric constant. The properties allow fast diffusion of the iodide species at a 

relatively low concentration (~0.3 M).54 Aqueous electrolytes have also been explored 

by a few groups, although most of them revealed lower performance compared to the 

non-aqueous ones. Whether there are fundamental reasons for this has not been clear. 

Suggested causes include the dissolution of the dye, the oxidation of iodide to iodate 

(IO3
-) instead of I3

- or the reduced charge diffusion rate in the mesoporous TiO2.
52,58 A 

recent study by Bella et al., however, may change the view on this. They demonstrated 

a DSSC with 7.0% PCE using a fully aqueous electrolyte and poly(3,4-

ethylenedioxythiophene) (PEDOT) electrode. This achievement makes aqueous 

electrolytes compatible with the non-aqueous ones, as PCEs over 5% are regarded as 

‘valuable for research’, and over 10% as ‘high-performing’ in the DSSC community. 

If high-performing stable DSSCs with aqueous electrolytes could be achieved, then 

they will be advantageous over organic-solvent based electrolytes due to non-

flammability and low volatility. 

Lastly, the stability of the electrolyte has been the main issue in DSSCs. The I-/I3
- redox 

couple has been known for its corrosivity to attack most metals including thermally 
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deposited Pt, which is the standard cathode used for DSSCs.59 The use of organic 

solvents in general is regarded as a detrimental issue. The leakage and evaporation of 

the solvent may lead to discontinuity of the charge transport in the cell. The 

flammability of organic solvents also poses the question of safety.  

As of 2020, non-aqueous electrolyte-based DSSCs remain the preferred choice in 

research cells to investigate new dyes or electron transport materials for example. 

However, mass production of such cells in the future is not seen as likely. Instead, 

solidification of the electrolyte has been thought to be the right direction when aiming 

for commercially viable DSSCs.  Since the first reported solid replacement material, 

the CuI hole transport material (HTM) with PCE 0.8%, improvements in the HTM 

design and deposition method have led the state-of-the-art solid-state DSSCs to exhibit 

a PCE of 11.7%.60 

  

 The cathode 

While a thermally deposited Pt/FTO electrode has been the standard choice for the 

cathode for l-DSSCs, other metals or non-metal candidates have also been studied. The 

thin coating of such conductive materials act as a catalyst for triiodide reduction at the 

vicinity of the FTO. Requirements for the cathode material include low charge-transfer 

resistance and high stability. Noble metals are a preferred choice over other metals 

such as steel and nickel as the latter will be corroded by the redox couple.61 Pt and Pd 

corrosion have also been reported for vapour deposited cathodes. Meanwhile, 

thermally deposited Pt from a H2PtCl6 precursor has shown high resistance against 

corrosion. For solid-state DSSCs, vacuum deposited Au or Ag is the standard choice 

of cathode. The general shift towards noble metal-free components along with the 

development of alternative redox couples have led to researching non-metal cathode 

candidates such as graphene nanoplatelets45 and PEDOT.62 Electropolymerised 

PEDOT on FTO glass has been demonstrated to be an efficient cathode for l-DSSCs 

and s-DSSCs. The preparation method is easier than the Pt cathode and can be equally 

applied to flexible ITO/PET (PET = polyethylene terephthalate) substrates for flexible 

DSSCs.63  
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 Previously studied electrolytes and HTMs in DSSCs 

The urgent need of materials to replace the conventional electrolyte led to the 

development of alternative redox couples, quasi-solid electrolytes and solid HTMs. 

For instance, the best solid-state DSSC utilises a copper complex based HTM, novel 

organic dye (WS-72) and PEDOT cathode.60 

The criteria for selecting a good electrolyte candidate, listed in Section 1.4.3., will 

equally apply to solid charge transport materials, except that the Eredox in 1) (“The 

redox potential (Eredox in Figure 1.13) should be less positive than that of the dye 

(EHOMO) for efficient dye regeneration. However, the more positive the redox potential 

is, the larger the achievable voltage output (VOC, max) will be.”) should be read as the 

HOMO level EHOMO (for an amorphous HTM) or the valence band energy Ev (for a 

crystalline HTM). Table 1.3 lists some of the best examples of electrolytes and HTMs 

that have been previously studied in DSSCs. In the list, EL stands for electrolyte, Gel 

stands for a quasi-solid gel electrolyte, sEL stands for a solid electrolyte and aqEL 

stands for an aqueous electrolyte. 

Table 1.3 Some of the best examples of previously studied electrolytes and HTMs.  

Electrolyte or HTM Device structure PCE (%) Lit. 

I-/I3
- EL (a <FTO/TiO2/N719/EL/Pt/FTO> 11.2 [64] 

I-/I3
- EL <FTO/TiO2/N719/EL/Pt/FTO> 9.74 [65] 

Br-/Br3
- EL <FTO/TiO2/TC306/EL/Pt/FTO> 5.22 [66] 

T2/T- EL <FTO/ TiO2/Z907/EL/PEDOT/FTO> 7.9 [67] 

I-/I3
- Gel <FTO/TiO2/N719/Gel/Pt/FTO> 9.1 [68–70] 

I-/I3
- sEL <FTO/TiO2/N719/sEL/Pt/FTO> 6.02 [3] 

I-/I3
- aqEL <FTO/TiO2/D149/aqEL/Pt/FTO> 4.06 [71] 

I-/I3
- aqEL <FTO/TiO2/D149/aqEL/PEDOT/FTO> 7.02 [72] 

Spiro-MeOTAD HTM <FTO/TiO2/D102/HTM/Au> 4.1 [73] 

Spiro-MeOTAD HTM <FTO/TiO2/Y123/HTM/Ag> 7.2 [74] 

(Table continues below)   
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(Continued from above)   

PEDOT HTM <FTO/TiO2/N719/HTM/Pt/FTO> 6.1 [75] 

P3HT HTM <FTO/TiO2/D102/HTM/Au> 4.78 [76] 

Polymeric S HTM <FTO/TiO2/LEG4/HTM/Ag> 1.5 [77] 

CsSnI3 HTM <FTO/TiO2/N719/HTM/Pt/FTO> 8.5 [78] 

Cs2SnI6 HTM  <FTO/TiO2/Z907:N719/HTM/Pt/FTO> 7.8 [79] 

CuI HTM <FTO/TiO2/D149/HTM/Pt> 6.0 [80] 

CuI HTM <FTO/TiO2/N3/HTM/PEDOT/carbon/FTO> 7.4 [81] 

CuSCN HTM <FTO/TiO2/N3/HTM/Pt/FTO> 2.39 [82] 

[Co(bpy)3]3+/2+ EL <FTO/TiO2/SM315/EL/graphene/FTO> 13.0 [45] 

[Co(bpy)3]3+/2+ EL <FTO/TiO2/ZL003/EL/Pt/FTO> 13.6 [26] 

[Co(phen)3]3+/2+ EL < FTO/TiO2/ADEKA-1/EL/graphene/Au/FTO > 14.5 [27] 

[Co(bpy)3]3+/2+ HTM < FTO/TiO2/Y123/HTM/PEDOT/FTO > 0.1 [83] 

[Cu(dmp)2]2+/1+ EL 

[Cu(dmp)2]2+/1+ EL 

<FTO/TiO2/LEG4/EL/PEDOT/FTO> 

<FTO/TiO2/C218/EL/carbon black/FTO> 

6.0 

7.0 

[84] 

[85] 

[Cu(dmp)2]2+/1+ EL < FTO/TiO2/Y123/EL/PEDOT/FTO > 10.3 [86] 

[Cu(dmby)2]2+/1+ EL < FTO/TiO2/Y123/EL/PEDOT/FTO > 10.0 [86] 

[Cu(tmby)2]2+/1+ EL <FTO/TiO2/WS-72/EL/PEDOT/FTO > 11.6 [60] 

[Cu(dmp)2]2+/1+ HTM <FTO/TiO2/LEG4/HTM/PEDOT/FTO> 8.2 [84] 

[Cu(tmby)2]2+/1+ HTM < FTO/TiO2/Y123/HTM/PEDOT/FTO > 11.0 [83] 

[Cu(tmby)2]2+/1+ HTM <FTO/TiO2/WS-72/HTM/PEDOT/FTO > 11.7 [60] 

[Cu(tmby)2]2+/1+ HTM <FTO/TiO2/XY1:L1/HTM/PEDOT/FTO> 30.0 (b [87] 

EL: Non-aqueous electrolyte. Gel: gel electrolyte. sEL: solid electrolyte. aqEL: aqueous 

electrolyte. PCE: PCE at 1 sun illumination. Lit.: literature. (a with anti-reflection film. (b under 

1000 lux white fluorescent light.  

 

The evolution can be categorised into several groups. 
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Organic redox couples 

One of the approaches to overcome the issues of I-/I3
- electrolyte such as corrosiveness 

and shallow redox potential is to explore other organic redox couples such as Br-/Br3
- 

or disulfide/thiolate (T2/T
-). The Br-/Br3

- electrolyte has a more positive redox potential 

than I-/I3
- at 1.1 V, demonstrating a maximum VOC of 1.16 V and PCE of 5.22% with 

DSSCs using organic dyes.66 The drawback is the smaller driving force for dye 

regeneration resulting in a lower current than the I-/I3
- electrolyte. The T2/T

- electrolyte 

with a ruthenium dye and PEDOT cathode has achieved the best efficiency of 7.9% 

among all alternative organic redox couples.67 Yet, it is less efficient than the I-/I3
- and 

suffer from the same problem of volatility. To improve the stability of the I-/I3
- 

electrolyte, approaches such as gelation of the electrolyte by the addition of gelling 

reagents to the standard electrolyte or the formation of a solid electrolyte by mixing 

the electrolyte species with an ionic crystal have been explored. Despite the promising 

performance achieved by these approaches, the additional cost of materials and labour 

make them a less-practical approach.3,68,69,88 Few studies have been reported for water-

based electrolytes mainly due to the slow progress, but the recent study in 2020 

reporting an aqueous DSSC over 7% PCE may induce more future work from several 

groups.72 

 

Organic small molecules (HTM) 

The classic standard HTM is the 2,2’,7,7’-tetrakis (N,N-di-p-methoxyphenamine)-

9,9’-spirobiflourene (Spiro-MeOTAD or Spiro-OMeTAD) (Figure 1.14), with a glass 

transition temperature at 125 oC and melting point at 248 oC.89 Spiro-MeOTAD has 

arose to a standard HTM since the report by Bach et al. in 1998, where the compound 

was used as an HTM in a solid-state DSSC with a peak IPCE of 33%.90 Spiro-

MeOTAD itself was first reported by Salbeck et al. in 1997 as an HTM in a two-layer 

electroluminescent device.91,92 The conductivity of pristine Spiro-MeOTAD is poor 

(2.2 × 10-7 Scm-1),74,93 which will improve to 10–100 fold with the aid of dopants such 

as lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) and 4-tert-butylpyridine 

(tBP). 
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Figure 1.14 Molecular representation of Spiro-MeOTAD. 

 

Polymers (HTM) 

Conductive polymers such as poly(3-hexylthiophene-2,5-diyl) (P3HT) and polymeric 

sulphur and poly(3,4-ethylenedioxythiophene) (PEDOT) have been studied. Main 

issues with polymer HTMs are reported as visible light absorption, poor pore filling, 

low mobility and fast recombination.52 Among the different candidates, PEDOT has 

been proven to give relatively high efficiencies owing to its transparency and high 

conductivity (~102 S·cm-1).75,94,95  

 

Inorganic p-type semiconductors (HTM) 

Cesium tin halide perovskite HTMs have shown high PCEs of ~8%. They held the 

record efficiency for solid-state DSSCs until the Zombie cells, based on Cu complexes, 

were discovered. Despite the high performance achieved, the fabrication procedure is 

complicated for the reported type of cell, making it unlikely to be the choice for 

commercial cells. Inorganic CuI and CuSCN have also been explored, however their 

high intrinsic conductivity (~10-2 S·cm-1) has not been reflected in the performance, 

assumingly due to the poor TiO2/HTM interfaces caused by rapid crystallisation or 

reduced conductivity due to variations in stochiometry.52,82,96,97  

 



From electrolytes to HTMs in DSSCs and PSCs 

Chapter 1 Introduction 26 

Cobalt complex redox couples (EL) 

The interest in Co complex electrolytes come from the shift from the multielectron 

process (I-/I3
-) to one-electron out-sphere redox processes. This will minimise the loss-

in-potential coming from the energy difference between the oxidation potential of the 

dye and the electrolyte. Co complex redox couples have deep redox potentials in the 

range of 0.5-1.0 V vs. NHE and a small driving force for dye regeneration (~0.4 V). 

The highest reported PCE of 14.5% at 1 sun for a liquid-state DSSC uses 

[Co(phen)3]
3+/2+ as the electrolyte with a high VOC over 1.1 V.27 Such performance 

cannot be achieved with conventional I-/I3
- electrolytes.54 It is to be noted that the high 

performance can be achieved with the combination of organic dyes that have good 

steric blocking as the one-electron process also accelerates recombination. Proper dye 

design with steric blocking an attempt to employ Co complexes as solid-state HTMs 

resulted in a very poor PCE of 0.1%.83 

 

Copper complex redox couples (EL and HTM) 

Copper complex electrolytes have been explored due to the one-electron redox process 

similar to Co complex redox couples, but with a smaller reorganisation energy during 

electron transfer. This leads to efficient dye regeneration at a smaller driving force of 

~0.1 V.98  Cu complex redox couples are most famously known for their ability to be 

turned into solid HTMs when the solvent in the electrolyte form has been left to dry. 

Solid-state DSSCs formed by this method are also called Zombie cells, referring to the 

long-held belief that an electrolyte-based DSSC will stop operating following 

electrolyte leakage. The most efficient solid-state DSSCs (11.7% PCE) have been 

obtained by such cell structures, i.e. <FTO/TiO2/Dye/Cu HTM/PEDOT/FTO>.  In a 

recent study by Michaels et al., a solid-state DSSC with [Cu(tmby)2]
2+/1+ HTM 

exhibited 30% PCE when illuminated with a white fluorescent light at 1000 lux.  

 

In summary, the Cu complex redox couples appear to be the most promising HTMs at 

present. It is unclear, however, whether their high performance is entirely due to the 

intrinsic properties of the materials. As many have indicated,52,80,99–101 poor coverage 
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of the mesoporous TiO2 has apparently been a detrimental issue contributing to the 

generally low PCE observed in solid-state DSSCs. In this regard, the Zombie method 

proposed by Freitag et al. is advantageous because: 

1) The HTM layer is formed after the liquid electrolyte has diffused into the 

mesoporous TiO2. This allows optimum coverage of the mesoporous network. 

2) No additional reagents are used for the solidification of the HTM from the precursor 

electrolyte.  

Meanwhile, a possible drawback is that the drying process is slow, requiring extra time 

(i.e. days). 

In the DSSC studies in Chapter 3 and Chapter 4, these Zombie cell structures will be 

further explored. 

 

1.5 The DSSC and the PSC 

The idea of a DSSC originates to areas such as photosynthesis, photo-induced water 

splitting and photography. After 1991 when O’Regan and Grätzel reported a DSSC 

with 7% efficiency, extensive research pushed the PCE to 14%, however issues such 

as leakage of the electrolyte and poor performance of the solid-state cells lingered for 

years. The idea to use organometallic halide perovskites as the sensitiser was 

introduced by Kojima et al. in 2006–2009.102–105 The original cell structure was 

analogous to a DSSC, except that the TiO2 was coated with organometal halide 

perovskites such as CH3NH3PbBr3 or CH3NH3PbI3, in place of a charge-transfer dye. 

The research directions for DSSCs and PSCs became conclusively different when 

reports of 9–10% PCE by two independent groups came out in 2012.106,107 The distinct 

properties of the perovskites as light harvesters enable the cell structure to be greatly 

improved. These findings led the PSC to reach efficiencies over 20% within a few 

years. Meanwhile, DSSC research has found alternative directions as low-cost indoor 

photovoltaics. By the use of copper complex redox couples, solid-state cells with PCE 

up to 11–12% have been achieved.60,83,87 These DSSCs have also been demonstrated 

to work with a performance of over 30% under indoor lighting, which is highly 
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comparable with other PV technologies currently available.13,18,25,108 The low-cost 

fabrication and safety of DSSCs are an advantage to be the candidate for use in IoT 

appliances in the nearby future. The timeline of the milestones achieved in DSSC and 

PSC research is summarised in Table 1.4. 

 

Table 1.4 Timeline of milestones achieved in DSSC and PSC research. 

Year Authors Keywords Ref. 

1960 Gerischer et al. Experimental/theoretical model of DSSC [109] 

1976 Tsubomura et al. Iodide aqueous electrolyte DSSC [34] 

1978 Weber First report on MASn(I,Br) perovskites [110] 

1978 Weber First report on MAPX (X=Cl, Br, I) perovskites [111] 

1988 Vlachopoulos et al. 12% PCE DSSC with monochromatic light [112] 

1991 O’Regan et al. High efficiency DSSC with 7.1%* PCE at 1 sun [113] 

1993 Nazeeruddin et al. 10% DSSC with N3 [114] 

1998 Bach et al. First use of SpiroMeOTAD HTM [90] 

1999 Nazeeruddin et al. DSSC with N719 dye [115] 

1999 Kagan et al. Thin-film FET with tin halide perovskite [116] 

1999 Chondroudis et al. LED with lead halide perovskite [117] 

2005 Schmidt-mende et al. Organic dye + Spiro-MeOTAD [73] 

2006 Kojima et al. First liquid-state PSC with MAPBr as sensitiser   [102,118] 

2007 Kojima et al. First liquid-state PSC with MAPI as sensitiser [103] 

2008 Kojima et al. First solid-state PSC with polymer HTM [104] 

2009 Kojima et al. First paper on 3.8% lead halide liquid-state PSC   [105] 

2010 Law et al. 2.4% aqueous DSSC  [58] 

2011 Im et al. 6.5% liquid-state PSC  [119] 

2012 Chung et al. 8.5% solid-state DSSC with CsSn(I,F)3 [78] 

2012 Kim et al. 9.7% solid-state PSC [107] 

(Table continues below)   
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(Continued from above)   

2012 Lee et al. 10.9% solid-state PSC, planar, alumina [106] 

2013 Jeng et al. First inverted p-i-n PSC [120] 

2014 Eperon et al. First FAPI PSC [121] 

2014 Mei et al. First HTM-free PSC [122] 

2015 Freitag et al. 8.2% Cu(dmp)2 HTM Zombie cell [84] 

2015 Mailoa et al. First Si/PSC tandem cell [123] 

2017 Arora et al. 20.4% with n-i-p CuSCN [124] 

2019 Cheng et al. 36.2% MAP(I,Br,Cl) at 1000 lux* [108] 

2020 Bella et al. 7.0% Aqueous DSSC [72] 

2020 Michaels et al. 34% Cu(tmby)2 DSSC at 1000 lux*  [87] 

Shaded: DSSC. Non-shaded: PSC. Year: the year a journal article or conference proceeding was 

published. Percentage (%): PCE at 1sun unless otherwise stated. *PCE value without a mask. 

*MAPI = (CH3NH3)PbI3. *FAPI = (CH(NH2)2)PbI3. *White fluorescent lamp, ~0.3 mW·cm-2. 

 

1.6 The perovskite solar cell (PSC) 

 Overview 

As seen in Table 1.4, research on PSCs has a history of more than 40 years if counted 

from the discovery of the organic-inorganic halide perovskites. A perovskite is a class 

of materials that have the ABX3 crystal structure, known as the “perovskite structure.” 

Here, A is a large monovalent cation, B is a small divalent cation, and X is a halogen 

anion. (For further details, see Section 1.6.3.) The organic-inorganic tin and lead 

halide perovskites were discovered by Weber in 1978, where he described them as 

intensely coloured and photoconductive perovskites.110,111 Mitzi’s group followed up 

on this work in the 1990s to demonstrate their potential use as thin-film transistors or 

LEDs.117,125,126 Their application in photovoltaics was not carried out until the late 

2000s. The sharp-edge, broad absorption and high photovoltage of the lead halide 

perovskites as solar cell absorbers were presented by Kojima et al. in 2009. The first 

PSC had a structure analogous to a DSSC, where the mesoporous TiO2 was sensitised 
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with perovskite nanocrystals. The cell was infiltrated with an iodide- or bromide- 

electrolyte. The perovskite dissolved in the electrolyte, allowing the high performance 

to last for only ~10 min. The best PCE of 3.8% was reported for a cell employing 

(CH3NH3)PbI3 (methylammonium lead iodide, MAPI). PSCs are famous for their 

boost in record efficiency from 3.8% to 25.2% at 1 sun in only 10 years (Figure 1.3). 

PSCs are the only technology that are solution-processed and have reached similar 

PCEs to silicon or thin-film solar cells. A model energy diagram of a PSC is shown in 

Figure 1.15(a), along with an image of a prototype PSC in Figure 1.15(b).  

 

Figure 1.15 (a) Energy diagram of a PSC. ETM stands for electron transport material. (b) A 

prototype PSC. 

The following changes were made regarding the first breakthrough in PSC research in 

2012 when the PCE reached 9–10%:106,107 

1) Deposition of the perovskite as a continuous layer instead of nanograins; 

2) Replacing the liquid electrolyte with a solid HTM (Spiro-MeOTAD); 

3) Reducing the thickness of the mesoporous TiO2; 

4) Replacing the n-type TiO2 with insulating Al2O3; 

5) Demonstration of a planar device architecture.  

 

Firstly, the deposition method of the perovskite was optimised by casting the material 

as a continuous layer instead of nanocrystals. The good conducting properties of the 
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perovskite allows the material to be deposited as thicker layers unlike the dyes that 

should be a monolayer. Secondly, the liquid electrolyte was successfully replaced by 

the solid Spiro-MeOTAD. The spiro-MeOTAD had been extensively studied for solid-

state DSSCs and voltages over 1 V were reported in combination with an appropriate 

light absorber.127 Thirdly, the high absorption coefficient of the lead-halide perovskite 

(an order of magnitude higher than N719)119 allowed the thickness of the TiO2 film to 

be reduced from 1.5 µm to 600 nm for optimum PCE. Fourthly, the device efficiency 

improved by replacing the n-type TiO2 with an insulating Al2O3 scaffold. This 

indicated that the perovskite not only worked as a light absorber but also as an electron 

transporter. Later studies confirmed it also works as a hole transporter.122 These unique 

properties of the lead halide perovskite led to the development of various cell 

architectures such as regular planar and inverted planar. The most common cell 

architectures researched today are illustrated in Figure 1.16. 

 

Figure 1.16 Common architectures for a perovskite solar cell; (a) Conventional mesoporous n-i-

p structure, (b) regular planar n-i-p structure and (c) inverted planar p-i-n structure.  

The mesoporous architecture, often called the conventional structure, is the style with 

which most state-of-the-art cells are fabricated.128–130 The regular planar structure is 

the simplest structure with advantages such as 1) shortened cell fabrication time due 

to the mesoporous layer being omitted, and 2) easier optimisation of the electron 

transport material (ETM)/perovskite interface due to the dense and smooth ETM layer. 

The inverted planar architecture originates from the cell structure employed in organic 

solar cells.120 Here, the deposition order of the HTM and ETM is reversed. With 

respect to the conventional and regular planar architecture (n-i-p), the inverted 

(a) (b) (c) Mesoporous Regular planar Inverted planar 
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structure (p-i-n). The inverted structure may be beneficial if the HTM requires high 

temperature annealing that could degrade the perovskite in an n-i-p structure.  

The regular planar structure was selected for the PSCs fabricated in Chapter 5 and 

Chapter 6.  

 

 The Perovskite  

A perovskite is a type of crystal structure expressed by ABX3. The perovskite lattice 

structure as a primitive cubic unit cell is shown in Figure 1.17. There are two common 

ways to present the perovskite structure.131 One way is to position the B cation at the 

body centre, the A cation at the corners and the X anion at the face centres (Figure 

1.17(a)). The B cation is surrounded by 6 anions to form an octahedral geometry. The 

other way is to place the A cation at the body centre, the B cation at the corners and 

the X anion at the edge centres (Figure 1.17(b)). The A cation is surrounded by 12 

anions, forming a cuboctahedral geometry. The most classic perovskite, from which 

the name derives, is the calcium titanate CaTiO3 discovered in 1839. Up until now, a 

wide range of perovskites and perovskite-like structures have been studied for areas 

including piezoelectrics, ferroelectrics and superconductors. Many of the perovskite 

materials are all-inorganic oxides such as SrTiO3, LaFeO3, NaWO3 and KNbO3. In the 

organic-inorganic halide perovskites in PSCs, which have a narrow bandgap suitable 

for PV, a monovalent organic molecule cation such as methylammonium (MA) or 

inorganic cation such as Cs sits in the A site, while divalent cations such as Pb or Sn 

sit in the B site, and halogens such as I, Br or Cl in the X sites.  
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Figure 1.17 Two ways to present the perovskite lattice structure ABX3 with A = monovalent large 

cation (gold-grey, e.g. [CH3NH3]+), B = divalent inorganic cation (purple, e.g. Pb2+) and X = 

halogen anion (red, e.g. Br-). (a) Representation that contains a BX6 octahedron. (b) 

Representation that contains an AX12 cuboctahedron. The structures were drawn using the Vesta 

software.132 

Tolerance factor and stability 

There are many perovskite materials where the cubic lattice is distorted. Indeed, 

CH3NH3PbI3 (MAPI) is known to crystallise in a tetragonal structure at room 

temperature while CH3NH3PbI3 (MAPBr) is known to crystallise in a cubic 

structure.133 This is because the A and/or B cations are slightly deviated from the 

accepted size range to fit in the cubic lattice. The parameter that deduces whether a 

particular perovskite formation is cubic or not, is the tolerance factor t defined by: 

𝑡 ≜  
√2𝑟A−X

2𝑟B−X
, (Equation 1.8) 

where rA-X is the bond length between A-X and rB-X is the bond length between B-X. 

The cubic perovskite forms when the tolerance factor is within the range of 0.9 < t < 

1.0. Slightly smaller or larger t (e.g. 1.06 for BaTiO3) will result in a distorted 

perovskite lattice (e.g. tetragonal), while a t value too large will result in perovskite-

like structures with a dimension lower than 3D. The bandgap of the perovskite is 

directly influenced by the size of the A cation, B cation and X anion. Noh et al. 

revealed that increasing the anion radii will reduce the bandgap of the perovskite by 

studying different ratios of Br and I in MAPb(I1-xBrx) (x = 0-1).133 Eperon et al. 

(a) (b) 
A 

B 

X 
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demonstrated that replacing the MA cation with a larger formamidinium (FA) cation 

in MAPI reduces the bandgap from 1.57 eV to 1.48 eV, while replacing with a smaller 

Cs cation resulted in a bandgap of 1.73 eV.121 The smaller bandgap with FAPI is closer 

to the ideal bandgap of 1.1 eV. Perovskite compositions containing mixed cations and 

mixed halides (e.g. MA0.17FA0.83Pb(I0.83Br0.17)3)
134 has drawn attention because of their 

improved stability compared to the pure perovskite compounds with the classic ABX3 

composition. Saliba et al. demonstrated that a triple cation (three A cations) 

composition (e.g. Cs0.5(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 displays enhanced stability 

along with promising efficiencies over 20%.135 A triple cation perovskite with a slight 

modification in the atomic ratio was employed in the PSC studies in Chapter 5 and 

Chapter 6. 

Lead halide perovskites have attracted extensive attention; however, their lead content 

is a significant drawback when aiming for mass commercialisation. The toxicity of 

lead has been discussed in a review by Miyasaka et al.136 Although lead replacements 

such as Sn, Ge, Sb and Bi have been proposed, none of them has reached PCEs as high 

as the lead-containing perovskites (commonly around 1% PCE for Sb, Bi). Sn and Ge 

exhibit similar charge transport and optical properties to that of Pb, but the lower 

atomic masses than Pb results in weaker bonds and unstable 2+ oxidation states.136,137 

Sn- and Ge-based perovskites are thus not very stable. Sb and Bi have similar 

electronic configuration to that of Pb and form stable perovskite-like structures but 

tend to crystallise in lower dimensional structures with high exciton binding energy. 

Incorporation of monovalent metal ions such as Ag+ has been explored to obtain 3D 

double-perovskite structures. Cs2AgBiBr6, for example, has achieved an efficiency of 

2.5%.138 Other metals to replace the B site have also been discovered.  Utilisation of 

double-perovskite Cs2TiBr6 as the light absorber has led to PCEs over 3% with high 

stability.139 While studies on alternative HTMs should be assessed in Pb-based PCS, 

continuous efforts on lead-free PSC development may lead to new breakthroughs in 

the long run. 
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 Previously studied HTMs in PSCs 

This section looks at a range of reported HTMs that have been studied in PSCs. Table 

1.5 highlights some of the previously studied HTMs in the order of organic small 

molecule, polymer and inorganic p-type semiconductor. Many of the HTMs studied in 

PSCs have been previously tested in DSSCs. Higher efficiencies are achieved with 

those HTMs. This indicates that the lower performance of these materials observed in 

solid-state DSSCs does not necessarily reflect the materials property, but the problems 

lies more in the device engineering such as poor interfaces and grain boundaries. The 

findings are coherent with the views of many researchers involved in early research on 

solid-state DSSC. 

 

Table 1.5 Examples of studied HTMs for PSCs.  

HTM Device 

structure 

PCE (%) Stability Lit. 

Spiro-MeOTAD (d) M 20.6 ISOS-D-1, T80 = 200 h 

ISOS-L-1I, T80 = 50 h 

[130] 

Spiro-MeOTAD (d) RP 23.3 ISOS-D-2 = 500 h [140] 

V886 (d) M 16.91 N.A. [58] 

Z1013 (f) M 15.4 ISOS-D-1, T80 > 670 h [141] 

Z26 (d) M 20.1 ISOS-D-1, T80 > 800 h 

ISOS-L-1I, T80 > 300 h 

[130] 

Trux-OMeTAD (f) IP 18.6 N.A. [142] 

D2 (d) RP 18.21 N.A. [143] 

TAT-tBuSty (d) RP 20.3 N.A. [144] 

P3HT HTM (d) RP 12.4 N.A. [145] 

P3HT HTM (d) M 14.58 ISOS-D-1I, T80 > 2500h [146] 

PEDOT:PSS (f) IP 13.28 ISOS-D-1, T80 = 250 h [147] 

(Table continues below)    
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(Continued from above)    

PTAA (d) M 21.3 N.A. [148] 

CuI (f) M 6.0 ISOS-L-1, T80 > 2 h [149] 

CuI (f) IP 16.8 ISOS-D-1, T80 > 300 h [150] 

CuSCN (f) M 20.4 ISOS-L-1I, T80 > 1000 h [124] 

(d) indicates doped HTM. (f) indicates dopant-free HTM. M: Mesoporous structure. RP: Regular 

planar structure. IP: Inverted planar structure. Stability protocol ISOS-D-1: in dark in uncontrolled 

air. ISOS-D-1I: in dark in inert air. ISOS-L-1: under illumination in uncontrolled air. ISOS-L-1I: 

under illumination in inert air. T80: time until the PCE drops to 80% of the initial PCE. 

 

Organic small molecules 

The classic standard HTM in a PSC has been the Spiro-MeOTAD since their 

demonstration as high-performing HTMs in 2012. An issue unique to the PSC with 

respect to the DSSC is the device instability caused by the dopants used in the HTM. 

While common dopants such as LiTFSI and tBP are deliquescent or hygroscopic, the 

lead halide perovskite has been found to be unstable against moisture and light. 

Contact with atmospheric moisture will lead to rapid degradation of the device.151 For 

instance, it is reported that one of the best devices using doped Spiro-MeOTAD only 

retained 20% of its initial performance after storage for 24 h in ambient air, and 80% 

when stored in inert air.152 Another drawback of the Spiro-MeOTAD is the materials 

cost and tedious synthesis steps involved.153 Research directions have been set towards 

the improvement of cost and reducing the amount of dopants of alternative 

triarylamine (TAA) HTMs.141,154–157 Other non TAA-based candidates are also studied, 

such as molecules based on acenes, thiophenes or truxenes.158–160 

To date, most organic small molecules require dopants or if not, extra annealing to 

achieve sufficient conductivity (~10-4–10-3 S·cm-1).142,161,162  Most “dopant-free” 

organic small molecules are deposited in inverted planar structures because post-

annealing atop the perovskite can degrade the perovskite. Exceptions include 

molecules such as Z1013 (a TAA molecule incorporated in a mesoporous structure), 
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TIPS-pentacene (pentacene, mesoporous) and DERDTS–TBDT (dithiophene, planar), 

which achieved PCEs of 11.5% to 16.2%.141,158,159 

 

Polymers 

Conjugated polymers such as P3HT, poly[bis(4-phenyl)(2,5,6-trimethylphenyl)amine 

(PTAA) and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) 

have been explored. Polymers have been reported to have high reproducibility,163 

although some of them are reported to be hygroscopic or have inefficient electron 

blocking capability.164,165 

 

Inorganic p-type semiconductors 

Inorganic p-type semiconductors have been studied as dopant-free HTMs, owing to 

their intrinsically high conductivity (~10-2 S·cm-1). CuI and CuSCN have been widely 

studied for inorganic HTMs. In general, the choice of alternative inorganic p-type 

semiconductors has been limited so far because most solvents suitable for the HTM 

deposition are not compatible with the perovskite. Inverted p-i-n structures are thus 

favoured but their PCE is not as promising as with the regular structures. 

 

As shown in Table 1.5, the assessment of PSCs is more complicated than that for 

DSSCs because the performance will be highly influenced by factors such as the 

device architecture (M, RP, IP), use of dopants and the environmental conditions in 

which the device fabrication and measurements (PCE and stability) took place. 

Khenkin et al. published a consensus between more than 50 researchers in 2020 to 

alert to the current inconsistency on procedures and parameters reported for stability 

measurements of lab-tested cells. They proposed readaptation of the established 

protocols by the International Summit on Organic Photovoltaic Stability (ISOS) to 

PSC assessment to allow fair comparison within the community hereafter. The 

reported stabilities in Table 1.5 are thus rewritten using the ISOS format. For example, 

literature 127 assessed the long-term stability of a mesoporous Spiro-MeOTAD PSC 

stored in the dark in ambient air (ISOS-D-1) and under continuous illumination in 
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oxygen-free inert air (ISOS-L-1I), which resulted in a 20% drop in PCE within 200 h 

for the former and 50 h for the latter. One could assume that the same device under 

continuous illumination in ambient air would have a lifetime even shorter. 

  

1.7 Aim and approach of the thesis 

The aim of this thesis is to propose alternative electrolytes and HTMs for DSSCs and 

PSCs in place of the I-/I3
- acetonitrile-based electrolyte and Spiro-MeOTAD. The 

candidate materials are designed so that the solar cells will have better stability while 

maintaining high performance. The cost and simplicity of the materials and device 

fabrication methods were also considered throughout the study. 

Chapter 3 starts from a Cu2+/1+ electrolyte Zombie type DSSC. We look at the co-

sensitisation of two organic dyes, 5T and XY1, to investigate their improvement in 

efficiency and cost-performance. After optimisation of the liquid cell, the challenges 

of obtaining a solid-state DSSC through the above route will be discussed. In Chapter 

4, the same technique is carried on to produce a solid-state DSSC with a unique 

polyiodide HTM. The optical, spectroscopic and charge transport properties of the 

polyiodide HTM are investigated in comparison with the original liquid I-/I3
- 

electrolyte. The study challenges the long-held belief that the evaporation of the 

electrolyte terminates the operation of an I-/I3
- electrolyte cell. For Chapters 5 and 6, 

we move on from DSSCs to PSCs. In Chapter 5, a novel organic small molecule with 

a monothiatruxene core is synthesised and its properties as HTM are tested. The 

monothiatruxene core was selected following expectations such as high yield 

synthesis, high performance and high stability. The photovoltaic characteristics are 

discussed in comparison with the Spiro-MeOTAD. Finally, Chapter 6 focusses on a 

family of Cu(I)I complex HTMs that can be synthesised in one step with a good yield. 

The compounds are investigated for their use in PSCs, and the properties are discussed 

in respect with the previously reported CuI. 
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Chapter 2 Experimental 

2.1 Materials and reagents 

Reagents for the synthesis and DSSC fabrication were purchased from Merck, 

Honeywell, Fluorochem, Fisher Scientific UK Ltd. or VWR International Ltd. (UK), 

and were used without further purification unless specifically mentioned. Reagents for 

the PSC fabrication were purchased from Japanese suppliers including TCI, Wako, 

Kanto and Merck Japan. All purchased reagents were used without further purification. 

 

2.2 Solar cell preparation and characterisation 

 General fabrication procedure of a DSSC 

The preparation scheme of a DSSC is illustrated in Figure 2.1.  

Anode: Fluorine-doped tin oxide (FTO) conductive glass (~7 Ω/sq) was pre-cut and 

cleaned by sonication in a 2% aqueous detergent solution and ethanol, followed by 

treatment with UV/O3 for 15 min. The TiO2 blocking layer was formed on the FTO 

substrate by immersion in 40 mM TiCl4 aq. at 70 oC. Mesoporous and scattering layers 

of TiO2 nanoparticles were screen-printed from commercial pastes (30NR-D, WER2-

0, Solaronix) and were annealed at 450 oC for 30 min with a gradual heating profile. 

A post-treatment of the annealed films was performed by immersing the films in 40 

mM TiCl4 aq. at 70 oC followed by annealing at 450 oC for 30 min.  

Dye: The films were introduced into the dye bath while they were still warm (60-80 

oC) and left at r.t. for the designated immersion time for each dye. A standard dye bath 

consisted of 0.1–0.5 mM of dye dissolved in an organic solvent such as ethanol, with 

0.4–1.0 mM of chenodeoxycholic acid (CDCA) as an anti-aggregation reagent.  

Cathode: A thin layer of poly(3,4-ethylenedioxythiophene (PEDOT) or Pt was 

deposited on the FTO glass. PEDOT was electropolymerized onto FTO glass from an 

aqueous solution of 0.1 M sodium dodecyl sulfate and 0.01 M 
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ethylenedioxythiophene. Pt was deposited by doctor-blading a commercial Pt 

precursor paste and annealing at 450 oC for 10 min with gradual heating.  

Cell assembly: The anode was assembled with the corresponding cathode using a 

thermoplastic spacer (Surlyn 25 µm, DuPont) or UV-curing glue (TB3035B UV 

Curing Sealant, Threebond).  

Electrolyte: The electrolyte was injected through a predrilled hole in the cathode and 

the hole was sealed with Surlyn or UV-curing glue. A typical I-/I3
- electrolyte was 

composed of 0.6 M 1,2-dimethyl-3-propylimidazolium iodide (DMPII), 0.05 M I2, 0.1 

M LiI, 0.5 M 4-tert-butylpyridine (tBP) in anhydrous acetonitrile.  

Electrical contacts: A commercial silver acetone solution (SCP03B, Electrolube) was 

applied to the edges of the anode and cathode to allow optimum conductivity.  

Drying of the electrolyte: To obtain a solid-state cell, the solvent in the liquid 

electrolyte cell was left to evaporate until it darkened and stopped shrinking. 

 

 

Figure 2.1 Preparation scheme of DSSCs in this study. The annealing steps are omitted. Most of 

the steps were performed in regular ambient air. 
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 General fabrication procedure of a PSC 

The preparation scheme of a PSC is illustrated in Figure 2.2. The PCSs in this study 

were planar-type, with an architecture of FTO/c-TiO2/c-

SnO2/Cs0.04FA0.80MA0.16PbI0.95Br0.05 perovskite/HTM/Au, where c-TiO2 = compact 

TiO2, c-SnO2 = compact SnO2, FA = formamidinium and MA = methyl ammonium. 

Anodes: Fluorine-doped tin oxide (FTO) conductive glass (~7 Ω/sq) was pre-cut and 

cleaned by sonication in a 2% detergent aqueous solution and isopropanol, followed 

by treatment with UV/O3 for 10 min. The TiO2 blocking layer was formed on the FTO 

substrate by spin-coating titanium diisopropoxide bis(acetylacetonate) solution 

(commercial solution of 75 wt.% in isopropanol, mixed with anhydrous isopropanol at 

1:9, v/v) at 3000 rpm for 25 s, followed by drying at 100 oC for 1 min and further 

annealing at 500 oC for 30 min on a hotplate in ambient air. The SnO2 deposition was 

performed in dry air (humidity < 2%). SnO2 solution (commercial solution of 15 wt.% 

in H2O, mixed with deionised water at 1:7, v/v) was spin-coated on the films pre-

treated with UV/O3 for 10 min at 5000 rpm for 25 s followed by drying at 160 oC for 

15 min on a hotplate.  

Perovskite: This step was performed in dry air. Upon UV/O3 treatment of the films for 

2 min, the perovskite solution was spin-coated at 3000 rpm for 10 s followed by 5000 

rpm 20 s, where 160 µL chlorobenzene was gently added at 8-10 s once 5000 rpm was 

reached. The perovskite solution consisted of methyl ammonium bromide 0.250 M, 

formamidinium iodide 1.25 M, PbI2 1.56 M and CsI 0.075 M (from 1.5 M CsI/DMSO 

stock solution) in dimethylformamide/dimethyl sulfoxide (3:1, v/v). The films were 

annealed at 110 oC for 15 min. 

HTM: This step was performed in dry air. The films were allowed to cool to r.t. before 

the deposition of the HTM. The HTM solution was typically spin-coated at 3000 rpm 

for 30 s with dynamic deposition, i.e. the solution was injected during the acceleration 

step at 600 rpm/s. The HTM solution for Spiro-MeOTAD consisted of 60 mM of 

Spiro-MeOTAD dissolved in anhydrous chlorobenzene with 33 mM lithium 

bis(trifluoromethanesulfonyl) imide (LiTFSI) and 198 mM 4-tert-butylpyridine (tBP) 

(mol ratio of Spiro-MeOTAD/LiTFSI/tBP = 1:0.55:3.3) as dopants. The Spiro-

MeOTAD film was left to oxidise at this stage for a couple of hours in ambient air.  
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Cathode: ~50 nm of gold was deposited by thermal evaporation of a gold rod in a 

vacuum chamber. 

Electrical contacts: This step was performed in ambient air. A silver alloy (Cerasolzer 

Eco #155, Kuroda Techno) was applied to the anode after the redundant parts of the 

film were scraped off.  

 

Figure 2.2 Preparation scheme of PSCs in this study. The annealing steps are omitted. Most of 

the steps were performed in dry air (humidity < 2%). 

 

 Current-voltage characteristics (J–V) 

As shown in Chapter 1, the performance of a solar cell is primarily assessed by its 

light-to-electricity power conversion efficiency (PCE). Thus: 

PCE (%) =  
𝑃max [mW ∙ cm−2]

𝑃in [mW ∙ cm−2]
× 100, (Equation 2.1) 

where Pin is the incident optical input power density and Pmax is the maximum 

electrical output power density of the cell. The output power density (P1) at a certain 

applied voltage (V1) under illumination can be expressed by the applied voltage and 

generated photocurrent density (photocurrent divided by the active area, J1), thus: 

𝑃1 =  𝐽1 × 𝑉1. (Equation 2.2) 

 A larger photocurrent or larger voltage will result in a larger power output. An 

example of a typical J–V curve (DSSC under 1 sun illumination) is shown in Figure 

2.3. 
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Figure 2.3 J-V curve of a DSSC under 1 sun illumination. JSC: short-circuit current density; 

VOC: open-circuit voltage; Pmax: maximum power output; JSC × VOC: the product of JSC and VOC. 

The fill factor (ff) (see text for details) approaches 1 when Pmax ≈ JSC × VOC. 

The short-circuit current density (JSC) is defined as the photocurrent density value 

where the voltage is zero (short-circuited). The open-circuit voltage (VOC) is defined 

as the voltage value where the current density is zero (open-circuited).  The product of 

JSC and VOC (JSC × VOC) is the theoretical maximum power density, i.e. the attainable 

power output excluding the effects or driving force, resistance, etc. Therefore, the ratio 

of Pmax over JSC × VOC will always be in the range of 0 to 1, where a value around 0.7 

to 0.8 is typical. This ratio is called the fill factor (ff), which describes the “squareness” 

of the J-V curve. Thus: 

𝑓𝑓 ≜  
𝑃max [mW ∙ cm−2]

𝐽SC [mA ∙ cm−2] ×  𝑉OC [V]
; (Equation 2.3) 

Combining Equations 2.1 and 2.2, the PCE can be expressed using the four 

parameters, JSC, VOC, ff and Pin: 

PCE (%) =  
𝐽SC [mA ∙ cm−2] ×  𝑉OC [V] ×  𝑓𝑓

𝑃in [mW ∙ cm−2]
; (Equation 2.4) 

 

At 1 sun, Pin is 100 mW·cm-2. At lower light intensities such as 0.1 sun, Pin is 10 

mW·cm-2. If a warm white fluorescent lamp at 1000 lux was the light source, the power 
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input should be derived by weighing the spectral distribution of the lamp with the 

luminous efficiency function, resulting in a final value around 300 µW·cm-2. Equation 

2.4 indicates that at a fixed light intensity, larger values of JSC, VOC and ff are desired 

for higher efficiency.  

In general, the J–V characteristics were measured with a class A solar simulator 

connected to a potentiostat. The light source was either a xenon lamp or a light-

emitting diode (LED), equipped with a filter to match the AM1.5G spectra for the 

simulated sun measurements. Before the measurement, he intensity of the light was 

calibrated to 100 mW·cm-2 with a silicon diode. The active area of each cell was fixed 

in the range of 0.0625 cm2 to 0.160 cm2 with a thin black metal mask. In the case of 

indoor-light testing, a LUMILUX® DE LUXE Warm White 930 (Osram) fluorescent 

lamp (18 W) was used as the light source. The active area was 3.20 cm2 and the light 

intensity was calibrated to 1000 lux using a lux meter (TES 1334), which was later 

converted to power density by calculation. Specifications of the solar simulators used 

in this thesis are summarised in Table 2.1. The variety of the parameters is due to the 

different laboratories in which the projects took place. 

 

Table 2.1 Parameters used for the J–V measurement in this thesis. 

Solar simulator 

model 

Class Light source Scan rate Mask size Chapter 

SINUS-220 

(Wavelabs) 

AAA LED 0.1 V·s-1 0.126 cm2 Chapter 3  

N.A. (⸪ indoor 

cell) 

N.A. Warm white 

930 (Osram) 

0.1 V·s-1 3.20 cm2 Chapter 3  

(ScienceTech) AAA Xenon 0.05 V·s-1 0.0625 cm2 

0.126 cm2 

Chapter 4 

PEC-L01 

(Peccell) 

A Xenon 0.1 V·s-1 0.09 cm2 Chapters 5 and 

6 
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 Incident photon-to-current conversion efficiency (IPCE) 

The incident photon-to-current conversion efficiency (IPCE), also known as the 

external quantum efficiency (EQE), is the conversion efficiency of the incident 

photons to electrons. The IPCE is directly related to the JSC through the following 

relation:1,2 

IPCE (%) ≜
𝑛e 

𝑛p
 × 100 

                 =  
𝑑𝐽𝑆𝐶  [mA ⋅ cm−2 ⋅ nm−1]

(
Φp(𝜆)

𝐸p(𝜆)
) [s−1 ⋅ cm−2 ⋅ nm−1] ×  𝑒 [C] 

 × 100 ,   
(Equation 2.5) 

where ne is the number of generated electrons, np is the number of incident photons, 

dJSC is the spectral current density, Φp is the incident spectral photon flux density, or 

simply “irradiance”, Ep is the photon energy and e is the elemental charge (= 

1.602176634·10-19 [C]).  

In return, the JSC can be derived from the IPCE as the following: 

𝐽SC [mA ∙ cm−2] =  ∫ 𝑑𝐽SC 𝑑𝜆 

         = ∫ [(
Φp(𝜆)

𝐸p(𝜆)
) [s−1 ⋅ cm−1 ⋅ nm−1] ×  𝑒[C] × (

IPCE

100
)] dλ . 

(Equation 2.6) 

Practically, the JSC detected from the J-V curve is often slightly (a few mA·cm-2) lower 

than the JSC derived from the IPCE. This is due to intrinsic losses caused by the 

reflection or absorption of light by the substrate or the intensity mismatch between the 

incident monochromatic light of the IPCE instrument and simulated solar spectrum. 

Taking such losses into account, the IPCE can be a useful tool to verify the JSC 

measured by the potentiostat and to obtain better understanding of the wavelength-

dependent photon-to-current conversion properties within the cell. An example of an 

IPCE curve along with the spectral current density and integrated current density is 

shown in Figure 2.4. 
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Figure 2.4 IPCE curve of a PSC along with the corresponding spectral current density and 

estimated JSC. The JSC of this cell from the J-V measurement was 24 mA·cm-2. 

Here, the IPCE is around 80% throughout the visible range, which means that the solar 

cell with efficiently convert the received photons into electrons under operation. The 

spectral current is derived from the incident irradiation and the IPCE, followed by 

integration along the wavelength to obtain the estimated JSC. The JSC of the sample in 

Figure 2.4 was 24 mA·cm-2 from the J-V measurement. The mismatch of 3 mA·cm-2 

is within the error range due to the intrinsic loss of the device. 

In general, IPCE measurements were performed in DC mode with a xenon light source 

which was monochromated before entering the sample. The background was 

calibrated with a silicon diode before the measurement. The integrated photocurrent 

was calculated from the IPCE spectra based on ASTM G173-03 reference 1 sun 

spectra derived from SMARTS v. 2.9.2.3 

 

 Performance stability measurements  

The long-term stability of a solar cell is another important factor, especially if the 

device is showing a promising power output. The conditions in which the stability is 

measured can lead to varying results, thus should be carefully considered and 

explained.4 Typically, the time at which the performance (= PCE) drops to 80% of the 

initial value is defined as the “lifetime” of the cell. When reporting such lifetimes, the 

use of ISOS standards are recommended for fair assessment.4 This could be either 
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under continuous illumination with fixed bias (= operational stability: ISOS-L) or 

stored in the dark and illuminated at the time of each measurement (= shelf-life, or 

dark storage stability: ISOS-D). If the stability of the solar cell is assessed under dark 

storage, then the protocol will be ISOS-D-1 if it is stored in uncontrolled regular air, 

and ISOS-D-1I if it is stored in inert air. The ideal lifetime of a solar cell depends on 

its targeted usage. The first milestone for a laboratory cell is typically around 1000 h, 

or 1 month. If the solar cell is to be integrated in consumer products that last for 1 year, 

then that would count up to 10000 h. If the cell is targeted for solar panels as is the 

case with tandem cells, then that would be 25 years or 219000 h until the cell is 

considered to be stable. 

 

Table 2.2 Stability assessment protocols relevant to this study. 

Protocol 

code 

Dark or illuminated Ambient or 

inert 

Temperature Chapter 

ISOS-D-1 Dark storage Ambient r.t. Chapter 4 

ISOS-L-1 Continuous 

illumination 

Ambient r.t. Chapter 4 and 5 

ISOS-D-1I Dark storage Inert r.t. Chapter 5 

 

 

 Charge transport analysis techniques 

While the J-V and IPCE curves provide the overall picture of the cell performance, 

measurement techniques such as impedance spectroscopy, toolbox, photo-induced 

absorption spectroscopy and transient absorption spectroscopy are useful to analyse 

the local charge transport properties within the solar cell.  

2.2.6.1  Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy is a technique widely used for various types 

of solar cells.5 It provides information on the kinetics and energetics of the cell under 

operation. Commonly derived parameters include the electron lifetime and electron 
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transport time. In an impedance measurement, a sinusoidal wave with 5-10 mV 

amplitude is superimposed with a DC potential and applied to the sample. The DC 

potential should be selected carefully, as it will define the energy alignment of the FTO 

with the TiO2 that would directly influence the charge transport behaviours. In this 

thesis, the DC potential was fixed at open-circuit voltage as recommended by Wang 

et al.6 The frequency of the perturbation signal is typically set in the range of 100 mHz 

to 100 kHz. During the measurement, the frequency is modulated in descending order. 

The AC current response is recorded and systematically converted to the impedance.  

The impedance Z is defined as: 

    

𝑍(𝑗𝜔) =  
Δ𝑉

Δ𝐼
 , (Equation 2.7) 

where                                         Δ𝑉 = |𝑉|𝑒(𝑗𝜔) 

and                                         Δ𝐼 = |𝐼|𝑒(𝑗𝜔+𝜃) . 

Here, ΔV is the perturbation voltage input and ΔI is the current response. V and I are 

the amplitudes of the signals. ω is the angular frequency (= 2πf rad·s-1) and θ is the 

phase shift of the sinusoidal current response. The impedance is treated as a complex, 

thus: 

𝑍 =  Re(𝑍) + 𝑗Im(𝑍) =  𝑍′ +  𝑗𝑍′′.  (Equation 2.8) 

 

Two kinds of plots are commonly used for the analysis:7 

1) Complex plane plot (commonly known as the “Nyquist plot”): -Z” vs. Z’ 

2) Bode plot:  

- phase angle θ vs. log (f), or  

- impedance magnitude log |Z| vs. log (f).  

 

Several models have been proposed by different groups to analyse the impedance plots 

for DSSCs and PSCs.8–13 The most basic model is a series of R//C elements, while 
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some of the proposed models include specific elements such as the transmission line, 

Warburg diffusion element and inductors. A good understanding and selection of the 

models for each purpose is therefore necessary.  

Examples of a complex plane plot, Bode phase plot and Bode magnitude plot are 

shown in Figure 2.5. 

 

Figure 2.5 (a) Complex plane plot (the red arrows signify the boundaries of the three regions 

found in the complex plane plot, which is explained in the main text), (b) Bode phase plot and (c) 

Bode magnitude plot of N719-sensitised DSSC at VOC under 1 sun illumination. (d) Proposed 

equivalent circuit for the corresponding sample. RFTO: resistance at FTO/TiO2 interface. CFTO: 

capacitance at FTO/TiO2 interface. RTiO2: resistance at TiO2/electrolyte interface. CTiO2: 

capacitance at TiO2/electrolyte interface. Zele: Warburg diffusion impedance in the electrolyte. 

RCE: resistance at electrolyte/cathode interface. CCE: capacitance at electrolyte/cathode interface. 

The true capacitance was calculated via a constant phase element (CPE) placed in the model 

circuits. The calculations are explained in detail in the main text. 
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In general, the complex plane plot can be treated as an overlap of three semicircles. 

Among these, the first region (17 Ω < Z’ < 20 Ω), which corresponds to the 100 kHz–

1000 Hz region in the Bode plots, relates to the resistance and capacitance at the 

FTO/TiO2 interface or the cathode (Pt)/electrolyte interface. The second region (20 Ω 

< Z’ < 29 Ω, 1000 Hz–1.5 Hz) relates to the resistance and capacitance at the 

TiO2/electrolyte interface. The third region (29 Ω < Z’ < 30 Ω, 1.5 Hz–0.1 Hz) relates 

to the diffusion impedance in the electrolyte. The series resistance is the onset of the 

complex plane plot, thus Z’ ~17 Ω. Useful information such as the electron lifetime 

and electron transport time can be derived by mathematically fitting the plots. Here, 

“electron” refers to the electrons in the TiO2 conduction band. 

The electron lifetime of the TiO2 conduction band electrons can be derived by: 

𝜏e[s] = 𝑅rec × 𝐶μ , (Equation 2.9) 

where Rrec is the recombination lifetime and Cµ is the chemical capacitance. We can 

assume that Rrec ~ RTiO2 and Cµ ~ CTiO2 and calculate the τe. The electron lifetime refers 

to the time for the electrons to survive until they recombine with the oxidised species 

in the electrolyte. As VOC is lowered by charge recombination, longer electron lifetime 

can contribute to higher VOC. The electron transport time is derived by: 

𝜏tr[s] = 𝑅tr × 𝐶μ , (Equation 2.10) 

where Rtr is the electron transport resistance. The Rtr element is not included in the 

model circuit in Figure 2.5(d) and can be derived if the spectra is fitted with a 

transmission line model.14 In this model, the circuit is considered as a repetitive 

arrangement of Rtr(Rrec//Cµ) per unit length for a total length of L (= film thickness). 

The electron transport time refers to the time it takes for the electrons to diffuse through 

the TiO2 to reach the back contact of the cell. Faster transport can contribute to higher 

ff or JSC. 

 Calculation of the capacitance 

For solid conducting layers, the double-layer capacitance is often not purely capacitive 

and displays frequency dispersions due to the inhomogeneity of the system. By 

introducing a constant phase element (CPE or Q) in place of a capacitor, one can model 

a parallel (R//Q) circuit, which is essentially an (R//C) circuit in which the semicircle 
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in the complex plane plot is “depressed” by a particular phase angle.7 All capacitance 

values in this thesis were calculated via their corresponding CPEs. The impedance of 

a pure capacitor ZC can be described as the following: 

𝑍C[Ω] =
1

𝑗𝜔𝐶
 , (Equation 2.11) 

where C is the capacitance of a pure capacitor. Now, the impedance of a CPE can be 

expressed as the following: 

𝑍CPE[Ω] =
1

(𝑗𝜔)𝑛𝑄
 , (Equation 2.12) 

where n is the constant phase exponent (0 < n < 1) that defines the phase angle, and Q 

is the capacitance-equivalent of the CPE. It is noted that a CPE with n = 1 is a pure 

capacitor. The total impedance for a parallel (R//Q) circuit can be written as follows:  

𝑍[Ω] =  
𝑅

1 + 𝑗𝜔𝑅𝐶
=

𝑅

1 + (𝑗𝜔)𝑛𝑅𝑄
=

𝑅

1 + (𝑗𝜔𝜏)𝑛
 , (Equation 2.13) 

where τ is the time constant τ = RC. This leads to the following relation:  

𝑅𝑄 =  𝜏𝑛 = (𝑅𝐶)𝑛 , (Equation 2.14) 

If we fit the chemical capacitance with a CPE with T = Tμ in an (R//Q) circuit with R 

= Rμ and n=nμ, the true capacitance Cμ is derived by: 

𝐶μ[F] =
(𝑇μ × 𝑅μ)

1
𝑛μ

𝑅μ
 . (Equation 2.15) 

 

In general, the impedance at open circuit voltage was measured with a similar setup to 

that of J-V measurements. The sample was illuminated by a solar simulator at 1 sun. 

The perturbation frequency range was set at 100 kHz to 100 mHz with an AC voltage 

amplitude of 10 mV. The obtained impedance plots were fitted using the ZView 

(Scribner Associates) software to analyse properties such as the electron lifetime. 
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2.2.6.2  Toolbox measurements 

The toolbox refers to an instrument that can directly measure the electron lifetime, 

transport time and charge extraction of a solar cell by detecting its small-modulation 

transient behaviour. It can obtain similar information as with impedance spectroscopy 

while requiring less time The instrument was originally demonstrated by Boschloo in 

2006 to study the kinetics in DSSCs.15 In brief, the sample is illuminated by a white 

LED (Figure 2.6) and the kinetic responses are recorded by switching the light on/off 

or switching between open-circuit/short-circuit. The electron lifetime and transport 

time are derived from the transient voltage or current response due to a small change 

in light intensity. The toolbox measurements were performed in Uppsala University, 

Sweden. 

 

Figure 2.6 Photograph showing the setup of the toolbox measurement. (a) Complete solar cell as 

the sample. The photoanode side is illuminated. Electrical wires are attached to the 

photoelectrodes, that further connect to the detector; (b) white LED light source with tuneable 

illumination level. 

 

Charge extraction 

The plots of extracted charge (Qext) against VOC (Figure 2.7) provides information on 

the conduction band edge shifts, which would partially contribute to the difference in 

VOC of different cells. 

The extracted charge at open circuit is measured by illuminating the cell for a few 

seconds at open circuit followed by switching off the light. The cell is successively 

(a) 
(b) 
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switched to short circuit and the extracted current is measured. The current is 

integrated over time to deduce the extracted charge. The VOC is lowered plot by plot 

by lowering the incident light intensity. 

The VOC of an illuminated cell is defined by:  

𝑉OC [V] = 𝐸F′ − 𝐸redox , (Equation 2.16) 

where EF’ is the quasi Fermi energy of the TiO2 under illumination and Eredox is the 

redox potential of the electrolyte. EF is then given by: 

𝐸F′  [eV] = 𝐸𝐶 + 𝑘𝑇 ln(
𝑛C

𝑁C
) , (Equation 2.17) 

where EC is the conduction band energy, kT is the thermal energy (25.7 meV at 25 oC), 

nc is the density of conduction band electrons and Nc is the density of conduction band 

states.15 From Equations 2.11 and 2.12, one can tell that EF’ increases proportionally 

with ln(nc), while VOC increases along with EF’. Larger Qext values relate to higher nc. 

 

Figure 2.7 Logarithmic trend of the extracted charge (Qext) under open-circuit of an XY1 dye-

sensitised DSSC. 

Electron lifetime and transport time 

The electron lifetime is measured under open circuit at different light intensities. At 

open circuit, the injected electrons in the TiO2 cannot flow externally but to recombine. 

The detected voltage thus depends purely on the balance of the injected electrons and 

recombination. The electron transport time is measured under short circuit. At short 
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circuit, almost all of the injected electrons will flow to the back contact of the cell. 

Examples of the electron lifetime and transport time plots are shown in Figure 2.8. 

 

Figure 2.8 Logarithmic plots of (a) electron lifetime vs VOC and (b) electron transport time vs JSC 

of an XY1-sensitised DSSC. 

In general, the toolbox measurements were performed using the same setup. The solar 

cell was illuminated with a white LED light source (Luxeon Star 1W) to which a 

square-wave modulation was added, and the step response was recorded with a data 

acquisition board. The transient response was fitted with a first-order kinetic model. 

 

2.2.6.3  Photoinduced absorption techniques  

Photoinduced absorption spectroscopy (PIA) and transient absorption spectroscopy 

(TAS) has been extensively used to study the photoinduced kinetics of conjugated 

polymers, organic solar cells, photosynthetic materials and DSSCs.16 These techniques 

provide insights on the recombination/regeneration kinetics in a DSSC. PIA is a low-

cost measurement for efficient analysis of very weak signals obtained by an excitation 

source with an intensity close to 1 sun (~100 mW·cm-2).17 It provides information on 

slow regeneration kinetics such as the absorption spectra change due to poor dye 

loading. TAS uses laser flash photolysis (LFP), where the sample is excited by an 

intense laser excitation pulse (~105 W·cm-2) to measure faster kinetics such as the 

recombination and regeneration speed of the oxidised dye. For each set of 
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measurement, two samples are prepared: a dye-sensitised transparent TiO2 film on a 

glass slide, infiltrated with the redox electrolyte and closed with a glass slip, and the 

same sample infiltrated with an inert electrolyte (only the additives dissolved in the 

electrolyte solvent). 

The flow from light absorption to electron injection to the TiO2 can be described by: 

S + ℎ𝜈 → S∗ → S+ + 𝑒− , (Equation 2.18) 

where S is the ground state dye, S* is the excited dye and S+ is the oxidised dye. 

The oxidised dye will be regenerated by the electrolyte: 

S+ + 𝑒− → S . (Equation 2.19) 

PIA aims to detect the photo-absorption by the oxidised dye S+ molecules. 

The setup for PIA is described in Figure 2.9. In brief, a tungsten–halogen white probe 

light is attenuated (0.5-30 mW·cm-2) and focussed on a monochromator through the 

sample, and the transmitted light is detected by a silicon diode, which connects to a 

lock-in amplifier and a current amplifier. A square-wave modulated (on/off) blue LED 

excites the sample and the absorbance change is analysed.  

 

Figure 2.9 Photograph showing the setup of the PIA spectroscopy measurement. (a) Blue LED, 

which is controlled by an LED driver; (b) white probe light; (c) optical lenses; (d) dye-sensitised 

transparent photoanode as the sample; (e) other instruments such as the monochromator and 

detector are not shown in the image. 

(b) (a) 

(c) 

(d) 

(e) 
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An example of a PIA spectrum is shown in Figure 2.10. The spectrum of the inert 

sample is an overlap of the bleach/absorption by the electrons in the TiO2 and the 

oxidised dye molecules, and the bleach by the Stark effect. The Stark effect refers to 

the change in spectra of atoms and molecules in presence of an external electric 

field.16,18 The electric field generated by the negative charges in the TiO2 and the 

positive charges of the dye induces a bleach of the non-oxidised dye molecules. The 

number of neighbouring dyes intensifies the peak associate to the Stark bleach. The 

broad absorption peak beyond 700 nm can be associated to the absorption by the 

electrons in the TiO2. The small dip peaking around 630 nm is a superposition of the 

absorption/bleach by the oxidised dye and the Stark effect. In the redox active sample, 

disappearance of the broad absorption indicates that the dye has been efficiently 

regenerated by the electrolyte. The prominent negative peak around 630 nm is a sole 

contribution of the Stark effect. 

 

Figure 2.10 Photoinduced absorption spectra of XY1 dye adsorbed on a transparent TiO2 film, 

infiltrated with a Cu2+/1+ electrolyte (0.2 M CuI(tmby)2(TFSI), 0.06 M CuII(tmby)(TFSI)2, 0.1 M 

LiTFSI and 0.6 M tBP in acetonitrile) in black or an inert electrolyte (0.1 M LiTFSI and 0.6 M 

tBP in acetonitrile) in red, dashed. The negative peaks are indicated by arrows. The broad peak 

is indicated with a bracket. 

The concept of TAS is similar to the PIA, except that the sample is excited by an 

intense laser pulse, so the resulting data provides more information on the faster 

kinetics in the sample. The setup for TAS is described in Figure 2.11. In brief, a xenon 
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arc white probe light is coupled with an excitation laser pulse (105 W·cm-2) and the 

transmitted light through the sample is detected by a laser flash photolysis/TAS 

spectrometer.16,17 

 

Figure 2.11 Photograph showing the setup for the TAS measurement. (a) Nd:YAG laser 

oscillator system; (b) optical lenses; (c) laser flash photolysis/transient absorption spectrometer. 

An example of the absorption decay curves of the sample containing the redox active 

electrolyte and the sample with the inert electrolyte is provided in Figure 2.12. The 

two curves can be fitted by exponential decays such as: 

𝛥𝐴 = 𝛥𝐴0 𝑒
(−

𝑡
𝜏𝑡

)
 , 

(Equation 2.20) 

where ΔA0 is the initial steady-state absorbance difference, t is the recorded time, and 

τt is the time constant obtained in the time domain. The half-life derived from the inert 

system can be interpreted as the recombination time of the TiO2 conduction band 

electrons with the oxidized dye, while the half-life derived from the Cu2+/1+(tmby)2 

system can be associated to the speed of dye regeneration by the redox couple. Slow 

recombination and fast regeneration are desired for better performance of the solar 

cell. 

 

 

 

 

(b) 

(a) (c) 
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Figure 2.12 Transient absorption spectra of XY1 dye adsorbed on a transparent TiO2 film, 

infiltrated with a Cu2+/1+ electrolyte (0.2 M CuI(tmby)2(TFSI), 0.06 M CuII(tmby)(TFSI)2, 0.1 M 

LiTFSI and 0.6 M tBP in acetonitrile) in black or an inert electrolyte (0.1 M LiTFSI and 0.6 M 

tBP in acetonitrile) in red.  

2.2.6.4  Hole mobility and conductivity 

The charge transport ability of the HTMs is often assessed by their conductivity σ or 

hole mobility µ. The two parameters have the following relation: 

𝜎 = 𝑞𝑛h𝜇 , (Equation 2.21) 

 where q is the elementary charge and nh is the hole density.  

The conductivity or mobility can show different values depending on the direction they 

are measured. A common technique applied in solar cells is to determine the hole 

mobility from the space-charge-limited current (SCLC). This technique allows 

measurement of the current in the same direction as the charge transport in the actual 

solar cell. The device used in the SCLC measurement in this study is illustrated in 

Figure 2.13.  
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Figure 2.13 Hole-only device for the SCLC hole mobility measurement. 

The SCLC region is where the current-voltage relation becomes quadratic. This is in 

contrast to the ohmic region where the current is influenced by the charge carrier 

density and is proportional to the voltage. The SCLC region of Spiro-MeOTAD is 

shown in Figure 2.14. 

 

Figure 2.14 SCLC region of doped Spiro-MeOTAD without the perovskite, marked with blue 

lines. The SCLC region is defined as the linear region of the square root of the current density 

vs voltage. 

The SCL current density can be described by the following equation: 

𝐽 [mA ∙ cm−2] =  (
9

8
 𝜀𝜀0𝜇 ∙

1

𝑑3
) 𝑉2 = C𝑉2 (Equation 2.22 ) 

where ε is the dielectric constant which is assumed as 3 (a typical number for most 

organic semiconductors),19 ε0 is the permittivity of free space (8.854·10-12 [F·m-1]), µ 

is the hole mobility [cm2·V-1·s-1], d is the thickness of the HTM layer (e.g. 100 [nm]), 
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and V is the applied voltage [V]. If the hole mobility is assumed as a constant, then 

Equation 2.17 can be rewritten as:19–21  

𝐽 [mA ∙ cm−2] =  C𝑉2 or  

𝐽0.5 [mA0.5 ∙ cm−1] =  C0.5𝑉 , 
(Equation 2.23 ) 

where C is: 

C =   (
9

8
 𝜀𝜀0𝜇 ∙

1

𝑑3
) 

    = 2.988 × 10−11 ×
𝜇 [cm2V−1s−1]

𝑑3[nm]
× 1022 . 

(Equation 2.24 ) 

The constant C can be derived from the linear slope of the square root of the current 

density against voltage. Once the value of C is derived, the hole mobility can be 

calculated from the following: 

 𝜇 [cm2V−1s−1] =
C × 𝑑3[nm]

2.988 × 1011
 . (Equation 2.25 ) 

For example, the slope in the SCLC region in Figure 2.14 was derived as C0.5 = 11.82 

from the fitted curve. If the Spiro-MeOTAD layer in the PSC has a thickness of 140 

nm, then the hole mobility is calculated as 1.28 × 10-3 [cm2·V-1·s-1]. 

 

The conductivity of the HTM candidate materials in Chapter 6 was measured in the 

form of compressed powder pellets using a two-probe technique taking the mean 

resistance of four positions. (Figure 2.15). The measurement was performed by 

Sergejs Afanasjevs in the School of Engineering, University of Edinburgh.  

 

Figure 2.15 Conductivity measurement of a compressed pellet. 

A B

C D

Pellet sample

Electrical wire
Glass Metal joint
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In brief, the conductivity was measured by an electrometer, where the probe wires 

were circumferentially attached near the edges of the pellet. The mean resistance, 

calculated from the four positions (A–D in Figure 2.15), was converted to resistivity 

using the Montgomery method.22 Finally, the conductivity was calculated as the 

inverse of the resistivity. 

 

2.3 General materials characterisation methods 

 Nuclear magnetic resonance spectroscopy (NMR) 

Nuclear magnetic resonance (NMR) spectra was measured to identify and characterise 

the synthesised molecular samples. All NMR spectra were recorded on Bruker 

Advance III NMR spectrometers located in the School of Chemistry.23 In particular, 

1H-NMR spectra were recorded on Bruker AVA500 operating at 500.12 MHz, or 

Bruker PRO500 operating at 500.23 MHz. 13C{1H}-NMR spectra were recorded on 

AVA500 operating at 125.77 MHz. All spectra were recorded at 300 K. The NMR 

peak shifts in this chapter are described in parts per million (ppm).  

 

 Mass Spectrometry 

The synthesised compounds were identified by determining the molecular mass of the 

compounds by mass spectrometry. The measurement was performed by the Mass 

Spectrometry team in the School of Chemistry. The compounds were generally 

analysed by electrospray ionisation (ESI), which were run on a Bruker microTOF II 

spectrometer with an accurate mass tandem mass spectrometer equipped with 

Atmospheric Solids Analysis Probe (ASAP). 

 

 Elemental analysis 

Elemental analysis (or CHN analysis) provides the weight percentage of carbon, 

hydrogen and nitrogen content in a solid sample. The technique is commonly used to 

confirm the composition of organic or organometallic compounds. Powder samples in 
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Chapter 5 and Chapter 6 were analysed by the London Metropolitan University 

elemental analysis team using a Carlo Erba CE1108 Elemental Analyser. 

 

 Cyclic voltammetry (CV) 

Cyclic voltammetry is a measurement technique that can be used to study the oxidation 

and reduction processes of molecular species. When a potential is applied to the 

electrolyte solution containing the analyte, a current flow is detected depending on the 

oxidation or reduction process of the analyte. The current is plotted against the 

potential and the specific peaks allow determination of the oxidation or reduction 

potential of the analyte. The common setup comprises three electrodes: the working 

electrode, counter electrode and reference electrode as illustrated in Figure 2.16. 

 

Figure 2.16 Illustration of the solution CV setup (three-electrode, single compartment) in this 

thesis. The analyte was bubbled with N2 before the measurement to avoid interference peaks by 

atmospheric oxygen. W: working electrode. R: reference electrode. C: counter electrode. 

For a one-electron oxidation process, the equilibrium of the system can be expressed 

by the Nernst equation as follows: 

𝐸 = 𝐸0 +  
𝑅𝑇

𝐹
𝑙𝑛

𝑎ox

𝑎red
 , 

(Equation 2.26) 

where E0 is the standard potential, R is the gas constant, F is the faraday constant, aox 

is the activity of the oxidation and ared is the activity of the reduction. The activity is a 

N2

RW C
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measure of the effective concentration of the redox species, and holds the following 

relation: 

𝑎ox = 𝛾ox[ox] , 𝑎red = 𝛾red[red] , (Equation 2.27) 

where γox is the activity coefficient for the oxidised species and [ox] is the 

concentration of the oxidised species. The same applies to γred and [red] for the reduced 

species. In cases where the solution is dilute (γ close to unity), or the activity 

coefficients can be assumed constant, the Nernst equation can be rewritten in a simpler 

form using the formal potential E0’ in place of E0, and concentrations instead of 

activities. Thus: 

𝐸 = 𝐸0′ +  
𝑅𝑇

𝐹
𝑙𝑛

[ox]

[red]
 . 

(Equation 2.28) 

The formal potential is associated with: 

𝐸0′ = 𝐸0 +  
𝑅𝑇

𝐹
𝑙𝑛

𝛾ox

𝛾red
 . 

(Equation 2.29) 

An example of a cyclic voltammogram for an oxidation reaction is shown in Figure 

2.17. The potential is scanned such that it detects the anodic peak current Ipa first, 

followed by the cathodic peak current Ipc. The peaks correspond to the oxidation of the 

analyte and the reduction of the oxidised analyte. The corresponding potentials are 

denoted as Epa and Epc. The half-wave potential E1/2 is the average of Epa and Epc. The 

value of E1/2 is commonly employed as the formal oxidation potential of the sample, 

based on the following relation:24 

 

𝐸1/2 =
𝐸pa + 𝐸pc

2
= 𝐸0′ + 

𝑅𝑇

𝐹
𝑙𝑛 (

𝐷ox

𝐷red
 )

1/2

, 
(Equation 2.30) 

where Dox and Dred are the diffusion coefficients of the oxidised and reduced species. 

Assuming the electron process is reversible, Dox and Dred are similar, thus E1/2 can be 

approximated to E0’.  
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Figure 2.17 Cyclic voltammogram of ferrocene in 0.1 M TBABF4 ethanol solution. The scan rate 

was 50 mV·s-1. 

The reversibility of the oxidation is another important aspect to look at. There are two 

kinds of reversibility: chemical reversibility and electrochemical reversibility. 

Chemical reversibility is whether the analyte species are stable upon oxidation and can 

be reversibly reduced. If the oxidation is chemically reversible, then Ipa will be equal 

to Ipc. Electrochemical reversibility refers to whether the oxidised species are oxidised 

and reduced without kinetic barrier when the potential is varied. This can be checked 

from the potential difference Epa – Epc. Table 2.3 lists the common diagnostic tests to 

determine the reversibility of the analyte. 

Table 2.3 Common diagnostic tests to determine the electrochemical or chemical reversibility of 

a one-electron oxidation process. 

Test Reversible Irreversible 

I1/2 = (Ipa + Ipc)/2 Independent of (scan rate)0.5 Dependent of (scan rate)0.5 

Ipa and Ipc Ipa = Ipc Ipa ≠ Ipc 

ΔEp = Epa - Epc 59 mV > 59 mV 

Epa or Epc Independent of scan rate Dependent of scan rate 
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Solid-state CV was performed for the polymer HTM candidates in Chapter 6 because 

they will dissociate into unpredictable fragments when placed in a solution. The solid-

state CV setup was similar to that in Figure 2.15, except that the working electrode 

was an FTO glass piece with the analyte deposited as a film. The films of the sample 

materials were deposited on FTO conducting glass and were fixed to the setup with a 

crocodile clip. Water was selected as the electrolyte solvent to prevent the film from 

dissolving in the solution. Na2SO4 was selected as the electrolyte salt. Table 2.4 

summarises the equipment setup for the different samples studied in this thesis. 

 

Table 2.4 Equipment setup for solution/solid-state CV. 

Analyte form Solvent Electrolyte W C R Chapter 

Solution DCM TBAPF6 Pt disk Pt wire Ag/AgCl Chapter 5 

Solution Ethanol TBABF4 Pt disk Pt wire Ag/AgCl Chapter 6 

Film Water Na2SO4 FTO glass Pt wire Ag/AgCl  Chapter 6 

DCM: dichloromethane. TBA: tetrabutylammonium.  

 

Square wave voltammetry (SWV) is another useful technique alongside CV. The redox 

peaks are recorded by superimposing a square wave on a staircase potential to give the 

current output in the form of symmetrical peaks, as shown in Figure 2.18.25 The 

technique allows high resolution at relatively fast scan rates. In SWV, the current is 

sampled at the end of each potential pulse to eliminate the effect of the double layer 

charging current. This is possible because the charging current decays faster than the 

Faradaic current. 

SWV was performed using the same equipment setup as for the CV. The I-V profile 

was recorded at a step potential of 0.004 V, a square wave amplitude of 0.021 V and 

square wave frequency of 13 Hz, giving a scan rate of 0.05 V·s-1. 
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Figure 2.18 Square wave voltammogram of ferrocene in 0.1 M TBABF4 ethanol solution. The scan 

rate was 50 mV·s-1. The small peaks with the asterisks (*) relate to the sample that was analysed 

before the introduction of ferrocene in the solution. 

 UV/Vis spectroscopy 

UV/Vis spectroscopy is a versatile technique to investigate the basic optical properties 

of solid or liquid materials. Common measurement modes of the UV/Vis spectroscopy 

instrument include absorbance and diffuse reflectance. A solid or liquid material will 

generally act to light in three ways: transmission, absorption and reflection. The 

absorbance measurement mode assumes that the sample is transparent with negligible 

reflection against light. The absorbance Abs is defined by: 

𝐴𝑏𝑠 = 𝑙𝑜𝑔10 (
1

𝑇
) =  𝑙𝑜𝑔10 (

𝐼0

𝐼T
) , 

(Equation 2.31) 

where T is the transmittance, I0 is the intensity of the incident light and IT is the 

intensity of the light transmitted through the sample. 

The diffuse reflectance measurement mode assumes that the sample is opaque with 

negligible transmittance. The diffuse reflectance DR is defined by: 

𝐷𝑅 (%) = (
𝐼DR

𝐼0
) × 100 , 

(Equation 2.32) 

where IDR is the intensity of the diffuse-reflected light. A solid material has two types 

of reflection: the specular reflection and the diffuse reflection. The specular reflection 
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is the “mirror-like” reflection, where the reflection angle is the same angle to the 

surface normal as the incident light. The diffuse reflection occurs when the surface of 

the sample is rough (the case for most opaque materials). It can be described as a 

collection of “specular reflections” of small mirror-like surfaces that are facing 

different directions. In the diffuse reflectance measurement mode, the sample is 

attached to an integrated sphere so that the diffuse-reflected light towards all directions 

is fully spatially integrated (Figure 2.19). 

 

 

Figure 2.19 Scheme of optical path through the integrated sphere. SR: spectral reflectance. DR: 

diffuse reflectance. 

 

Determination of optical gap 

UV/Vis measurements serve as a common tool to determine the optical gap of a 

material of interest. Several methods have been proposed according to the nature of 

the sample.  

In this thesis, the optical gap of non-crystalline materials was either derived from the 

Tauc plot (Chapter 4) or from the intercrossing of the UV/Vis absorption and 

photoluminescence emission spectra of the sample (Chapter 5). Figure 2.20(a) is the 

absorption spectrum of Irn-Bru. The absorption coefficient α can be derived from the 

absorbance Abs: 

Detector

Sample

Source

DR

SR
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𝛼 [cm−1] = 𝐴𝑏𝑠
1

log(𝑒) 𝐿
 , 

(Equation 2.33) 

where e is the natural logarithm and L is the optical path length. If L is 1 cm, then α is 

~2.303 Abs. The Tauc plot shown in Figure 2.20(b) is a replot of the absorption spectra 

in Figure 2.20(a) into a relation of (αhν)0.5 vs. energy (= hν).26 The method follows 

that of determining the bandgap of crystalline materials, except that the exponent is 

fixed to 0.5.  

 

Figure 2.20 (a) Absorption spectra of Irn-Bru (AG Barr). (b) Tauc plot obtained from Figure 2.X 

(a). The red line is the linear fitting to determine the optical gap, which in this case was 2.2 eV. 

The linear region in Figure 2.20(b) corresponds to the absorption edge in Figure 

2.20(a). The intersection of the tangent line and x axis is the estimated optical gap. 

The optical gaps of crystalline materials were derived by adapting the Kubelka-Munk 

formula to the diffuse reflectance data. The absorption coefficient is obtained by: 

𝛼 ≈
(1 − 𝐷𝑅)2

2𝐷𝑅
 

(Equation 2.34) 

where DR is the diffuse reflectance. A tangent line is drawn in the linear region of the 

(αhν)n vs. hν plot,  in a similar way as for the amorphous sample. n is ½ for an indirect 

gap and n = 2 for a direct bandgap. 
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 Photoluminescence spectroscopy (PL) 

Photoluminescence (PL) spectroscopy is a versatile tool to investigate the optical 

properties of a solid or liquid sample. In brief, the sample is excited by a 

monochromatic laser light and the emission is recorded.  Steady-state PL is widely 

used to determine the excitation/emission properties of light-emitting materials. The 

PL quantum yield (PLQY) is an indicator of how strongly the sample emits light. It is 

expressed by: 

 

PLQY (%) =  
𝑛m(Em)

𝑛m(Exc)
 ≈  

𝑛p(Em)

𝑛p(Abs)
 

(Equation 2.35) 

 

where nm(Em) is the number of molecules that emit a photon, nm(Exc) is the number of 

excited molecules, np(Em) is the number of emitted photons and np(Abs) is the number of 

absorbed photons. Steady-state PL (Figure 2.21(a)) is a commonly used technique in 

PSCs to investigate the efficiency of hole extraction by the HTM when deposited on 

the light absorber layer. Time-resolved PL (TRPL) (Figure 2.21(b)) is also commonly 

used to investigate the transient PL decay of the perovskite due to charge extraction 

by the HTM. These techniques are used in Chapter 5. 

 

Figure 2.21 (a) PL of the perovskite/glass film and of Spiro-MeOTAD/perovskite/glass film. The 

PL is totally quenched by the Spiro-MeOTAD. Pero: perovskite. Spiro: Spiro-MeOTAD. (b) 

TRPL of the corresponding samples. IRF: instrument response function. 
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The PL measurements in this thesis were performed by Dr Ayumi Ishii in Toin 

University of Yokohama, using the equipment in RCAST, Tokyo University, Japan. 

The steady-state PL measurements were performed on a Quantauras-QY Plus C13534 

(Hamamatsu Photonics) spectrophotometer. TRPL decays were recorded on a 

Quantauras-Tau C11367 (Hamamatsu Photonics) fluorescence lifetime spectrometer 

equipped with a C10196 (Hamamatsu Photonics) picosecond light pulser.  

 

 Fourier-transform infrared spectroscopy (FT-IR) 

Fourier-transform infrared (FT-IR) spectroscopy is a type of vibrational spectroscopy 

to identify the composition of solid or liquid samples by detecting the IR absorption 

of the material. Vibration modes with the change in dipole are detected. Common 

vibration modes include bending and stretching of the C-H, C-C or C-O bonds. 

 

 Raman spectroscopy  

Raman spectroscopy is a tool to identify the composition of a solid or liquid sample 

by detecting the Raman scattering. The scattering occurs when the sample is excited 

by a laser pulse, similar to the PL. Raman scattering is a much weaker effect than PL, 

so the excitation wavelength should be selected so it is not interfered with by the PL. 

A major part of light scattering does not result in a change of energy (e.g. Rayleigh 

scattering). Raman scattering results in a loss or gain in energy due to molecular 

vibrations. It is complementary to FT-IR spectroscopy as they both look at molecular 

vibrations but do not always show the same ones at the same intensity. Raman displays 

vibrations involving changes in polarizability, while FT-IR displays vibrations 

involving changes in dipole moment. Figure 2.22 shows the Raman spectrum and IR 

spectrum of LiI in one graph. Different profiles are obtained due to the difference in 

excitation source. In the example, all of the peaks in the FT-IR are associated to water. 

Aqueous solutions or hygroscopic materials often have difficulties to be analysed by 

IR spectroscopy because the intense water peaks can hide the peaks of the material. 
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Figure 2.22  LiI spectra recorded by Raman spectroscopy and FT-IR spectroscopy. Raman plots 

are scattering intensity vs. wavenumber while IR plots are transmittance vs. wavenumber. 

 

Raman spectra were recorded on an inVia Renishaw micro Raman spectrometer. The 

samples were measured in a backscattering configuration with an excitation 

wavelength of 785 nm.  The laser intensity (from 5% to 100%, where 100% is ca. 104 

W·cm-2), irradiation time (from 2 s to 10 s) and scan accumulation (from 20 to 40) 

were adjusted for each sample based on the scattering intensity obtained from the first 

scan.  

 

 X-ray power diffraction (PXRD) 

X-ray powder diffraction is an X-ray diffraction technique to analyse powder samples 

or multicrystalline solid samples such as films. It is commonly used for identification 

of inorganic crystalline materials. X-ray powder diffraction was measured on a D8 

Discover (Bruker) diffractometer, with CuKα (1.54184 Å) radiation source at 40 kV 

and 50 mA. The increment was set at 0.02–0.05o/step. 

 

 Single-crystal X-ray diffraction (SXRD) 

Single-crystal X-ray diffraction (SXRD) is an X-ray diffraction technique, specifically 

to analyse a single crystal to determine its crystal structure, bond length, etc. Crystal 
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structure determination by single-crystal X-ray diffraction (SXRD) for Chapter 5 and 

Chapter 6 was performed by Dr Gary Nichol in the School of Chemistry, University 

of Edinburgh. Crystals of suitable size were mounted and analysed on an XtaLAB 

SuperNova diffractometer (Rigaku Oxford) using Mo source at 120 K.  

 

 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) provides topographical information of a solid 

sample by capturing grey-scale images. Field emission scanning electron microscopy 

(FE-SEM) is an SEM with high spatial resolution and small electrostatic distortion. 

Focussed ion beam SEM (FIB-SEM) allows observation of the cross-section of a 

material by milling a hole in situ using ion bombardment (Figure 2.23(a)). Figure 

2.23(b) shows a cross-section image of a TiO2 film of a DSSC taken by FIB-SEM. For 

the camera to capture the milled image, it has to be placed at an angle (36o in the 

current case). The y-axis in the image (i.e. film thickness) is thus deformed. The actual 

film thickness can be calculated by dividing the thickness from the image by sin(54o) 

≈ (thickness from the image) × 1.24, as shown in Figure 2.23(c). 
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Figure 2.23 (a) Cross-section image of a TiO2 film, taken by FIB-SEM. (b) Low-magnification 

image to show the milled pattern. (c) Illustration to show the relation between the captured image 

and the actual image. 

The cross-section images of the Ply-I solar cell (Chapter 4) were captured by Dr 

Thomas Glenn on a FIB-SEM Crossbeam 550 (Zeiss) in the School of Physics, 

University of Edinburgh. Energy dispersive X-ray spectroscopy analysis was 

performed on an X-Max 150 EDS detector (Oxford Instruments) with a detector size 

of 150 mm2. Cross-section images of the PSCs (Chapter 5) were captured by Dr Gyu 

M Kim in Toin University of Yokohama on an FE-SEM SU8000 (Hitachi) situated in 

RCAST, Tokyo University, Japan. The images of the CuI complexes (Chapter 6) were 

captured on a Carl Zeiss SIGMA HD VP FE-SEM located in the School of 

Geosciences, University of Edinburgh. All samples were sputtered with gold or 

platinum beforehand. The acceleration voltage was set at 10.0 kV during the 

observation of the images.  

 

36o

C
ro

s
s
 s

e
c
tio

n

0o

54o

(a) (b) 

(c) 

1 μm 4 μm 



From electrolytes to HTMs in DSSCs and PSCs 

Chapter 2 Experimental 86 

 Computational studies 

Density functional theory (DFT)-Hartree Fock theory (HF) based computational 

calculations were performed in Chapter 5 to predict the energy level and distribution 

of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) of the new HTM candidates. The level of theory was set to the 

commonly used B3LYP in this context.27–30 In general, larger basis sets increase the 

accuracy of the calculations, while they also consume more computational time and 

cost. The polarised basis set 6-311G(d) (equivalent to 6-311G*) was selected in this 

thesis, in which d functions are added to the atoms with atomic numbers larger than 

two.31 

In this study, the DFT based computational calculations were performed on a 

Gaussian09 package.32 The calculations were executed on the Eddie3 cluster, run by 

the University of Edinburgh.33 The molecule of interest was roughly optimised on the 

Avogadro software with the “optimise geometry” function, prior to the computational 

calculations by Gaussian.34,35 The optimisation was based on the Universal Force Field 

(UFF) using the steepest decent method. 

 The resulting information was then extracted as Cartesian coordinates and was placed 

in the input code. An example of the calculation protocol is shown in Figure 2.24. The 

calculations were based on the hybrid B3LYP functional with 6-311G(d) basis set for 

elements H, C, O, S and N. Solution phase calculations were performed following a 

similar procedure to the gas phase calculations, but with an additional SCRF keyword. 

The SCRF allows optimisation of the molecule by implicitly adding a solvent cavity 

of choice, based on the polarisable continuum model.36  

The geometry was optimised by the Berny algorithm, which is based on an earlier 

programme written by Schlegel.37 This was followed by computing the vibrational 

frequencies that were determined by the second derivatives of the energy with respect 

to the Cartesian nuclear coordinates, which were then transformed into mass-weighted 

coordinates. The population analysis was done by the Mulliken analysis method for all 

orbitals.38 The convergence in root mean square density matrix was completed within 

128 cycles. The calculations were run with 8 processors with 8 to 16 GB memory, 

resulting in a calculation time of 5 h to 7 days, depending on the size of the molecule 
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and surrounding medium (vacuum or solvent). Finally, the output file was exported to 

Avogadro, where the HOMO/LUMO levels and molecular orbital mapping were 

displayed. 

 

(Figure continues below) 
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(Continued from above) 

 

(Figure continues below) 
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(Continued from above) 

 

Figure 2.24 Image of the input code used for the calculation of TrxS-2MeOTAD in DCM.  

2.4 Conclusions 

This chapter provided an overview on the different characterisation techniques that 

were adopted in this thesis to study the materials and solar cells in the following 

chapters. Basic concepts and methods were provided for the measurements that are 
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technique specific and the general methods were denoted for each measurement. The 

following chapters, from Chapter 3 to Chapter 6 are the main chapters which provide 

the results and discussion for this thesis. Detailed experimental procedures are found 

at the end of each chapter. 
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Chapter 3 Cu bipyridyl electrolyte for DSSCs 

3.0 Statement 

The author designed the experiments, fabricated the devices, performed the 

measurements and analysed the data, unless otherwise specified. The experiments took 

place in Dr Marina Freitag’s group in Uppsala University, Sweden. The indoor light 

testing of the DSSCs and the transient absorption spectroscopy (TAS) measurements 

were performed by Hannes Michaels in Uppsala University, Sweden. 

3.1 Overview of the chapter 

As mentioned in Chapter 1, indoor light capturing is becoming a major topic in solar 

cell research due to the forthcoming demand of IoT power sources.1 Dye-sensitised 

solar cells (DSSCs) have great potential to meet this category of photovoltaic 

applications due to their promising performance under indoor light (~30% PCE),2–5 

their ease of fabrication and use of low hazard materials.  

 

Here, we study DSSCs employing a [copper(II/I)(4,4’,6,6’-tetramethyl-2,2’-

bipyridine)2]
2+/1+ (denoted hereafter as [Cu(tmby)2]

2+/1+) electrolyte. The molecular 

representation of [Cu(tmby)2]
2+/1+ along with its counter anion 

[bis(trifluoromethanesulfonyl)imide]]- (or TFSI) is shown in Figure 3.1. Copper 

bipyridyl electrolytes have gained interest in the last few years due to unique features 

such as highly positive redox potential (0.87–0.97 V, cf. 0.35 V for I-/I3
-), minimal 

driving force required for dye regeneration (~0.1 V), and most importantly their ability 

to convert into an efficient solid-state hole transport material (HTM) when slowly 

dried out in ambient air.6–10  
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Figure 3.1 Molecular representation of [Cu(tmby)2]2+/1+ (TFSI)2/1. 

The slow drying of the electrolyte, described as a Zombie method by Freitag et al., has 

led to the highest reported power conversion efficiencies (PCEs) in solid-state DSSCs 

(s-DSSCs) as of 2020, due to improved coverage of the mesoporous TiO2 in contrast 

to using conventional film deposition methods such as spin-coating. The method also 

excludes the need for any additional reagent or equipment specifically designed to 

fabricate s-DSSCs. Obviously, optimisation of the liquid-state DSSC (DSSC with the 

liquid electrolyte, denoted as l-DSSC) will have a direct influence on the performance 

of the corresponding solid-state DSSC after drying. In this chapter, we will mainly 

explore the co-sensitisation technique as a means to improve the cost-performance in 

liquid-state [Cu(tmby)2]
2+/1+ DSSCs. At the end of the chapter, fabrication of s-DSSCs 

are also discussed. 

Co-sensitisation involves the use of two or more dyes in a single DSSC to expand the 

optical absorption range achieved by one dye. The technique has been widely adopted 

up until now,2,11–20 however, its potential towards reducing the overall device cost has 

been rarely discussed. The dyes used in this study are shown in Figure 3.2 and the 

energy diagram is depicted in Figure 3.3. The XY1 dye (Figure 3.2(a)), one of the 

earliest D-A-π-A dyes developed by Zhang et al.,21 is a deep purple dye with a molar 

extinction coefficient of 56500 M-1·cm-1 at 552 nm. The molecule contains a bulky 

donor to inhibit undesired dye aggregation and minimise charge recombination. 

Combination of this dye with the [Cu(tmby)2]
2+/1+ system has reached PCEs of 10.2% 

with a VOC over 1.0 V.2 The drawback of the XY1 dye is its high commercial cost 

(~£10/mg), likely to come from the 12-step synthesis with increased materials/labour 

costs, giving limitations to mass production. For reference, the commercial cost of the 
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classic N719 dye is £0.45/mg. Reducing the cost of the dye is crucial for the reduction 

of the total cost of the device.  

 

Figure 3.2 Molecular representation of (a) XY1 dye and (b) 5T dye. 

 

Figure 3.3 Energy diagram of the dyes used in this study, in comparison with the TiO2 anode 

and [Cu(tmby)2]2+/1+ electrolyte. All state levels are described in volts. The values were taken 

from the literature.38,41,50 

In this context, we expect the 5T dye (Figure 3.2(b)) to be an appropriate co-sensitiser 

for XY1 in the [Cu(tmby)]2
2+/1+ system based on three points: (1) complementary UV-

Vis absorption profiles,21,22 (2) good energy level matching (oxidation potential of 5T 

at 1.08 V vs. that of [Cu(tmby)2]
2+/1+ at 0.87 V),7 and (3) relatively simple synthesis (9 

steps in total, where many of them are repetitive). 5T is a π-A red-orange dye with a 

molar extinction coefficient of 39000 M-1·cm-1 at 478 nm.22 The dye has been studied 

in combination with I-/I3
- and [Co(bpy)3]

3+/2+ (bpy = 2,2’-bypiridine) redox electrolytes 
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to give promising efficiencies (PCE = 7.6% for I-/I3
- and 9.0% for [Co(bpy)3]

3+/2+).22,23 

The effect of the choice of redox mediator upon the VOC of 5T has been previously 

demonstrated when a [Co(bpy)3]
3+/2+ electrolyte was used instead of I-/I3

-, where the 

VOC improved from 0.62 V to 0.79 V.23 Further increase in VOC is expected by 

combining the dye with [Cu(tmby)2]
2+/1+.  

 

The DSSCs fabricated in this study were sensitised with three dye conditions: XY1 

only (XY1), 5T only (5T) and a co-sensitisation of 5T and XY1 (XY1+5T). All solar 

cells were assembled with the [Cu(tmby)2]
2+/1+ electrolyte. The current-voltage 

performance of the devices was characterized in response to 1 sun, 0.1 sun and indoor 

light (1000 lux), and further insights on the dye/electrolyte behaviour were gained by 

photophysical measurements including electron lifetime and transient absorption 

spectroscopy.  

3.2 Results and discussion 

 Fabrication of the [Cu(tmby)2]2+/1+ DSSCs 

The DSSCs in this chapter were fabricated following the scheme in Chapter 2 (Figure 

2.2). Full details are provided in Section 3.4. The structure of the cells was <FTO / c-

TiO2 / m-TiO2 / dye / PEDOT / FTO>. The electrodes were assembled without a spacer 

but by applying UV-curing glue along the edges of the cell, similar to the procedure 

reported by Cao et al.5 The cathode was fabricated by  arbazole ized zing  EDOT 

onto FTO in an aqueous surfactant solution.24 The co-sensitisation was performed at a 

1:1 (mol/mol) ratio of XY1 and 5T dye mixed in the dye bath solution by adding a 

premade XY1 dye bath to a premade 5T dye bath (Figure 3.4). A simple 1:1 ratio was 

adopted to make our findings applicable to a broader choice of dye types in the future. 

Influence of the dye mixing ratio on the device performance has been investigated by 

Freitag et al.,2 where the best performance was achieved with a ratio of D35+XY1 = 

4:1 (mol/mol). In their study, the 1:1 ratio is shown to achieve close performance to 

the optimised 4:1 ratio. In this view, we believe that the present study provides 

sufficient general guidance for designing co-sensitisation for cost-performance 

improvement. 
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Figure 3.4 Schematic of the co-sensitisation step. An equimolar amount of 0.1 M XY1 solution 

(purple) was poured into 0.1 M 5T solution (orange) immediately after the warm anodes were 

immersed. The system was enclosed and the two dye baths were merged by natural convection. 

 Photovoltaic characteristics of the [Cu(tmby)2]2+/1+ DSSCs 

The J-V curves and basic parameters of the best performing cells at 1 sun are shown 

in Figure 3.5(a) and the corresponding IPCE curves in Figure 3.5(b). The values of 

the best performing cells along with the average of seven cells for XY1, 5T and 

XY1+5T are summarised in Table 3.1. Statistics in box graphs are shown in Figure 

3.6. The VOC values at 1 sun marked a high ~1.0 V in all cases, which confirms 

appropriate alignment of the dye HOMO levels and electrolyte redox potential. In 

particular, an average VOC of 0.97 V (max. 0.99 V) is the highest value reported for 

5T-sensitised DSSCs.23 The large enhancement is in good agreement with the redox 

potential levels of the different electrolytes and our results confirm the importance of 

selecting the right dye/electrolyte pair. On the other hand, JSC values of 5T cells (avg. 

9.9 mA·cm-2, max. 10.5 mA·cm-2) were lower than the previously reported I-/I3
- or 

CoII/III systems.23 This may be explained by the employment of a thinner TiO2 film (4 

μm) in this study (vs. 12 μm in literature),23 which will limit the number of dye 

molecules that can adsorb to the mesoporous TiO2. The co-sensitised XY1+5T attained 

similar PCE to XY1 (avg. 9.1%) at 1 sun. The best device at 1 sun achieved PCE = 

9.53%, while XY1 and 5T marked 9.56% and 7.93%.  

XY1 and 5T have a maximum IPCE around 580 nm and 420 nm, respectively. The 

two dyes complement each other in the case of XY1+5T to maintain an IPCE > 65% 

throughout 400-620 nm. The integrated JSC values at 9.7 mA·cm-2 for XY1, 6.9 mA 

cm-2 for 5T and 9.6 mA·cm-2 for XY1+5T correlate well with the JSC obtained from 

the J-V measurements. 

XY1 

5T XY1+5T 
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Figure 3.5 (a) J-V curves of the best DSSCs at 1 sun. (b) IPCE curves of the corresponding cells. 

The integrated current density is shown as dotted lines. 

 

Table 3.1 Photovoltaic characteristics of the best performing DSSCs using XY1 dye, 5T dye or 

both XY1 and 5T dyes (XY1+5T) under 1 sun (100 mW·cm-2), along with the average and 

standard deviation of seven solar cells for each dye condition in the adjacent parentheses. 

Dye 

condition 

JSC /mA·cm-2 VOC /V ff PCE (%) 

XY1 11.9 (11.4 ± 0.4)  1.06 (1.05 ± 0.01)  0.75 (0.76 ± 0.02)  9.56 (9.1 ± 0.4)  

5T 10.5 (9.9 ± 0.5) 0.97 (0.97 ± 0.01)  0.78 (0.77 ± 0.02)  7.93 (7.5 ± 0.4)  

XY1+5T 11.8 (11.8 ± 0.5) 1.05 (1.04 ± 0.01)  0.77 (0.74 ± 0.03)  9.53 (9.1 ± 0.3)  
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Figure 3.6 Performance statistics of the DSSCs with XY1, 5T and XY1+5T, illuminated at 1 sun.  

 Optical properties of the [Cu(tmby)2]2+/1+ DSSCs 

The UV-Vis absorption spectrum of the XY1+5T-sensitised TiO2 film has a peak and 

a shoulder which can be nicely fitted as a superposition of the XY1 and 5T spectra 

(Figure 3.7(a)). XY1 has a shoulder at 443 nm and an absorption peak at 533 nm, 

while 5T has a peak at 463 nm. The co-sensitised XY1+5T has a peak at 459 nm and 

a shoulder at 534 nm. The peaks assigned to XY1 dye and 5T dye are all slightly blue-

shifted when compared to the liquid-state absorption. This is a commonly observed 

phenomenon and is due to the dye-dye or dye-TiO2 interactions in solid-state.25,26 

Combining the results from visual observation and UV-Vis absorption,  it is clear that 

XY1+5T sensitised films incorporate both dyes. An image of the binding of the two 

dyes to TiO2 is illustrated in Figure 3.7(b). The loaded dye ratio of XY1 and 5T was 

estimated by referencing the solid-state UV-Vis absorption data to that in solution,21,22 

where the value with minimum error was determined from a range of fittings (Figure 

3.8). The estimation suggests that a 1.7-fold greater amount of 5T dye compared to 

XY1 dye is incorporated in the XY1+5T. One explanation of this is the difference in 
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size and geometry of the two dyes; the smaller and more compact 5T dye (MW: 826) 

has more spatial freedom when binding to the TiO2 compared to the bulky XY1 dye 

(MW: 1539), allowing 5T dye to predominate over XY1 dye when co-sensitised. 

 

Figure 3.7 (a) UV/Vis absorption spectra of XY1-, 5T- and XY1 + 5T-sensitised transparent TiO2 

films. The baseline was a non-sensitised TiO2 film. (b) Descriptive molecular image of the binding 

of XY1 dye and 5T dye to the TiO2 nanoparticles in XY1+5T. 
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(Continued from above) 

 

Figure 3.8 (a)–(f) Different fitting trials of the XY1+5T UV-Vis spectra. The value in the box 

signifies the total error of the absorbance between the actual XY1+5T spectra and simulated XY1 

+ 5T spectra in the wavelength range of 400-800 nm. For the calculation details, see main text. (g) 

The error between the fitted XY1 + 5T spectra and actual spectra in Figure 3.7(a), plotted against 

the molar equivalent of XY1 dye in unfilled red plots, and the corresponding molar equivalent of 

5T vs. XY1 in filled black plots. 

Calculation of the molar equivalent of XY1 and 5T dye in the XY1+5T film 

The fitting was done as follows. The peak absorbance in the solid-state UV/Vis spectra 

was taken and the dye ratio in XY1- and 5T- only samples was calculated based on the 

liquid-state UV/Vis absorption spectra. The molecular extinction coefficient of XY1 

dye and 5T dye in liquid state is 56500 M-1·cm-1 at 552 nm and 39000 M-1·cm-1 at 478 

nm, respectively (1:0.690). The peak absorbance ratio of XY1 and 5T in solid-state is 

1:0.890, thus the molar ratio of each dye in the sensitised films, XY1 and 5T, is 

calculated as 1:1.29. In other words, the XY1-only film contains 1 XY1 and the 5T-

only film contains 1.29 5T. Based on these results, integration of different ratios of 

XY1 and 5T were fitted to the measured absorption spectra of XY1+5T. The error 
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between (a XY1 + b 5T) (where a and b describe the molar equivalent of XY1 dye and 

5T dye) and XY1+5T was compared by integrating the y-axis difference over the 

wavelength from 400–800 nm. At first, the amount of 5T dye down to the first decimal 

with minimal error was searched for fixed XY1 dye values at 0.3–0.7. Then the optimal 

amount of 5T dye with 2 decimals was searched for XY1 dye values at 0.47–0.50, to 

find the best ratio of XY1/5T with minimal error.  

 

 Photophysical properties of the [Cu(tmby)2]2+/1+ DSSCs 

Time-resolved toolbox measurements were carried out for the best solar cells with each 

dye condition to investigate the relation between each dye condition and charge 

transport behaviour in the devices. For details of the measurement technique, see page 

65. The semi logarithmic trend of the extracted charge (Qext) under open-circuit 

conditions (Figure 3.9) gives information on the conduction band edge shifts due to 

the binding of the dye to TiO2. Larger Qext values relate to higher nc. At a given Qext 

(or nc), the VOC of XY1+5T is 0.039 V smaller than that of XY1. However, the actual 

voltage difference is negligible compared to this value (Table 3.1). This indicates that 

the recombination properties are more significant to understand the cell performance. 

To note, the conduction band shift between 5T and XY1+5T is even smaller. 

 

Figure 3.9 Charge extraction curves of the best DSSCs (XY1, 5T and XY1+5T) at VOC.  

Figure 3.10 depicts the electron lifetime (τe) under open-circuit conditions. The 

electron lifetime refers to the duration of the conduction band electrons before they 

recombine with the Cu2+ species. All curves show an exponential decrease, with almost 
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identical slopes for 5T and XY1+5T (-9.02 s V-1, -10.6 s V-1) and a slightly deviated 

slope for XY1 (-7.39 s V-1 in the linear region). XY1+5T showing similar τe values to 

XY1 around the VOC~1.05 range in Figure 3.10 explains the similar and high VOC (> 

1.0 V) achieved by both dye conditions at 1 sun (Table 3.1). The recombination rates 

are likely to be similar around this intensity. The less inclined τe vs. VOC (or τe vs. light 

intensity) slope with XY1+5T compared to XY1 suggests that the τe of XY1+5T is 

likely to exceed that of XY1 at lower light intensities (by extrapolating the XY1 curve 

towards smaller VOC). Indeed, the average VOC trend of XY1 and XY1+5T is flipped 

over from 1 sun to 0.1 sun, although the difference is very small. Investigation of the 

XY1+5T cell performance at low-light conditions may give further indications on this.  

 

Figure 3.10 Electron lifetime (τe) of the best DSSCs (XY1: black square; 5T: red circle; XY1+5T: 

blue triangle), plotted against VOC at different light intensities. The solid lines are linear fits of the 

linear region. The dashed line for XY1 is an extension of the linear fit, which intercepts the linear 

fit of XY1 + 5T at VOC~1.0016 V. 

At a molecular level, the improved electron lifetime properties of XY1+5T indicate 

that the amount of XY1 contained in XY1+5T is sufficient to suppress recombination 

with Cu2+ species; i.e. the D-A-π-A dye is designed so that the bulky donor prevents 

the Cu2+ ions from attacking the conduction band electrons.21 The improved coverage 

of the mesoporous TiO2 with the two dyes may also suppress recombination sites in 

general. The size/shape difference between 5T and XY1 as in Figure 3.7(b) is 

probably beneficial to reach optimum coverage with minimum aggregation. 
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The electron transport time is plotted against JSC (Figure 3.11(a)) to investigate the 

speed of charge transport within the TiO2 network upon illumination. Interestingly, the 

transport speed declines (larger τtr) when the two dyes are combined. Slower transport 

during operation may generally lead to more recombination, however this is not the 

case with XY1+5T according to the electron lifetime trends. The change in transport 

time might be due to some surface modification of the TiO2 caused by the adsorption 

of both dyes. The increased risk for the electrons to recombine with Cu2+ is however 

likely to be traded off if the dye coverage is higher and the number of recombination 

sites is reduced. When both XY1 and 5T dye are present during the  arbazole ize 

step, some of the voids left on the TiO2 surface by the bulky Y-shape XY1 dye could 

be occupied by the compact I-shape 5T dye (Figure 3.11(b)). This will then lead to an 

increased number of adsorbed dye molecules in XY1+5T compared to XY1.   

 

Figure 3.11 (a) Charge transport curves of the best DSSCs (XY1, 5T and XY1+5T) at JSC. (b) 

Simplified illustration of the dyes bound in the case of XY1, 5T and XY1+5T. Black Y-shape: 

XY1 dye; red I-shape: 5T dye; grey shade: TiO2 surface. 

The PIA spectra of the sensitised TiO2 films for each dye condition (Figure 3.12) also 

give an insight about the electron transport and recombination of an operating device. 

The sensitised films in contact with an inert electrolyte show a ground-state dye bleach 

at ~630 nm, ~590 nm and ~610 nm for XY1, 5T and XY1+5T, respectively. In 

addition, a broader absorption peak is seen at ~790 nm for 5T and > 900 nm for XY1 

and XY1+5T. Inclusion of [Cu(tmby)2]
2+/1+ in the electrolyte drastically changes the 
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spectral features. Complete disappearance of the broad absorption indicates the 

efficient regeneration of the dye molecules by the [Cu(tmby)2]
2+/1+ couple in all dye 

conditions. The prominent dip in the range of 500 nm–700 nm can be assigned to a 

Stark bleach,27 where peaks are observed at 630 nm (XY1), ~590 nm (5T) and 620 nm 

(XY1+5X), matching well with the bleach profiles in the inert condition. The highest 

bleach amplitude of XY1+5T in both inert and redox-active conditions suggests higher 

dye coverage of XY1+5T compared to XY1 or 5T, consistent with our earlier 

predictions. 

 

Figure 3.12 PIA curves of the sensitised transparent TiO2 films combined with an inert 

electrolyte (LiTFSI and tBP in acetonitrile, solid line) or [Cu(tmby)2]2+/1+ electrolyte (dotted 

line). 

The transient absorption spectroscopy (TAS) is a tool to measure faster kinetics such 

as the recombination and regeneration speed of the oxidised dye by laser excitation. 

TAS results are shown in Figure 3.13. The absorption decays were fitted with an 

extended exponential to estimate the decay half-life for each condition. The half-life 

derived from the inert system relates to the recombination time of the conduction band 

electrons with the  arbazol dyes, while that from the [Cu(tmby)2]
2+/1+ system relates 

to the speed of dye regeneration by the redox couple. The regeneration efficiency, φreg, 

is calculated from the following equation: 
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𝜑reg = 1 − (
𝜏0.5,reg

𝜏0.5,rec
) 

(Equation 3.1) 

where τ0.5,reg is the regeneration half-life and τ0.5,rec is the recombination half-life.28,29 

The recombination of 5T (247 µs) was found to be 6-fold slower compared to XY1 

(40 µs). This extremely slow charge recombination with the oxidised 5T is interesting 

as the 5T has a deeper HOMO level than XY1, which would normally make it easier 

to recombine due to the larger driving force. The trend may be due to the π-A structure 

of 5T, i.e. lack of a proper donor moiety, an uncommon feature in most dye designs. 

In addition, 5T shows a 3-fold faster regeneration compared to XY1 (0.7 µs vs 1.9 µs) 

to achieve an overall regeneration efficiency of 99.7%. The profile of XY1+5T is 

closer to the trend of XY1 but slightly improved for both τ1/2,rec (45 µs)  and τ1/2,reg (1.7 

µs), resulting in φreg = 96%.  

 

 

Figure 3.13 TAS curves of the samples used in PIA measurements, with the right-hand curves 

corresponding to inert samples and left-hand curves corresponding to the samples with 

[Cu(tmby)2]2+/1+. The solid exponential lines in the TAS spectra are the fitted decay lines to 

calculate the regeneration efficiency. 
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 Solar cell properties at low light intensities 

3.2.5.1 Photovoltaic performance at 0.1 sun 

Following the suggestions from the electron lifetime measurement, the solar cell 

performance at lower light intensities was investigated. Figure 3.14 describes the J-V 

curves of the three dye conditions. The values including statistics are summarised in 

Table 3.2 and Figure 3.15.  

 

Figure 3.14 J-V curves of the best performing DSSCs for XY1, 5T and XY1+5T at 0.1 sun (10 

mW·cm-2) illumination. 

Table 3.2 Photovoltaic characteristicsy of the best performing DSSCs using XY1 dye, 5T dye or 

both XY1 and 5T dyes (XY1+5T) under 0.1 sun (10 mW·cm-2) along with the average and 

standard deviation of seven solar cells for each dye condition in the adjacent parentheses. 

Dye 

condition 

JSC/mA cm-2 VOC/V ff PCE (%) 

XY1 1.16 (1.2 ± 0.5)  0.97 (0.94 ± 0.04)  0.79 (0.76 ± 0.02)  8.94 (8.6 ± 0.2) 

5T 1.00 (0.96 ± 0.07)  0.90 (0.87 ± 0.03)  0.78 (0.78 ± 0.04)  7.02 (6.5 ± 0.3) 

XY1+5T 1.31 (1.25 ± 0.05)  0.98 (0.95 ± 0.03)  0.79 (0.80 ± 0.01)  10.2 (9.4 ± 0.4) 

 

By lowering the light intensity of the simulated solar spectrum to 0.1 sun, XY1+5T 

outperformed XY1 with an average PCE of 9.4%, compared to XY1 (8.6%) and 5T 

(6.5%). The best XY1+5T cell achieved a PCE of 10.2%, which is clearly higher than 
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that of XY1 (8.94%) and 5T (7.02%). The improved performance of XY1+5T at 0.1 

sun may be related to the equilibrium drift between mass transport and charge 

recombination in the electrolyte and at the electrolyte/TiO2 surface. 

 

Figure 3.15 Performance statistics of the XY1, 5T and XY1+5T DSSCs at 0.1 sun with seven 

repeats for each dye condition. Dots: data points, square: mean, box: 25-75% range; whiskers: 

1.5 interquartile range. 

3.2.5.2 Photovoltaic performance at 1000 lux 

The indoor-operational performance, the most promising direction for DSSCs in 

practice, was assessed following the excellent performance (max. PCE = 10.2%) of 

XY1+5T at 0.1 sun. The superior performance of XY1+5T to XY1 at 0.1 sun indicates 

that this dye combination may work efficiently under indoor light at very low light 

intensities (i.e. 1000 lux). The device fabrication and testing were similar to the work 

reported by Freitag et al.2 In brief, the active area was made larger (3.20 cm2) than 
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typical lab devices (0.160 cm2) to follow conditions closer to real-life applications. A 

warm white fluorescent lamp at 1000 lux (303.1 µW·cm-2) was chosen as the source 

(Figure 3.16(a)). The PCE was calculated by Pout/Pin, where Pin is the incident light 

intensity (i.e. 303.1 µW·cm-2 in this study) and Pout is the maximum power density 

recorded by the cell. Figure 3.16(b) shows the J-V curve of a XY1+5T cell tested 

under these conditions. A PCE of 29.2% was achieved, which is amongst the highest 

achieved regarding all PV technologies tested under similar conditions.2,3,14,30,31. 

Another cell was repeated to mark an average of 28% (Table 3.3).  

 

Figure 3.16 (a) Spectrum of the indoor light source (Osram warm white fluorescent lamp, 1000 

lux). (b) J-V curve of the best indoor DSSC with XY1+5T.  

Table 3.3 Performance of two XY1+5T-sensitised DSSCs under 1000 lux warm fluorescent light. 

Ambient 

cell 

JSC/mA cm-2 VOC/V ff PCE (%) Pin /W cm-2 Pout /W cm-2 

Cell 1 131.2 0.860 0.78 29.2 303.1 88.5 

Cell 2 132.7 0.853 0.71 26.6 303.1 80.6 

Mean 132 ± 1 0.857 ± 

0.005 

0.75 ± 0.05 28 ± 2 303.1 85 ± 6 

 

The 3-fold efficiency jump from 1 sun to indoor-light originates from close matching 

of the absorption range of the dyes to the input spectral range of the light source. 
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Although the overall PCE is lower than the best reported PCE of 31.8%,14 the VOC is 

comparable, marking 0.86 V in average. In reference, the performance achieved by 

XY1+5T DSSC is higher than the recently reported value for XY1 solely (JSC = 114.2 

mA·cm-2, VOC = 0.850 V, ff = 0.78, PCE = 24.6%).4 

 The relatively high VOC and PCE under ultra-low light intensity (i.e. 1000 lux) is 

supported by our findings from the electron lifetime studies. The current output with 

these XY1+5T cells is over 100 µA·cm-2, which is the standard power required for 

low-power electronic devices in sleeping mode.2 These preliminary results suggest that 

the c.a. 3cm2 XY1+5T DSSC is a practical device from the performance perspective. 

 

 Cost estimation of [Cu(tmby)2]2+/1+ DSSCs 

Finally, the performance of the DSSCs sensitised by XY1, 5T and XY1+5T is 

discussed in relation to their preparation cost. The costs were calculated following a 

simple approach presented by Maciejczyk et al. In brief, the cost of XY1 and 5T was 

estimated from the cost of their synthesis, and the synthesis cost was approximated to 

the cost of the starting materials.32 We believe that this assumption is valid, since the 

cost of the work-up depends heavily on the scale of the synthesis and becomes 

negligible especially at industrial scale. The calculations in full detail are shown in the 

experimental Section 3.4.  

 

From the cost calculation of each dye and estimated molar equivalent of each dye in 

XY1, 5T and XY1+5T, we have found that the cost of dye per unit area can be reduced 

to ca. 70% if we blend 5T with XY1 to reach a performance similar to XY1 (avg. PCE 

= 9.1% at 1 sun) (Table 3.4). The contribution comes from the much cheaper 5T dye 

(£215/mmol), whose synthesis cost is c.a. 70% less than that of XY1 dye (£678/mmol). 
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Table 3.4 Summary of the calculated cost of the dyes. 

Dye Cost/g Cost/mmol a Mol eq./cm-2 Cost/cm-2 b Cost eq./PCE c 

XY1 £419.58 £678.20 (1.00) 1.00 £0.017 (1.00) 1.00 (1.00) 

5T £254.24 £214.91 (0.32) 1.29 £0.007 (0.41) 0.50 (0.54) 

XY1+5T £342.07 £387.30 (0.57) 0.48 + 0.81 £0.013 (0.74) 0.74 (0.68) 

a The values in brackets are the relative costs. b The values in brackets are the relative costs. The dye 

coverage of XY1 was assumed as 2.5 10-8 mol·cm-2. c The values in brackets are the values at 0.1 sun. 

Although the number of 5T dye molecules in a 5T-only device is estimated to be more 

than the number of XY1 dye molecules in an XY1 device (1.29 mol eq. vs. 1 mol eq.), 

the total dye cost per unit area is c.a. 60% less in 5T. Likewise, our estimate shows 

that XY1+5T contains 1.7-times more 5T dye than XY1 dye, with a total of 1.3 mol 

equivalent XY1 dye and 5T dye. The estimation is in good accord with the previous 

suggestions that XY1+5T-sensitised films have higher dye coverage. When we 

recalculate the costs per unit area as “cost per unit area per PCE” (= cost performance), 

the sensitiser cost of XY1+5T decreases from 74% to 68% in respect to the cost of 

XY1-only with 0.1 sun illumination. The value is relatively close to the cost 

performance of 5T-only (54%). The results demonstrate that 5T dye is indeed a good 

co-sensitiser for XY1 dye not only in terms of performance but also in terms of cost. 

 

 Co-sensitisation as a cost-improvement strategy  

Our results show that the co-sensitisation effectively improves parameters such as the 

optical properties, electron lifetime, dye regeneration, dye coverage and cost 

performance compared to the mono-sensitised DSSCs.  In this chapter, we adopted a 

simple 1:1 (mol/mol) dye mixing ratio of XY1 and 5T in order to make our findings 

applicable to a broader choice of dye conditions. In the case of XY1+5T, our data 

suggest that the binding ratio of XY1 dye and 5T dye in XY1+5T is ~5:8 when a 

XY1:5T = 1:1 (mol/mol) bath is used. We could thus predict that increasing the amount 

of XY1 in the dye bath would perhaps lead to extended absorption in the longer 

wavelength region (as in Figure 3.8(f), 0.7 XY1 + 0.5 5T) and enhance the electron 

lifetime, resulting in higher PCE. On the other hand, increasing the amount of 5T will 
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steadily reduce the total dye cost and also improve the dye coverage, which might lead 

to even cheaper DSSCs with maintained performance. Since the cost-performance is 

based on the balance of cost and performance, the optimised dye mixing ratio should 

be investigated experimentally by comparing the PCE and optical absorption for each 

dye ratio. 

 

 Solid-state [Cu(tmby)2]2+/1+ DSSCs 

Lastly, the l-DSSCs tested in the previous sections were unsealed in an attempt to turn 

them into solid-state cells. In fact, most of the unsealed devices showed a dramatic 

performance drop, where many of them stopped operating when dried. The failure for 

obtaining high performing Zombie DSSCs was likely to be due to the disordered 

crystallisation of the [Cu(tmby)2]
2+/1+ species in the cell, leaving voids and cracks 

between the cathode and TiO2 mesoporous film as well as within the film. Table 3.5. 

lists some of the best Zombie cells obtained in this study. The success rate for achieving 

s-DSSCs with similar performance to the corresponding l-DSSCs is likely to improve 

if the crystallisation of the HTM can be slowed or if alternative amorphous materials 

are developed. 

 

Table 3.5 Photovoltaic parameters of two DSSCs using the [Cu(tmby)2]2+/1+ electrolyte, before 

and after drying by the Zombie method. 

Dye 

condition 

JSC/mA cm-2 VOC/V ff PCE (%) 

5T (l) a 10.2 0.98 0.79 7.88 

5T (s) b 3.15 1.00 0.43 1.37 

XY1+5T (l) 12.03 1.02 0.73 8.92 

XY1+5T (s) 5.20 0.98 0.96 c 4.90 

a (l) refers to the l-DSSC before drying. b (s) refers to the s-DSSC after drying. c The extraordinarily 

high ff is due to an unusual shape of the J-V curve. 
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3.3 Conclusions 

A less expensive π-A 5T dye was co-sensitised with a better-performing D-A-π-A 

XY1 dye to achieve efficient [Cu(tmby)2]
2+/1+-based DSSCs. Photophysical 

measurements revealed the complementary effects of XY1 and 5T in the co-sensitised 

devices during operation. DSSCs incorporating both XY1 and 5T achieved a PCE of 

9.5% (avg. 9.1%) at 1 sun and 10.2% (avg. 9.4%) at 0.1 sun, which is similar or 

superior to the DSSCs using only XY1. The XY1+5T was further tested in indoor-

light conditions, where the PCE reached an impressive 29.2%, which is among the 

highest achieved by any reported solar cells under a similar condition. The co-

sensitised XY1+5T solar cells are also less expensive than the XY1-only cells, which 

makes them more commercially viable than the relatively high performing mono-

sensitised solar cells in terms of cost and performance. We hope this study will shed 

light on another aspect of the simple and well-known co-sensitisation technique, with 

some useful indications on how to select the appropriate combination of dyes and how 

to evaluate them when aiming for practical usage. Overall, in addition to the 

established efficiency enhancement, we have demonstrated that the co-sensitisation 

approach has great potential to be more widely studied as a cost-reduction strategy to 

develop genuinely practical DSSCs. Meanwhile, the preparation of high performing 

solid-state DSSCs with [Cu(tmby)2]
2+/1+ was found to be challenging due to the 

disordered crystallisation of the HTM. Additional treatments to the precursor 

electrolyte or the development of stable amorphous materials are suggested as future 

directions. 

 

3.4 Experimental 

 Materials preparation 

Reagents were purchased from Merck and used without further purification, unless 

otherwise specified. 5T was synthesised according to the literature.33 XY1 dye, 

CuI(tmby)2(TFSI) (trifluoromethanesulfonimide) and CuII(tmby)2(TFSI)2 were 

purchased from Dyenamo AB and used without further purification. 4-tert-Butyl 

pyridine (tBP) was purchased from Merck and distilled before use. 
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 Fabrication of [Cu(tmby)2]2+/1+ DSSCs  

Fluorine-doped tin oxide (FTO) conductive glass (NSG TECTM 15, Pilkington) was 

pre-cut and cleaned by sonication in a 2% aqueous detergent solution (Hellmanex, 

Hellma) and ethanol, followed by treatment with UV/O3 for 15 min. The TiO2 blocking 

layer was formed on the FTO substrate by immersion in 40 mM TiCl4 aq. at 70 oC. 

This procedure was applied twice. An 8 µm-thick mesoporous TiO2 layer was formed 

by screen-printing equal amounts of 30NR-D and WER2-0 (both pastes from Greatcell 

Solar) successively, followed by annealing at 450 oC for 30 min. The mesoporous films 

were treated with 13 mM TiCl4 aq. at 70 oC and annealed at 450 oC for 30 min. The 

films were introduced into the dye bath while they were still warm (60-80 oC) and left 

at r.t. overnight. The XY1 dye bath consisted of 0.1 mM XY1 dye in 

ethanol/chloroform 7:3 (v/v) with 1 mM chenodeoxylic acid (CDCA). The 5T dye bath 

consisted of 0.1 mM 5T dye in ethanol/chloroform 7:3 (v/v) with 0.4 mM CDCA. For 

the pure XY1 and 5T samples, 4 mL of the premade dye solution was poured in a vial 

with warm films. For the XY1+5T co-sensitised samples, 2 mL of the premade 5T 

solution was poured in a vial with the warm films, immediately followed by addition 

of 2 mL of the XY1 solution (XY1/5T = 1:1 (mol/mol)). The vial was kept still to 

allow the two dye solutions to mix together in the bath through natural convection. 

 

Poly(3,4-ethylenedioxythiophene (PEDOT) was electropolymerized onto a FTO 

substrate (TEC8, Pilkington) from an aqueous solution of 0.1 M sodium dodecyl 

sulfate and 0.01 M ethylenedioxythiophene (EDOT).24 Subsequently, the photoanodes 

were assembled with a PEDOT cathode using a UV-curing glue (TB3035B UV Curing 

Sealant, Threebond) and a CS2010 High Power UV curing LED system (Thorlabs).14 

The electrolyte was injected through a predrilled hole in the cathode and the hole was 

sealed with the UV-curing glue. The composition of the electrolyte was 0.2 M 

CuI(tmby)2(TFSI), 0.06 M CuII(tmby)(TFSI)2, 0.1 M (Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.6 M tBP in anhyd. acetonitrile. 

Finally, silver paint (Hans-Wohlbring GmbH) was applied to the contacts to allow 
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optimum conductivity. For indoor-light testing, larger-area DSSCs (active area 3.20 

cm2) were fabricated following the method described above. 

 

 Solar cell characterisation 

The J-V characteristics were measured with a class AAA SINUS-220 solar simulator 

(WAVELABS) connected to a Solar Cell I-V Test System (Ossila). The light source 

was a light-emitting diode (LED) white light, equipped with a self-calibration system 

to AM1.5G standard spectra (1 sun) or AM 1.5G at 10% intensity (0.1 sun) where 

indicated. The active area of each cell was fixed to 0.160 cm2 with a thin black metal 

mask. The indoor-light testing was performed by Hannes Michaels. An Osram Warm 

White 930 white fluorescent lamp (18 W) was used as the illumination source. The 

active area of each cell was 3.20 cm2 and the light intensity was calibrated to 1000 lux 

(303.1 µW·cm-2) using a lux meter (TES 1334). The current-voltage scans were then 

recorded using a PGSTAT 100 potentiostat (Autolab). The J-V scans were run with a 

step voltage of 0.01 V and settling time of 0.1 s, giving a scan rate of 0.1 V·s-1. 

IPCE measurements were performed as previously described.29 The samples were 

illuminated with an ASB-XE-175 xenon light source (Spectral Products) 

monochromated through a CM110 monochromator (Spectral Products) from the 

photoanode side. The background was calibrated with a silicon reference cell 

(Frauenhofer) before the actual measurement. The integrated photocurrent was 

calculated from the IPCE spectra based on ASTM G173-03 reference spectra derived 

from SMARTS v. 2.9.2. 

 

 Optical characterization 

The UV-Vis absorption was measured on an HR-2000 spectrophotometer (Ocean 

Optics) with DHL-2000-BAL (Mikropack) as light source. For the samples, 4 μm-

thick transparent TiO2 films (30NR-D) deposited on FTO were prepared following a 

similar procedure as for the films for solar cells. The films were then immersed in the 

designated 0.25 mM dye bath (4-times diluted stock 0.1 mM dye solution) overnight. 



From electrolytes to HTMs in DSSCs and PSCs 

118 

Chapter 3 Cu bipyridyl electrolyte for DSSCs 

The samples were referenced to a non-sensitised TiO2/FTO film and were illuminated 

from the film side.  

 

 Photophysical measurements 

Electron lifetime, electron transport and charge extraction measurements were 

performed with a setup previously described.34 The best-performed devices from each 

dye condition were illuminated with a white LED light source (Luxeon Star 1W) at 

different intensities. 

The PIA measurements were performed with a setup described previously.28 The 

samples were excited by illuminating a square-wave modulated blue LED (Luxeon 

Star 1W, Royal Blue, 470 nm) at an intensity around 8 mW·cm-2. A white probe 

light(tungsten-halogen, 20W) illuminated the sample at around 10 mW·cm-2, which 

was focused on a SpectraPro-150 monochromator (ACTON) and detected through a 

UV-enhanced Si photodiode, SR5700 current amplifier and SR830 lock-in amplifier 

(Stanford Research Systems). Each dye condition was investigated by assembling a 

transparent sensitised photoanode with a glass slip, infiltrated with the CuI/II(tmby)2 

electrolyte or inert electrolyte ( = 0.1 M LiTFSI and 0.6 M tBP in anhyd. acetonitrile). 

TAS measurements were conducted by Hannes Michaels with a setup used in previous 

studies.29 A frequency-tripled Q-switched Nd:YAG laser and xenon arc lamp were 

coupled with a Surelite OPO Plus optical parametric oscillator (Continuum) to give a 

pump light energy of 1 mJ with 13 ns pulses at 10 Hz (8 × 104 W·cm-2). The sample, 

a transparent sensitised electrode assembled with a glass slip and infiltrated with 

[Cu(tmby)2]
2+/1+ or inert electrolyte, was mounted at a 45o angle against the light path 

to provide an active area ~0.35 cm2. The excitation wavelength was 555 nm and probe 

wavelength was 780 nm for all samples. The response was detected by an LP920 laser 

flash photolysis/transient absorption spectrometer (Edinburgh Instruments) and 

recorded on an L900 software. 
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 Cost estimation 

The synthesis cost of the dyes was estimated by calculating the total cost of starting 

materials required to obtain 1 g of product. The synthesis yield for each step was 

considered in the calculation. Figure 3.17 summarises the calculation in detail. 

 

(Figure continues below) 
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(Continued from above) 

 

Figure 3.17 Step-by-step cost calculation of XY1. The molecular structure of the intermediate (or 

final) product of each step is presented along with the simplified cost of synthesis. The compound 

numbers are associated to the original literature.21 SM: starting material; Gs: 1 g of starting 

material; Gp: 1 g of product. The cost of each reagent was searched from 

https://www.sigmaaldrich.com/united-kingdom.html (accessed 20 June 2019), where the least 

expensive available product was selected. All costs were converted from GBP to USD using a 

conversion rate of 1GBP = 1.28 USD.  

*1 Since the yield is not indicated in the literature for Compounds (2) and (6), we assumed it as 

70% in this study.  

*2 Butyl lithium was assumed as n-BuLi, 1.6 M for Compounds (2) and (6).  

*3 4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b’]dithiophen-2-yl)tributylstannane, one of the 

starting materials for Compound (7) does not appear on the Sigma Aldrich website or elsewhere 

according to our search. Therefore, the cost of this reagent (Compound (7’)) was determined by 

calculating the synthesis cost of a literature procedure (DOI: 10.1039/b901374a).2 

*4 For the synthesis of Compound (8), we made the following assumptions for the amount of 

reagents to obtain 1 g of product: 0.50 mmol of Compound (6) (in 0.25 mL THF), 0.30 mmol of 

Compound (7), 3.25 mL of THF in total (0.25 mL + 3.0 mL), 1.7 mg of Pd(PPh3)4 and 0.19 g of KI. 
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(Figure continues below) 
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(Continued from above) 

 

Figure 3.18 Step-by-step cost calculation of 5T in a similar way to that for XY1. The molecular 

structure of the intermediate (or final) product of each step is presented along with the simplified 

cost of synthesis. The compound numbers are associated with the original literature.33 
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4.0 Statement 

The author designed the experiments, fabricated the devices, performed the 

measurements and analysed the data, unless otherwise specified. All data were 

collected in the School of Chemistry, University of Edinburgh, except the IPCE, which 

were recorded by the author using the facility run by the Centre for Plastic Electronics 

(CPE), Imperial College London. Dr Thomas Glenn captured the FIB-SEM and EDX 

images in the School of Physics, University of Edinburgh.  

 

4.1 Overview of the chapter 

In Chapter 3, we explored [Cu(tmby)2]
2+/1+-mediated liquid-state DSSCs (l-DSSCs) 

and solid-state DSSCs (s-DSSCs), where the s-DSSC was fabricated by the Zombie 

method, i.e. formation of HTM by slow drying of the electrolyte. The s-DSSCs 

suffered from low reproducibility due to the tendency of rapid crystallisation of the 

[Cu(tmby)2]
2+/1+ layer. According to Freitag et al., the key to successfully achieving a 

Zombie DSSC relates to the amorphous state of the HTM.1,2 Meanwhile, the I-/I3
- redox 

couple has long been the standard choice of electrolyte since their use in high-

performance DSSCs demonstrated by O’Regan and Grätzel in 1991.3 Although their 

slow recombination kinetics makes them a favourable choice, efforts have been made 

to develop alternative electrolytes, gel electrolytes, solid electrolytes and HTMs to 

overcome the risk of instability caused by the volatility of the conventional electrolyte. 

The long-held belief is that drying of the I-/I3
- electrolyte will terminate the operation 

of the DSSC.  

Iodide species at high concentration are known to go through a Grotthuss mechanism 

as described below:4–6 

I3
- + I- → I- – I2 … I- →I- … I2 – I- → I- + I3

- (Equation 4.1) 
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Here, the charge transfer occurs through hole hopping and bond exchange between the 

polyiodide species. The electrical conductivity of polyiodides has been previously 

studied by several groups.5–9 This raises the question of what would happen to the 

remaining species after slow evaporation of the I-/I3
- electrolyte following the Zombie 

method. The electrolyte should certainly not “disappear” as most of the solutes are 

solid materials. It is reasonable to predict that the iodide species may form a polyiodide 

solid electrolyte/HTM, similar to the idea that the Cu complexes form an HTM from 

an electrolyte. 

In this chapter, we employed a device architecture of <FTO / c-TiO2 / m-TiO2 / dye/ 

Liq-I (Ply-I) / Pt / FTO>, where Liq-I stands for the liquid I-/I3
- electrolyte and Ply-I 

stands for the solid polyiodide HTM. The anode and cathode were fixed to each other 

by sealing the edges with UV-curing glue without an additional spacer. Although the 

basic architecture follows that by Cao et al.,10 this is probably the first report of a 

working glued DSSC employing an I-/I3
- electrolyte (or HTM) and Pt counter 

electrode. The metal-free π-A type 5T dye (Figure 4.1)11 was selected as the sensitiser 

for the following reasons:  

1) the optimal film thickness (8 µm) is smaller than for other dyes such as N719 (20 

µm),12 greatly reducing the materials cost and cell fabrication time,  

2) it revealed superior performance to other dyes tested in the s-DSSC structure 

adopted in this study, and 

3) its performance-cost ratio has been reported to be high.13 

 

Figure 4.1 Molecular structure of the 5T dye. 



From electrolytes to HTMs in DSSCs and PSCs 

128 

Chapter 4 Polyiodide HTM for DSSCs 

4.2 Results and discussion 

 Performance and stability of Ply-I DSSCs 

According to our initial trials, Ply-I DSSCs can be fabricated with a wide choice of 

components such as different dyes (e.g. N719, SQ2, 5T, D149) and spacers (e.g. 

thermal polymer spacer, UV-curing glue) (Figure 4.2). The results indicate that the 

basic effect can be widely adapted to such variations. Although none of the dyes above 

have been optimised, a relatively high performance was achieved with the 5T dye, 

which could be related to properties such as relatively thin film thickness and efficient 

light harvesting. Detailed study was focussed on the architecture <FTO / c-TiO2 / m-

TiO2 / 5T dye / Ply-I (Liq-I) / Pt> with which the highest PCEs were achieved. To 

simplify device fabrication, the electrodes were attached without a spacer but by 

applying UV-curing glue along the edges of the assembly.  

 

Figure 4.2 J-V curves of Ply-I DSSCs with a variation of dyes and spacers. The cells were 

measured at 1 sun with an aperture of 0.126 cm2. The percentage value in each panel denotes the 

PCE of the Ply-I DSSC. 
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Using the 5T dye, Figure 4.3 shows J-V curves of the Liq-I DSSC with the best PCE, 

Ply-I DSSC with the best “peak PCE” (Ply-I (peak)), Ply-I DSSC with the best 

“stabilised PCE” (Ply-I (stb.)) at 1500 h and best Ply-I (stb.) DSSC at 8000 h.  

 

Figure 4.3 J–V curves of the best DSSCs at 1 sun. J-V curves of DSSCs using 5T dye. Black: best 

Liq-I DSSC. Red: best Ply-I (peak) DSSC. Green: best Ply-I (stb.) DSSC measured after 1500 h. 

Blue: best Ply-I (stb.) DSSC measured after 8000 h. The Liq-I DSSC is sealed and the Ply-I DSSCs 

are unsealed.  

The overall photovoltaic parameters (short-circuit photocurrent density (JSC), open-

circuit voltage (VOC), fill factor (ff) and PCE) of the Liq-I DSSC, Ply-I (peak) DSSC 

and Ply-I (stb.) DSSC are summarised in Table 4.1 and Figure 4.4. 
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Table 4.1 Photovoltaic parameters of the best Liq-I DSSC, Ply-I (peak) DSSC and Ply-I (stb.) 

DSSC. The values in parentheses are the average of four to seven cells each. 

 JSC/mA cm-2 VOC/V ff PCE (%) 

Liq-I best 10.4 0.73  0.75  5.7  

Liq-I average (9.7 ± 1.2) (0.71 ± 0.02) (0.73 ± 0.04) (5.1 ± 0.8) 

Ply-I (peak) 9.38 0.74  0.75  5.2  

Ply-I (peak) average (9.3 ± 1.4) (0.73 ± 0.01) (0.71 ± 0.04) (4.9 ± 0.6) 

Ply-I (stb.) 1500h 9.69 0.66 0.69 4.4 

Ply-I (stb.) 8000h 10.9 0.69 0.66 5.0 

Ply-I (stb.) average (8.5 ± 1.7) (0.68 ± 0.04) (0.63 ± 0.04) (3.6 ± 0.7) 

*Liq-I average: From the performance of individual cells before unsealing. Ply-I (peak) average: From the best 

performance of individual cells within the non-stabilised region; from the point the cell has started to show Ply-I 

characteristics such as S-shape J-V curve and darkening of the electrolyte, and before reaching the stabilised 

performance. The approximate time range was between 24 to several hundred hours. Ply (stb.) average: From the 

best performance of individual cells within the stabilised region, typically from 48 to 750 h (the value for the best 

cell was taken from the measurement at 8000 h). 

 

Figure 4.4 Statistics of the photovoltaic parameters of sealed Liq-I DSSCs and unsealed Ply-I 

DSSCs (peak and stb.). The cells numbered from four to seven. 
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Once the DSSCs are unsealed, the photovoltaic parameters evolve as depicted in 

Figure 4.5 (stability-test protocol ISOS-D-1).14 The solid-state characteristics, i.e. 

shrinkage of excess electrolyte, S-shape observed in J-V curve (vide infra), will start 

to appear after a few days, however the performance tends to fluctuate for each point 

of measurement within the first several hundred hours counting from T = 0. The Ply-I 

DSSCs will eventually reach a stabilisation point where the DSSC performance 

becomes stable. We note that the timeline above is approximate and the evolution 

speed towards Ply-I (stb.) differs from cell to cell. Clearer descriptions are expected to 

be provided once the best protocol is fully optimised. 

 

Figure 4.5 (a)-(d) Evolution of the photovoltaic parameters of Ply-I DSSCs for ~8000 h. The 

performance of the best Ply-I (stb.) DSSC was tracked for 8000 h, while the other cells were 

tracked for 750 h. Black plots: sealed Liq-I DSSCs. Red plots: unsealed Ply-I DSSCs. Crosses 

indicate individual DSSCs measured with an aperture of 0.126 cm2. Black open circles indicate 

the best Liq-I DSSC, measured with an aperture of 0.126 cm2. Red open circles indicate the long-

term evolution of the best Ply-I (stb.) DSSC, measured with an aperture of 0.126 cm2. Red open 

squares indicate the long-term evolution of the same DSSC (with the best stb. PCE), measured 

with an aperture of 0.0625 cm2. The red dashed lines are the linear fitting of the red squares and 

circles in the stabilised region from 1000 h to 8000 h, presented as a guide to the eye. The blue 

dashed lines in Figure 4.5(d) are the linear fittings of the red circles and red squares in the 

stabilised region up to 3200 h. 
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In general, a decrease in ff and Jsc contribute to an eventual drop in PCE. The VOC, 

however, initially rises and only drops slightly thereafter in most cases. The Ply-I 

DSSC with the highest stb. PCE was tracked further for 3–4 months, revealing 

excellent stability. During this period (T = 1000-3200 h), the unsealed DSSC exhibited 

PCE values in the range of 4.0 ± 0.2 % with a 0.126 cm2 aperture and 4.6 ± 0.2 % with 

a 0.0625 cm2 aperture. The two masks were used to validate the obtained results. In 

general, the performance trends by comparing the two masks were analogous to what 

has previously been reported by Ito et al.15 In summary, slightly higher PCE and more 

consistent results are obtained with the 0.0625 cm2 aperture, while results with larger 

active area will be obtained with the 0.125 cm2 aperture. The lifetime of the cell was 

estimated by linearly fitting the plots, returning T80 (time until 20% PCE drop from T 

= 0 h in Figure 4.5(d))14 as 4516 h and 14544 h with apertures of 0.126 cm2 and 0.0625 

cm2, respectively. The TS80 (time until 20% PCE drop from the stabilised onset in 

Figure 4.5(d); T = 1008 h for 0.126 cm2 and T = 600 h for 0.0625 cm2) values were 

4315 h and 14344 h, respectively. The calculations are explained in detail in the 

appendix (Figure 4.A1). TS80 in the optimum case (= 14344 h) indicates a lifetime of 

1.6 years counting from T = 600 h in Figure 4.5(d). In other words, the fitted curves 

suggest that 0.196% PCE (0.126 cm2) or 0.065% PCE (0.0625 cm2) in absolute values 

is lost every 1000 h. To validate our estimation, the same unsealed Ply-I DSSC was 

measured after another several months, revealing no loss in performance for the entire 

9-10 months, or ~7000 h, counting from T = 1008 h. In Figures 4.5(a) and (d), the JSC 

and PCE appear to have improved during the dark storage for 5000 h. We are not 

certain at this point if the improvement is within the deviation error, or if the dark 

storage has any effect to improve the device performance. For reference, the 

performance after a week (the last plot, 8112 h) shows a slight decrease in 

performance, but still higher than the previous plots. Although the results may not 

represent real-life operational stability, such a long shelf lifetime is rarely reported in 

DSSCs to the best of our knowledge. The corrosiveness of I-/I3
-, one of the main issues 

of concern for a Liq-I DSSC,16,17 appears to be less of a problem in the Ply-I DSSC.  
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 Photo-response of Ply-I 

The forward J-V scan of a Ply-I DSSC stored in the dark depicts a characteristic S-

shape, which gradually disappears upon light soaking (Figure 4.6(a)). Each J-V curve 

in Figure 4.6(a) is scanned in the order JSC → VOC → JSC, revealing the dynamic J-V 

response to light. The dynamics appears to be purely photo-responsive and not bias-

related (Figure 4.6(b)(c)). Similar S-shape J-V dynamics have been observed in 

organic solar cells, where the authors attributed the light soaking effect to the reduction 

of charge transport resistance in the TiOx electron transport layer.18 In our case, the S-

shape profile is likely to come from the Ply-I layer. The drop from peak current to 

steady-state current can be explained by the imbalance between the number of 

photogenerated charges from the sensitised-TiO2 and mobile charges in the mass 

transport limited Ply-I.19 

 

Figure 4.6 (a) Successive J-V scans of a Ply-I DSSC at 1 sun after dark storage. Solid line: Forward 

scan. Dashed line: reverse scan. (b) Transient photocurrent of Liq-I and (c) transient 

photocurrent of Ply-I DSSC at a fixed voltage of 0.4 V. The light (1 sun) was switched on and off 

for 10 s × 4 times with intervals of 5 s for each cycle. 
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The transient J-V behaviour of the Ply-I DSSC was tracked for 20 min under 

continuous light soaking as shown in Figure 4.7(a) (stability-test protocol ISOS-L-

1).14 The JSC, ff and PCE rise whereas the VOC declines, with all parameters reaching 

an equilibrium after 5–10 min illumination. Interestingly, the initial S-shape was more 

noticeable when a smaller mask (e.g. 0.0625 cm2) was used as an aperture. In addition, 

when the mask was lifted after several minutes of irradiation, a silhouette of the 

masked area appeared on the surface of the active area, covering the area where the 

aperture had been (Figure 4.7(b)(c)). Once formed, the silhouette is observable for ca. 

half an hour. The dynamic J-V characteristics and darkening of the illuminated area 

resonate with each other. The darkening may be related to partial photooxidation of 

the iodide species.16 Acceleration in oxidation and release of charges in response to 

light would enhance charge transport, thus increasing the current and ff.   

 

Figure 4.7 (a) Tracked performance of a Ply-I DSSC for 20 min under constant 1 sun illumination. 

Each value is from an independent scan. (b) Photographs of a square mask (0.0625 cm2) silhouette 

appearing on the active area, taken from the anode side and cathode side. (c) Photograph of a 

circle mask (0.126 cm2) silhouette appearing on the active area, taken from the anode side. 
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IPCE was recorded to investigate the monochromatic response of Ply-I (Figure 

4.8(a)). The IPCE exceeds 70% around 500 nm. The dip around 360 nm overlaps with 

the optical absorption peak of the Ply-I (Figure 4.8(b)), suggesting that light 

absorption by the Ply-I might be one of the causes of the slightly lower current in the 

Ply-I DSSC. We note that that Ply-I itself acts as a DSSC light absorber, albeit very 

inefficiently with JSC = 80 µA·cm-2 and VOC = 0.24 V (Figure 4.8(c)).  

 

Figure 4.8 (a) IPCE curve of Liq-I DSSC and Ply-I DSSC, along with the current density derived 

from the IPCE. (b) UV-Vis absorption spectra of Liq-I and Ply-I. (c) J-V curves of a Ply-I DSSC 

without the use of a dye sensitiser <FTO / c-TiO2 / m-TiO2 / Ply-I / Pt>. Rise of a weak photocurrent 

(0.08 mA·cm-2) under 1 sun illumination indicates that the Ply-I itself acts as a “dye” in the Ply-I 

DSSC. 

The much higher and broader absorption by Ply-I is coherent with its darker colour 

compared to Liq-I. The optical gaps were calculated as 2.64 eV for Liq-I and 2.39 eV 

for Ply-I. The corresponding Tauc plots are shown in Figure 4.9. The broadening of 
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the main IPCE peak towards longer wavelengths in the case of Ply-I DSSC could be 

due to some interface modification between the TiO2 and Ply-I.  

 

Figure 4.9 Tauc plots to estimate the optical gaps of (a) Liq-I and (b) Ply-I from their UV-Vis 

spectra. The red dashed lines are the fitted curves. 

 

 Formation of Ply-I 
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acetone. The layer is amorphous as confirmed by XRD (Figure 4.10), which is 
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Figure 4.10 XRD pattern of Ply-I rubbed onto a glass slide from the cathode side of a freshly 

opened DSSC. No new peaks are seen besides the Pt peaks, which appear due to the way the 

sample was prepared. The peaks from Pt/FTO marked with the asterisks (*) are assigned to 

FTO. 
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The Raman spectra of Liq-I and Ply-I in Figure 4.11(a) both show a sharp peak at 112 

cm-1 and a shoulder at 115 cm-2. The former corresponds to I3
- and the latter to I2

-•.5,20,21  

Ply-I has a prominent additional peak at 149 cm-1, which can be assigned to I5
-.5,8,22,23 

Neither of the samples have signs of free-standing molecular I2 (~180 cm-1), but the 

small peak at 174 cm-1 found in Ply-I suggests the existence of adsorbed iodine.24 

 

Figure 4.11 (a) Raman spectra of Liq-I and Ply-I. (b) Molecular structures of DMPII, LiI, I2 and 

tBP. (c) Raman spectra of DMPII+I2, LiI+I2, DMPII, LiI and I2 solid samples. (d) Raman spectra 

of tBP and MeCN. 

The absence of molecular I2 in the Ply-I indicates that most of the I2 has been consumed 

to form higher order polyiodides. The Liq-I components are DMPII, LiI, I2, tBP and 

MeCN (Figure 4.11(b)). The creation of polyiodide from iodide species is further 

investigated in Figure 4.11(c), where the two characteristic peaks at 112 cm-1 and 149 
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cm-1 appear with, and only with, the combination of DMPII+I2 and LiI+I2. The Raman 

spectra of tBP and MeCN are shown in Figure 4.11(d). We would like to note that the 

peak at 149 cm-1 is more intense for I2+LiI than for I2+DMPII. This suggests that LiI 

is more likely to facilitate the intermolecular bonding of the iodide species, probably 

due to the Li+ being small. The visual appearance is also different; I2+LiI develops an 

intense dark brown colour compared to I2+DMPII. The intense colour is likely to 

correspond to the formation of higher order polyiodides. As the colour gradually fades 

away, the Raman peaks associated with polyiodides also diminish, indicating that I2 

dissociates from the structure by evaporating into the air (Figure 4.12). 

 

Figure 4.12 (a)–(c) DMPII+I2 (left) and LiI+I2 (right) placed on filter paper. (a) Freshly dried. (b) 

Left for a day. (c) Left for 4 days. (d)(e): Raman spectra of (d) DMPII+I2 and (e) LiI+I2 placed on 

filter paper, freshly coated (red) and left for a week (black). The blue triangles indicate the peak 

overlap with DMPII or LiI. 

We investigated the formation of Ply-I in further detail by placing drops of I2/MeCN, 
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were identical as in a normal electrolyte. The I2/MeCN displays a yellow orange 

colour, which evaporates after a couple of minutes. LiI+I2/MeCN dramatically 

changes from yellow brown to dark brown over a minute, followed by disappearance 

of the colour. White LiI crystals remain in the end. The Liq-I slightly darkens over a 

minute from yellow to orange and maintains its colour thereafter. We summarise our 

observation as follows: 

(1) As the MeCN evaporates, the I-, I3
- and I2 react to form higher order polyiodides 

(intensification of brown colour).  

(2) Without the tBP, the polyiodides are not stable and decompose into LiI (or DMPII) 

and I2. The I2 will eventually sublime.  

(3) In the presence of tBP, the polyiodide is stable for weeks. It is possible that the tBP 

acts as a Lewis base and forms a complex with the LiI (or DMPII) or  I2 to fix the 

polyiodide network.8,25 

To note, the above observations were identical in the dark. This indicates that the 

polyiodide can form without the presence of light. 

 

Figure 4.13 Evolution of I2/MeCN (left), LiI+I2/MeCN (middle) and Liq-I (right) droplets on a 

microscope glass slide in regular air for a course of 3 min. Please refer to the following link to 

access the original video clip: 

https://media.ed.ac.uk/media/Supporting+video_Ellie+Tanaka_Thesis+Chapter+4/1_l59fbrn5 

0 min 30 s 1 min 

1 min 30 s 2 min 3 min 

https://media.ed.ac.uk/media/Supporting+video_Ellie+Tanaka_Thesis+Chapter+4/1_l59fbrn5
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 Is Ply-I solvent free? 

The IR spectra in Figure 4.14 can give further indications on the properties of Ply-I. 

A full assignment of the peaks can be found in the Table 4.2. The absence of the -C≡N 

peak at 2250 cm-1 in the Ply-I spectrum indicates that Ply-I is free of MeCN. The peak 

appears in the Liq-I spectrum. Traces peaks of MeCN are also identified in the 

DMPIII+I2 and LiI+I2, due to the preparation of these samples taking place just before 

the IR measurement. On the other hand, a broad distinctive peak at 3200-3600 cm-1 is 

seen in Ply-I, DMPII+I2 and LiI+I2. The peak can be assigned to the -OH stretching in 

water molecules. The water was likely adsorbed from the air during the measurement, 

as DMPII and LiI are both hygroscopic. In fact, the DMPII and LiI spectra in Figure 

4.14(b) show only the peaks assigned to water. However, additional peaks associated 

to C-H bonding appear especially when DMPII is reacted with I2 (Figure 4.14(a)). 

These new peaks are reflected in the Ply-I. The appearance of new peaks by simply 

mixing the raw ingredients may be an indication that the water uptake is lower in the 

Ply-I compared to the raw DMPII and LiI. Although solid conclusions cannot be drawn 

at this point due to the lack of quantitative interpretation, the stability of the Ply-I 

indicates its low sensitivity to atmospheric moisture. The Ply-I cells differ from 

aqueous I-/I3
- DSSCs in which the I-/I3

- species are dissolved in water.26,27 

 

Figure 4.14 IR spectra of (a) DMPII+I2, LiI+I2, Liq-I, Ply-I and (b) DMPII, I2, LiI, and tBP. See 

Table 4.2 for the peak assignments. For the samples DMPII+I2 and LiI+I2, 0.6 M DMPII (or 0.1 

M LiI) and 0.05 M I2 in MeCN was placed on the IR instrument and dried in situ before the 

measurement.  
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Table 4.2 Peaks assignments of the IR spectra in Figure 4.12.28–30 

Wavenumber /cm-1 Symbol Vibration mode 

3756 * -OH stretching of H2O (g) 

3600-3200 ♦ -OH stretching of H2O (l) 

3100-3000 □ =C-H stretching 

2960 ▽ -C-H stretching 

2349 ⁎ O=C=O stretching of CO2 (g) 

2250 ▲ -C≡N stretching 

1720 # Unknown peak 

1600-1630 ♦ H-O-H bending of H2O (l) 

1595 ⁎ H-O-H bending of H2O (g) 

1450 ● -CH3 stretching 

1380 ○ -CH3 bending 

1030-1540 ◊ Unassigned, observed in DMPII+I2 and Ply-I 

750 ■ -C-H bending 

665 ⁎ O=C=O bending of CO2 (g) 

 

 

 Ply-I network in the DSSC 

The cross-section focussed ion beam scanning electron microscopy/energy dispersive 

X-ray spectroscopy (FIB-SEM/EDX) image of an opened Ply-I DSSC is shown in 

Figure 4.15. Iodine is observed throughout from the top surface to the vicinity of the 

FTO layer in the EDX image. The image confirms that the Ply-I is evenly distributed 

in the sensitised-TiO2 mesoporous network to allow optimal performance.  
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Figure 4.15 Cross-section FIB-SEM/EDX image of the anode side of an opened Ply-I DSSC with 

N719 as absorber. The scale bar is 5 µm, however the actual film thickness should be estimated 

as the thickness in the image multiplied by 1.24 (See Chapter 2 for details). Pt is present on the 

top of the sample because the sample was marked with Pt for the FIB milling. 

From the above finding, we propose the schematic architecture of Liq-I and Ply-I 

DSSC as in Figure 4.16. In addition to the suggested model by Cao et al.,10 we observe 

a recognisable thin layer of Liq-I or Ply-I between the counter electrode and dye-

sensitised TiO2 as in Figure 4.17(a). J-V measurements of an assembled cell before 

injecting the electrolyte (Figure 4.17(b)) revealed that the Pt/FTO electrode and 

sensitised TiO2 are in weak but negligible contact, indicating the existence of a narrow 

gap. The Liq-I or Ply-I can infiltrate this gap and prevent electrical shunting during the 

operation of the cell. Our result appears to be different from the outcomes in previous 

studies; the fact that the Pt cathode worked in the spacer-free architecture might be 

related to the softer pressure applied to the electrodes during the assembly of the 

cell.10,19 

 

Figure 4.16 Schematic cross-section model of the Liq-I DSSC and Ply-I DSSC fabricated in this 

study. 

Pt I Ti Sn 

Mesoporous 
Dye/TiO2 coated 

with Ply-I

Mesoporous 
Dye/TiO2 infiltrated 

with Liq-I

c-TiO2/FTO

Glass

Glass

Pt/FTO
Ply-I layerLiq-I layer

→

→

Before drying After drying

Excess Liq-I Continuous 
coating



From electrolytes to HTMs in DSSCs and PSCs 

143 

Chapter 4 Polyiodide HTM for DSSCs 

 

Figure 4.17 (a) Optical microscope image of the photoanode of an unsealed non-ideal Ply-I DSSC 

with N719 dye. The diameter of the dye-sensitised circular film is 6 mm. The dark part on the 

circle active area is infiltrated/covered with the Ply-I layer (operational) and the pale part has no 

Ply-I (no longer operational). Ideally, the whole active area should be darkened for optimum 

performance. The yellow part at the corner is the Ply-I formed outside the active area. (b) J-V 

curves of a DSSC with 5T dye before and after injection of the Liq-I, measured in the dark and 

at 1 sun. The inset shows the very weak current flow of the sample without Liq-I when illuminated 

at 1 sun. (c) Photographs of a Liq-I DSSC (left) and a Ply-I DSSC (right) using D149 dye, taken 

from the cathode side.  

A photograph of an ideal Ply-I DSSC is shown in Figure 4.17©. The Liq-I fills the 

entire square area surrounded by the white glue in a Liq-I DSSC. As it dries, the excess 

Liq-I outside the active area will be drawn towards the active area (and the corners of 

the square area). In an ideal case, the colour of the active area remains the same (dark 

all over) as it was in the Liq-I. If the drying has failed, the active area will become 

(a) (b) 

(c) 

Liq-I Ply-I 

Ply-I 
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paler as seen in Figure 4.17(a). We believe the latter links to the common concept of 

the electrolyte “drying out” to give non-functioning cells.  The controllability of the 

electrolyte drying process (i.e. route and speed) is likely to be crucial for the formation 

of an operational Ply-I DSSC. Uncontrolled drying will often cause the electrolyte to 

dry out in a manner whereby the solid species would not remain between the cathode 

and the sensitised-TiO2 to bridge the charges. For instance, the Liq-I injection hole 

should be placed in an appropriate position such that the solvent is drawn towards the 

active area, letting the solid species cover the mesoporous network instead of going to 

the edges of the glass. In our case, the hole was positioned near the boundary of the 

active area. If the excess Liq-I species, initially located outside the active area, 

accumulate on top of the mesoporous network during the drying process then this may 

prevent the generation of voids caused by the shrinkage of the Liq-I to a minimum. 

The drying speed may also matter. Accelerated drying of the Liq-I by heating at 50 oC 

or simply leaving it exposed to ambient air results in a gel with a dark yellow colour 

that resembles the Ply-I. However, Raman spectra revealed that less higher-order 

polyiodides are present in these gels (Figure 4.18). Accelerated drying also tends to 

initiate unwanted aggregation, cracks or voids, increasing the number of grain 

boundaries or discontinuous interfaces that would contribute to higher charge transport 

resistance. Within the mesoporous TiO2 film, a thin continuous amorphous coating of 

Ply-I should suffice for efficient charge transport by the Grotthuss mechanism. Slow 

drying is likely to facilitate the formation of such a layer, analogous to the findings for 

Cu2+/1+-based Zombie cells by Freitag et al.1 
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Figure 4.18 Raman spectra of the slowly formed Ply-I in a DSSC (green), Liq-I left openly exposed 

to ambient air (red), and Liq-I concentrated by heating at 50 oC (black). The two peaks in common 

are situated at 112 cm-1 and 143-149 cm-1. 

 Charge transport properties in the Ply-I DSSC 

The mechanism of the Ply-I DSSC was further investigated by electrochemical 

impedance spectroscopy. Figure 4.19(a) shows the complex plane plots at 1sun for 

the Liq-I DSSC, Ply-I (peak) DSSC and Ply-I (stb.) DSSC. The Bode phase and 

magnitude plots are described in Figure 4.19(b). There are two noticeable semicircles 

in the complex plane plots, where the one at higher frequencies (Z’ ~20-30 Ω) (Region 

1) is associated with the Pt/Ply-I (or Pt/Liq-I) interface, while the one at lower 

frequencies (Z’ > 30 Ω) (Region 2) is associated with the TiO2/Ply-I (or TiO2/Liq-I) 

interface. No distinct semicircles assignable to the RC element of the Ply-I (or Nernst-

diffusion of the Liq-I) (Region 3) were identified in the plotted curves. The absence of 

this region has been reported for a glue-based Cu2+/1+ electrolyte DSSC, where the 

authors related the phenomenon to the reduced thickness of the electrolyte layer 

compared to a DSSC using a µm-thick spacer.10 We assume that the same theory can 

be applied to our glue-based Liq-I DSSCs and Ply-I DSSCs. The phenomenon 

demonstrates the efficient charge transport and regeneration in Ply-I. Based on our 

observations, the plots were fitted using the equivalent circuit shown in Figure 

4.19(d). The model was constructed based on a simplified circuit proposed by Cao et 

al.2 For the Liq-I DSSC and Ply-I (peak) DSSC, an additional LRrec2 element was 

placed in parallel with the RrecCµ element to match the inductive loop observed at the 
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tail of the complex plane plots (< ~1 Hz). Appearance of this loop in a solar cell at 

forward bias and low frequency is an indication of an additional recombination 

pathway from the TiO2 to the other layers.31 In our case, this could be the 

recombination between the dye/TiO2 and Pt cathode, as supported by the 

aformentioned weak photocurrent arising in the DSSC in the absence of the electrolyte 

(Figure 4.17(b)). It is interesting to note, however, that the inductive behaviour 

disappears once the Ply-I DSSC is stabilised. This suggests that some modification of 

the interfaces has occurred through the evolution from Liq-I to Ply-I. 

 

Figure 4.19 (a) Complex plane plots, (b) Bode phase plots and (c) Bode magnitude plots of the 

Liq-I DSSC and Ply-I DSSC under 1 sun illumination. (d) Equivalent circuit employed to fit the 

raw data.  

The values from the fitting are summarised in Table 4.3. The rise in RPt from Liq-I to 

Ply-I may be due to the slightly poorer attachment of Ply-I to the Pt/FTO counter 

electrode due to pinholes created during the evaporation of the solvent. Extra 
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resistance at this interface can slow the dye regeneration thus lower the ff and JSC. 

Optimising the drying process (e.g. speed) should improve these parameters. The 

electron lifetime (τe) of the TiO2 conduction band electrons was estimated from the 

fitted Rrec and Cµ values, i.e. τe = Rrec x Cµ. The electron lifetime extends from Liq-I to 

Ply-I, mainly due to the rise in Rrec. The trend explains the increase in VOC from Liq-I 

to Ply-I (peak). The slight VOC drop to Ply-I (stb.), however, suggests that either the 

TiO2 conduction band edge or the HOMO of the Ply-I (or redox potential of Liq-I) has 

shifted towards lowering the VOC, as the energy gap between the TiO2 conduction band 

edge and HOMO of the Ply-I is the other factor that determines the VOC besides the 

electron lifetime. It is likely that the stronger intermolecular interactions in the Ply-I 

compared to Liq-I has led to a shallower HOMO. This is supported by the narrower 

optical gap observed for Ply-I compared to Liq-I as described earlier. In summary, the 

increase in RPt leads to lower JSC and ff, while the extended electron lifetime and 

change in energy alignment lead to small fluctuations of the VOC, keeping it a rather 

constant value overall.   

 

Table 4.3 Summary of values obtained from the electrochemical impedance fitting. RPt: resistance 

at Pt/Ply-I (or Liq-I); CPt: capacitance at Pt/Ply-I (or Liq-I); Rrec: recombination resistance; Cµ: 

chemical capacitance; τe: electron lifetime. 

 Liq-I Ply-I (peak) Ply-I (stb.) 

RPt [Ω] 6.65 7.90 12.1 

CPt [µF] 13.0 12.0 7.21 

Rrec [Ω] 25.0 36.6 44.3 

Cµ [µF]  173 184 182 

τe [ms] 4.32 6.73 8.06 

 

4.3 Conclusions 

In this study, we challenged the common belief that a standard I-/I3
- DSSC will stop 

operating once the electrolyte has “dried out.” Solid-state DSSCs with good efficiency 
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and excellent stability were obtained when the electrolyte solvent of a I-/I3
- cell was 

slowly evaporated in a controlled manner. The as-prepared solid hole conductor (Ply-

I) was confirmed to have different properties from the liquid electrolyte (Liq-I) such 

as higher optical absorption, dynamic photo-responsive J-V characteristics, and higher 

order polyiodides in the structure. From the dark-storage stability tests, the Ply-I DSSC 

was found to have no loss in performance for a period up to 10 months totally unsealed, 

suggesting that it may operate for a sufficiently long time in real-life conditions with 

proper encapsulation. The Ply-I DSSC with 5T dye can reach a maximum peak PCE 

= 5.2% and stabilised PCE = 5.0%, close to the corresponding standard Liq-I DSSC 

with maximum PCE = 5.7%, but with higher stability. Although the protocol to achieve 

high performance Ply-I cells with good reproducibility is yet to be optimised, the 

simplicity of the materials and methods used to obtain these cells, along with the 

peculiar characteristics they display should provoke high scientific interest.  Studies 

on further device optimisation and comprehension of the operation mechanism may 

lead the DSSC field to new horizons. Some important future directions include 

investigation on the optimal amount of iodine in the precursor Liq-I, as well as to 

conclude whether the adsorbed water from the air has any influence on the 

performance of the Ply-I DSSC. 

 

4.4 Experimental 

 Materials preparation 

Reagents were purchased from Merck and used without further purification, unless 

otherwise specified. 5T dye was synthesised by Dr Miquel Planells according to the 

literature.11 1,2-dimethyl-3-propylimidazolium  iodide (DMPII) was purchased from 

Solaronix and used without further purification. LiI was purchased from Fisher 

Scientific and used without further purification. 

 

 Fabrication of the Liq-I and Ply-I DSSCs  

Photoanodes. Fluorine-doped tin oxide (FTO) conductive glass (Merck, 7 Ω/sq) was 

pre-cut into 1.5 cm × 2.2 cm rectangles and cleaned by sonication in a 2% aqueous 
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detergent solution (Hellmanex, Hellma), water and ethanol, followed by UV/O3 

treatment for 15 min. A compact TiO2 layer was formed by immersing the substrate in 

40 mM TiCl4 aq. at 70 oC for 30 min. Commercial pastes, 30NR-D and WER2-O 

(Greatcell Solar), were screen-printed and annealed at 500 oC for 15 min to result in 

an 8 µm-thick TiO2 film (4 µm transparent layer + 4 µm scattering layer) with a 0.2827 

cm2 (d = 6 mm) circular area. A TiCl4 post-treatment was applied, followed by 

annealing at 500 oC for 30 min. The films were introduced in the dye bath while they 

were still warm (60–80 oC) and were left at r.t. overnight. The dye bath consisted of 

0.1 mM 5T dye in ethanol/chloroform 7:3 (v/v) with 0.4 mM chenodeoxycholic acid. 

Other variations tested in this chapter are marked below: 

N719 dye:32 0.5 mM N719 in ethanol with 5 mM chenodeoxycholic acid (CDCA). 

Thickness of the TiO2 film was ~20 µm. 

D149 dye:33 0.5 mM D149 in acetonitrile/t-butanol (1:1, v/v) with 1 mM CDCA. The 

thickness of the TiO2 film was ~16 µm. 

SQ2 dye:34 0.3 mM SQ2 in acetonitrile/n-butanol (17:3, v/v) with 3 mM CDCA. The 

thickness of the TiO2 film was ~8 µm. 

 

Cathodes. FTO glass (1.5 cm × 2.2 cm) was cleaned in 0.1 M HCl/ethanol, ethanol 

and acetone. Platisol T/SP (Solaronix) was doctor-bladed on the substrate, followed 

by annealing at 400 oC for 15 min to obtain a platinised FTO glass electrode.  

 

Assembly. The anode and cathode were assembled by clipping them directly face-to-

face and sealing the edges with a UV-curing sealant (TB3035B, Threebond) and UV 

torch. For the device assembled with a spacer, a 25-µm thick Surlyn (DuPont) sheet 

was inserted between the anode and cathode for perfect insulation. The sandwich-

assembly was placed on a hotplate at 125 oC, where the Surlyn was melted by applying 

pressure from the top to ensure complete sealing. The electrolyte was vacuum filled 

through a pre-drilled hole in the cathode and sealed with the UV-curing sealant. The 

composition of the electrolyte was 0.05 M I2, 0.6 M 1,2-dimethyl-3-
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propylimidazolium iodide (DMPII), 0.1 M LiI and 0.5 M 4-tert-butylpyridine (tBP) in 

acetonitrile (MeCN). The seal was opened after a couple of days to obtain the s-DSSC. 

 

 Solar cell characterisation 

Photocurrent-voltage (J-V) curves were recorded on an Autolab potentiostat 

(Metrohm) with class AAA SLB300A solar simulator (Sciencetech) as the light 

source. The light intensity was calibrated to AM1.5G using a silicon reference cell. 

The J-V scans were run with a step voltage of 0.002 V and settling time of 0.04 s, 

giving a scan rate of 0.05 V·s-1. The active area of the solar cell was fixed with a black 

metal mask with a circular aperture of 0.126 cm2 (d = 4 mm), unless otherwise 

specified. A square aperture of 0.0625 cm2 (2.5 mm × 2.5 mm) was used where 

specified. The frequency-modulated electrochemical impedance was recorded with a 

similar setup to that of the J-V measurements. The frequency range was set to 100kHz-

100mHz with an AC voltage amplitude of 10 mV. The measurements were performed 

at open circuit voltage under 1 sun illumination. The plots were fitted using the Zview 

(Scribner Associates) software. Incident photon-to-current conversion efficiency 

(IPCE) was recorded with a Bentham PVE300 EQE/IQE system in DC mode. The 

incident light was calibrated with a reference silicon photodiode within the range of 

300-1000 nm.  

 

 Optical characterisation 

UV-Vis absorption was recorded on a V-670 (Jasco) spectrophotometer. Each sample 

was placed and sealed between two pieces of microscope glass (= cell). The reference 

was a blank cell without any sample inside. 

 

 Spectroscopic and microscopic measurements 

Raman spectra was recorded on an inVia Renishaw Raman microscope. The samples 

were measured in a backscattering configuration with an excitation wavelength of 785 

nm. The excitation source was a laser pumping 2 mW for a spot size of 3 µm. Fourier-

transform infrared (FT-IR) spectra were recorded on a Shimadzu IRSpirit FT-IR 
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spectrophotometer at attenuated total reflection mode. Focussed ion beam scanning 

electron microscopy (FIB-SEM) images were taken by Dr Thomas Glen in the School 

of Physics, University of Edinburgh on a Zeiss Crossbeam 550 FIB-SEM. The sample 

was sputtered with platinum prior to the measurement and the cross-section was 

captured at a 36o angle. Energy dispersive X-ray spectroscopy analysis was performed 

on an X-Max 150 EDS detector (Oxford Instruments) with a detector size of 150 mm2.
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4.5 Appendix 

Calculation of T80 and TS80 

The lifetime of the best Ply-I (stb.) DSSC was estimated from fitted linear curves 

shown in Figure 4.A1. The red square plots (0.0625 cm2 square aperture) from 600 h 

to 3200 h and red circle plots (0.126 cm2 circular aperture) from 1000 h to 3200 h in 

Figure 4.5(d) were used. 

 

Fitting conditions: Non-weighted least-squares linear fitting with intercept non-fixed. 

 

1) T80 and TS80 for 0.0625 cm2: 

T80: time until 20% PCE drop from T = 0 

Equation of fitted curve: y = - 6.48966·10-5 x + 4.71933 (with intercept at T = 0) 

By entering y = 0.8 × 4.71933, x = 14544 h …T80 

 

TS80: time until 20% PCE drop from TS = 0 (T + 600 h) 

Equation of fitted curve: y = - 6.48966·10-5 x + 4.65443 (with intercept at TS = 0) 

By entering y = 0.8 × 4.65443, x = 14344 h …TS80 

 

2) T80 and TS80 for 0.126 cm2: 

T80: time until 20% PCE drop from T = 0 

Equation of fitted curve: y = - 1.96107·10-4 x + 4.42842 (with intercept at T = 0) 

By entering y = 0.8 × 4.42842, x = 4516 h …T80 

 

TS80: time until 20% PCE drop from TS = 0 (T + 1008 h) 

Equation of fitted curve: y = - 1.96107·10-4 x + 4.23074 (with intercept at TS = 0) 
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By entering y = 0.8 × 4.23074, x = 4315 h …TS80 

 

Calculation of PCE loss after 1000 h 

The PCE loss of the best Ply-I (stb.) DSSC was calculated from the fitted linear curves 

shown in Figure 4.A1. 

1) Loss of PCE after 1000 h for 0.0625 cm2: 

Equation of fitted curve: y = - 6.48966·10-5 x + 4.65443 (with intercept at TS = 0) 

By entering x = 1000 h, the loss per 1000 h is ~0.065% PCE 

2) Loss of PCE after 1000 h for 0.126 cm2: 

Equation of fitted curve: y = - 1.96107·10-4 x + 4.23074 (with intercept at TS = 0) 

By entering x = 1000 h, the loss per 1000 h is ~0.196% PCE  

 

Figure 4.A1 Extract of the red open square plots (0.0625 cm2 aperture) and red open circle plots 

(0.126 cm2 aperture) in Figure 4.5(d), with the corresponding fitted linear curves and lifetimes for 

each method described above. Blue squares: equivalent to the red open squares in Figure 4.5(d). 

Magenta circles: equivalent to the red open circles in Figure 4.5(d). Blue asterisk and magenta 

stars: the experimental values recorded at ~8000 h for the same cell, measured with an aperture 

of 0.0625 cm2 and 0.126 cm2, respectively. 
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Chapter 5 Monothiatruxene HTM for PSCs 

5.0 Statement 

The author designed the experiments, synthesised the compounds, fabricated the 

devices, performed the measurements and analysed the data, unless otherwise 

specified. The compounds were synthesised in Edinburgh, whereas the devices were 

fabricated and analysed in Professor Tsutomu Miyasaka’s group in Toin University of 

Yokohama, Japan, in the lab situated in RCAST, Tokyo University, Japan. Mass 

spectrometry data were obtained by the mass spectrometry facility staff in the School 

of Chemistry, University of Edinburgh. Elemental analysis was performed by the 

London Metropolitan University Elemental Analysis team. TG-DTA and DSC data were 

recorded by the Materials Characterization Laboratory team in Mitsubishi Chemical 

Corporation, Japan. The SXRD structures were solved by Dr Gary Nichol in the 

School of Chemistry, University of Edinburgh. SEM images were taken by Dr Gyu M 

Kim in Toin University of Yokohama, Japan, using the equipment in RCAST. PL data 

were recorded by Dr Ayumi Ishii in Toin University of Yokohama, using the 

equipment in RCAST. 

 

5.1 Overview of the chapter 

In Chapter 4, an amorphous polyiodide HTM was demonstrated to work efficiently 

in solid-state DSSCs. Such amorphous nature is advantageous to achieve uniform 

continuous interfaces. This chapter will continue to focus on amorphous HTMs, but 

for their application in PSCs. Organic small molecules such as the Spiro-MeOTAD 

have been the classic HTMs in PSCs owing to the wide range of possible 

core/substituent designs, solubility and amorphous nature when deposited as thin 

films. Although high performance around 20% PCE has been achieved using Spiro-

MeOTAD as the HTM in PSCs, there remain a couple of problems: 1) the Spiro-

MeOTAD requires hygroscopic dopants which is one of the main causes of the short 

lifetime of PSCs in general, and 2) the Spiro-MeOTAD is costly to synthesise and 
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purify. When designing a new organic small molecule HTM, selection of the core 

structure will greatly influence the properties and cost of the final HTM. Such 

examples include the spiro[fluorene-9,90-xanthene] (SFX) core and phenothiazine 

core, where the materials showed PCEs comparable to Spiro-MeOTAD with greatly 

reduced cost.1–4 HTMs based on truxene (Figure 5.1) cores have emerged as promising 

candidates in the last few years. They are noted by properties such as higher hole 

mobility, higher glass transition temperature than the Spiro-MeOTAD as well as good 

hydrophobicity and energy alignment.5 Truxene derivatives have been studied for 

application in transistors, OLEDs, lasers, supercapacitors, etc., however, there are only 

a countable number of studies on their use as HTMs in PSCs. Huang et al. 

demonstrated a truxene (Trx3C) based HTM and achieved 18.6% in an inverted p-i-n 

PSC.6 Rakstys et al. studied a number of triazatruxene (Trx3N) based HTMs to achieve 

18–19% PCE in mesoporous n-i-p PSCs.7,8 Meanwhile, Maciejczyk et al. reported a 

new monothiatruxene core, which they named TrxS.9  Recently, the oxidised form of 

TrxS (TrxSO2) has been tested as a core molecule for blue light-emitting materials in 

OLEDs and showed exceptional performance.10 The TrxS is a merge of the truxene 

and triazatruxene, and the methoxydiphenylamine (MeODPA) substituted derivative 

is expected to lead to good dissolution, high glass temperature, high mobility and 

hydrophobicity. This chapter therefore explores the potential of a TrxS-based small 

molecule HTM. A new molecule named TrxS-2MeOTAD is synthesised and 

characterised and its ability as an HTM is tested in comparison with the Spiro-

MeOTAD in regular planar PSCs. 

 

Figure 5.1 Molecular representation of (a) truxene (Trx3C), (b) triazatruxene (Trx3N), (c) 

trithiatruxene (Trx3S) and (d) monothiatruxene (TrxS). 

(a) Trx3S (b) Trx3N (c) Trx3S (d) TrxS 
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5.2 Results and discussion 

 Design and synthesis of TrxS-2MeOTAD 

Prior to the synthesis of the new compound, the HOMO and LUMO levels were 

estimated by DFT-based calculation using B3LYP 6-311G(d) basis set. The HOMO 

energy alignment with the perovskite in the solar cell is important to realise efficient 

charge transport. Here, following Koopman’s theorem, the HOMO energy 

corresponds to minus the vertical ionisation energy of the N-electron ground state in 

the context of Hartree-Fock and DFT, and the LUMO corresponds to minus the vertical 

electron affinity in Hartree-Fock.11 The HOMO and LUMO levels calculated by 

B3LYP can thus be approximated to the ionisation energy and electron affinity. While 

pure DFT is known to underestimate the HOMO-LUMO gap, hybrid B3LYP has been 

widely used to render a satisfactory estimation of the HOMO and LUMO energies of 

HTMs. Commonly used basis sets include the 6-31G series such as 6-31G(d), 6-

31G(d,p), 6-311G(d) and 6-311+G.12–15 The energy levels were calculated in the gas 

state as well asin the liquid state with dichloromethane (DCM) as solvent, to allow 

better comparison with the solution spectroscopy and electrochemical results. 

Monothiatruxene (TrxS) with diethyl substitution was used as the core, where the R1–

R3 positions were varied from substitution by zero to three methoxydiphenylamine 

(MeODPA) moieties (Figure 5.2). Hereafter, we will denote these TrxS derivatives as 

TrxS-xMeOTAD, where x is the number of the MeODPA substituents on the TrxS 

core. For example, TrxS-1MeOTAD indicates a TrxS derivative with R1 = MeODPA 

R2 = R3 = H. TrxS-2MeOTAD indicates a TrxS derivative with R1 = R2 = MeODPA 

and R3 = H. The calculated energy levels are summarised in Table 5.1.  
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Figure 5.2 Molecular representation of TrxS core and MeODPA substituent. The variations 

considered in the calculations were: R1 = R2 = R3 = H (TrxS); R1 = MeODPA and R2 = R3 = H 

(TrxS-1MeOTAD); R1 = R2 = MeODPA and R3 = H (TrxS-2MeOTAD) and R1 = R2 = R3 = 

MeODPA (TrxS-3MeOTAD). 

Table 5.1  HOMO and LUMO levels calculated for TrxS-MeOTAD with varying number of 

MeODPA moieties. 

 HOMO (G) 

/eV a 

LUMO (G) 

/eV a 

HOMO (L) 

/eV b 

LUMO (L) 

/eV b 

Eg (L) /eV c 

TrxS -5.524 -1.345 -5.666 -1.472 4.194 

TrxS-

1MeOTAD 

-4.778 -1.242 -4.925 -1.431 3.494 

TrxS-

2MeOTAD 

-4.647 -1.137 -4.854 -1.369 3.485 

TrxS-

3MeOTAD 

-4.563 -1.127 -4.799 -1.396 3.403 

a HOMO and LUMO levels calculated for the compound in gas state. b HOMO and LUMO levels 

calculated for the compound in the liquid state with DCM as solvent. c HOMO-LUMO gap derived 

from LUMO (L) – HOMO (L).  

 

Table 5.1 shows the rise in HOMO level when the number of MeODPA moieties 

increases. The wide bandgap derived from the liquid-state calculations suggests the 

compound to be optically transparent in the visible, which is advantageous for an HTM 

since it will not absorb any of the light that should be harvested by the perovskite.   The 

HOMO level of the HTM should be assessed based on the valence band edge energy 
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of the perovskite. The valence band edge energy of lead-halide perovskites is known 

to be in the range of ca. -5.9 eV to -5.3 eV (CsPbI3: = -5.3 eV;16 MAPbI3: -5.4 eV;17 

(FAPbI3)0.95(MAPbBr3)0.05: -5.5 eV;18 CsPbI2Br: -5.8 eV;19 CsPbBr3 = -5.9 eV).16 The 

HOMO of the HTM should be higher than the valence band energy, therefore TrxS-

0MeOTAD with predicted HOMO (L) = 5.67 eV would possibly work for some of the 

perovskite materials studied but probably not with the commonest perovskite formulas 

such as MAPbI3. The energy levels in general are seen to shift to lower values from 

gas state to liquid state. This can be explained by the enhanced stability in the more 

condensed state. The energy levels are expected to lower further in the solid state. The 

> 0.7 eV upward shift in HOMO level from TrxS to xMeOTAD (x from 1 to 3) can be 

explained by the extended HOMO over the MeODPA moiety once substituted. 

HOMO/LUMO locations for TrxS, TrxS-2MeOTAD and TrxS-3MeOTAD are shown 

in Figure 5.3. When MeODPA is substituted, the HOMO evenly distributes over the 

MeODPA, bridged by the TrxS core, while the LUMO is concentrated on the TrxS 

core.  

 

(Figure continues below) 

HOMO (-5.67 eV) LUMO (-1.47 eV) 

HOMO (-4.93 eV) LUMO (-1.43 eV) 

(a) TrxS 

(b) TrxS-1MeOTAD 
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(Continued from above) 

 

Figure 5.3 HOMO and LUMO of TrxS, TrxS-1MeOTAD, TrxS-2MeOTAD and TrxS-3MeOTAD 

in dichloromethane, calculated by B3LYP 6-311G(d).  

TrxS-2MeOTAD with two MeODPA substituents was selected as the target molecule 

in this study, based on the predicted energy levels and predicted simplicity of the 

synthesis. The intermolecular interaction being obviously stronger in the solid state, 

the HOMO energy is expected to shift towards a more negative value in the solar cell. 

The overall synthesis scheme followed in this chapter is described in Figure 5.4. 

 

HOMO (-4.85 eV) LUMO (-1.37 eV) 

(c) TrxS-2MeOTAD 

HOMO (-4.80 eV) LUMO (-1.40 eV) 

(d) TrxS-3MeOTAD 
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Figure 5.4 Synthesis Scheme of TrxS-2MeOTAD. Full details are given in the experimental 

section. The percentage in brackets is the synthesis yield. The yield for compound 3 is the 

combined yield of steps 2 and 3.  

The overall synthesis consisted of 8 steps including some short and rapid steps such as 

the ring closure from compound 5 to TrxS. The synthesis up until TrxS was based on 

the reports by Maciejczyk et al.9,10 TrxS-2Br and TrxS-2MeOTAD were synthesised 

for the first time in this study. Most of the steps resulted in good yields higher than 

50%, except for the synthesis of compound 5 with a yield of 48%. The lower yield in 
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this study compared to the 61% reported by Maciejczyk et al. is probably due the 

reaction time which was shortened to 24 h from the 72 h in the original study. The thin 

layer chromatography plate analysis of the crude product showed three spots, which 

indicated the existence of the starting material and a monosubstituted compound 4. 

The yield is likely to be improved by prolonging the reaction time, or adding excess 

3-pentanone to the reaction solution. We would like to note that other substituents such 

as dihexyl ketone in place of 3-pentanone could be used at this point to aim for TrxS-

based HTMs possessing longer alkyl chains. 

The bromination of TrxS resulted in an excellent yield of 99%. ca. two molar 

equivalents of bromine was used as the bromination source. Thin-layer 

chromatography analysis showed a single spot after the overnight reaction, which was 

assigned to dibrominated monothiatruxene by analyses including NMR analysis and 

mass spectometry. Column chromatography was therefore not performed for the TrxS-

2Br before the synthesis of TrxS-2MeOTAD. To note, mono or tribrominated TrxS is 

likely to be obtained by a similar method by adjusting the amount of bromine that is 

added to the reaction. 

The final TrxS-2MeOTAD was synthesised by Buchwald-Hartwig amination of the 

TrxS-2Br with 4,4’-dimethoxydiphenylamine. The synthesis reaction is analogous to 

that for Spiro-MeOTAD, except that the amount of substituents is halved for the TrxS-

2MeOTAD. 

 

The materials synthesis, characterisation and solar cell studies in this chapter were 

performed by the author, with the following exceptions: SXRD data of TrxS-2Br and 

TrxS-2MeOTAD were obtained by Dr Gary Nichol in the School of Chemistry. 

TG/DTA and DSC data of the TrxS-2MeOTAD were obtained by the Science & 

Innovation Center analysis team in Mitsubishi Chemical Corp. Japan. Mass 

spectrometry data were obtained by the mass spectrometry facility staff in the 

University of Edinburgh. PL studies were performed by Dr Ayumi Ishii in Toin 

University of Yokohama. SEM images of the solar cells were taken by Dr Gyu M Kim 

in Toin University of Yokohama. 
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 Electrochemical and optical properties of TrxS-2MeOTAD 

The electrochemical properties of TrxS-2MeOTAD were investigated by cyclic 

voltammetry (Figure 5.5(a)) in 0.1M tetrabutylammonium hexafluorophosphate 

(TBAPF6) dichloromethane solution. Ferrocene was used as the internal standard.20 

Two oxidation peaks with a difference of 90 mV were detected as presented in the 

square wave voltammogram in Figure 5.5(b). The first oxidation peak was further 

assesed. Figure 5.5(c) shows the proportionality of I1/2 (mean of Ipa and Ipc) against 

the square-root of the scan rate (ν0.5). The negligible difference between Ipa and Ipc 

indicates that the oxidation is chemically reversible. Good chemical reversibility 

indicates that the equilibrium of the redox species in the HTM is unaffected by the 

redox processes, which is an essential feature for good stability of the HTM in the PV 

cell.   

 

(Figure continues below) 
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(Continued from above) 

 

Figure 5.5 (a) Cyclic voltammogram of TrxS-2MeOTAD at different scan rates ranging from 

0.05 V s-1 to 0.70 V s-1. (b) Square wave voltammogram of TrxS-2MeOTAD at a scan rate of 0.05 

V s-1. (c) Ipa, Ipc and I1/2 versus square-root of the scan rate ν0.5 derived from Figure 5.1(a); R2 = 

0.992 for the linear fitting of I1/2. (d) E1/2 and ΔEp versus scan rate, derived from Figure 5.1(a). 

(e) Cyclic voltammogram of TrxS-2MeOTAD, replotted by dividing the y-axis by ν0.5. 

Figure 5.5(d) shows the relation between E1/2 (= mean of Epa and Epc) and ΔEp (= Epa 

– Epc) versus scan rate. The scan rate independence of E1/2 as well as ΔEp values around 

50-60 mV indicate that the oxidation process is electrochemically reversible. The 

electrochemical reversibility is an indication of rapid electron transfer, which could 

result in high hole mobility. Plotting the current divided by ν0.5
 against voltage thus 

results in an overlap of the scans at different scan rates (Figure 5.5(e)). The HOMO 

level derived from the oxidation potential by the empirical relation EHOMO [eV] = – 

EOX [V] – 4.456 is lower than the value reported for Spiro-MeOTAD (-5.22 eV vs. -

5.14 eV ).1,21 This value is in a suitable range for most common perovskites for PSCs. 

Meanwhile, the experimental HOMO value of TrxS-2MeOTAD turned out to be lower 

than the calculated value by 0.37 eV. This suggests that the experimental HOMO level 

of TrxS-1MeOTAD may be too low for some perovskites and that the HOMO level of 

TrxS-3MeOTAD may fit in a suitable range. 

 

The absorption and emission properties of the TrxS-2MeOTAD are shown in Figure 

5.6(a). The absorbance peak (λmax) and emission peak (λem) do not shift from solution 
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to film, which is an indication of the amorphous nature for the film. Compared to the 

solution, the TrxS-2MeOTAD film shows a tail at lower energies for both absorption 

and emission, which could be interpreted as some intermolecular interaction. The film 

is colourless, which is confirmed by the absence of absorption in the visible. TrxS-

2MeOTAD in DCM and as a film show bright blue emission under UV light. Figure 

5.6(b) is a photograph of a TrxS-2MeOTAD film excited at 365 nm. External 

photoluminescence quantum yields (PLQY) were derived from the steady-state 

photoluminescence (PL) measurements, resulting in a relatively high PLQY of 27.5% 

for the solution, and 6.3% for the film. The PLQY in solution is comparable to the 

monothiatruxene compounds reported as light-emitting materials by Maciejczyk et 

al.10 

An optical gap of 3.02 eV was derived from the intersection of the 

absorption/emmision spectra (410 nm) in Figure 5.6. This is slightly narrower than 

the calculated value of 3.49 eV but is in a suitable range. The LUMO was estimated 

as the sum of the HOMO and optical gap. The experimental values for the 

electrochemical and optical data are summarised in Table 5.2. 

 

 

Figure 5.6 Absorbance (Abs.) and emission (Em.) of TrxS-2MeOTAD, dissolved in 

dichloromethane and as a thin-film. (b) Photoluminescence of a TrxS-2MeOTAD thin-film spin-

coated on quartz glass, illuminated at 365 nm UV light.  
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Table 5.2 Experimental values of electrochemical and optical properties of TrxS-2MeOTAD. 

Literature data for Spiro-MeOTAD are shown as a reference. 

HTM λmax /nm a 

(ε /105 M-1 

cm-1) 

λem 

/nm b 

Eox /V c EHOMO /eV d ELUMO /eV e Eg /eV f 

TrxS-2MeOTAD 360a (7.37) 440 0.761 

(0.764) 

-5.22 (-5.22) -2.30  3.02 

Spiro-MeOTAD g 385 424 - -5.14 -2.16 2.98 

a Absorption peak from UV/Vis absorption (molar extinction coefficient in parenthesis). b Emission 

peak detected by excitation at λmax. c Half-wave potential (E1/2) from CV (peak potential from SWV in 

parenthesis), referenced to NHE. d Calculated from EHOMO [eV] = – EOX [V] – 4.456 (value from SWV 

in parenthesis).21 e Calculated from ELUMO = EHOMO + Eg. f Optical gap derived from UV/Vis 

absorption and PL measurements. g Data from the literature.1 

 

In summary, the optical properties and electrochemical properties indicate that TrxS-

2MeOTAD has properties close to Spiro-MeOTAD, suggesting its potential as a good 

HTM candidate in an n-i-p PSC. 
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 Thermal properties of TrxS-2MeOTAD 

The thermal properties were assessed by thermo gravimetric-differential thermal 

analysis (TG-DTA) (Figure 5.7) and differential scanning calorimetry (DSC) 

(Figures 5.8(a)(b)). The properties are summarised in Table 5.3. Thermal stability of 

the HTM is important to ensure stable operation of the solar cell. In fact, the commonly 

used Spiro-MeOTAD is known to suffer from its low glass transition temperature at 

122 oC and cold crystallisation at 176 oC.1 Previous studies have reported on the 

unwanted crystallisation of Spiro-MeOTAD during thermal aging, which facilitates 

the creation of pinholes, allowing halogen ions and moisture to permeate through the 

cell.22 Crystallisation may also evoke precipitation of the dopants in the HTM. Thus, 

higher thermal stability is expected for alternative HTMs. TrxS-2MeOTAD displays 

two endothermic peaks at 223 oC and 260 oC in the DTA (or 221 oC and 261 oC from 

the DSC), which are apparently melting points ©. The TG curve shows one step of 

weight loss from 333 oC (0.5% weight loss at ca. 400 oC) with an exothermic peak at 

463 oC, assignable to decomposition. 45% of the initial weight was lost during this 

step until the end of the measurement at 590 oC. This indicates that TrxS-2MeOTAD 

is chemically stable up to ca. 300 oC, which is comparable or perhaps superior to Spiro-

MeOTAD with a 0.5% weight loss at ca. 360 oC.23 In Figure 5.8(b), a shift of the 

baseline before the melting point suggests that TrxS-2MeOTAD has a glass transition 

temperature (Tg) at 145 oC. This is higher than that of Spiro-MeOTAD at 122 oC, 

indicating that TrxS-2MeOTAD has high stability in its rigid glassy state. No cold 

crystallisation was observed, in contrast to the case for some organic small molecules 

including Spiro-MeOTAD.1 Overall, the results indicate that TrxS-2MeOTAD has 

high thermal stability as an organic small molecule, making it compatible as an HTM 

in PSCs. 
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Figure 5.7 TG-DTA curves of TrxS-2MeOTAD. The blue curve indicates the TG, with a 

decomposition onset at 333 oC.  

Figure 5.8 (a) First heating profile of the DSC curve (b) Second heating profile of the DSC to 

determine the glass temperature (Tg). 
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Table 5.3 Thermal properties of TrxS-2MeOTAD. 

HTM Tg /oC a Tm
1 /oC b Tm

2 /oC c Td
on /oC d Td

0.5 /oC e Td /oC f Texo /oC g 

TrxS-

2MeOTAD 

145 223 (221) 260 

(261) 

333 >400 447 463 

Spiro-

MeOTAD h 

122 164 249 - >360 - - 

a Glass transition temperature. b First melting point from TG-DTA and DSC (in parentheses). c Second 

melting point from TG-DTA and DSC (in parentheses).  d Onset of decomposition. e Temperature at 

0.5% weight loss. f Intersect of baseline and linear slope of decomposition step. g Exothermic peak 

temperature.  h Values taken from the literature and Ossila website.1,23 

 

 Structural properties of TrxS-2MeOTAD 

The crystal structures of TrxS-2Br and TrxS-2MeOTAD were solved from single 

crystals as shown in Figure 5.9. Full crystal parameters are listed in Table 5.4. TrxS-

2Br was found to crystallise in triclinic P-1 space group, whereas TrxS-2MeOTAD 

was found to crystallise in monoclinic P21/c space group. The TrxS-2Br molecules 

were found to stack in one direction with π-π interactions of 3.557 Å. The crystal 

packing of TrxS-2MeOTAD is more complicated, with the molecules stacking in a 

zigzag form. This apparently comes from the twisted MeODPA moiety, with a dihedral 

angle of 123.3o. π-π interactions of 3.68 Å were observed, which explains the higher 

Tg and melting point compared to Spiro-MeOTAD. 
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Figure 5.9 The crystal structures of (a) TrxS-2Br and (b) TrxS-2MeOTAD from the SXRD 

analysis. The images were created by the Vesta software.24 White spheres are marked in the TrxS-

2Br image because the recrystallised crystal was found to contain ca. 5% of tribrominated TrxS-

3Br. This, we believe, does not affect the interpretation of the SXRD analysis. 

 

Table 5.4 Crystal data of TrxS-2Br and TrxS-2MeOTAD, solved by SXRD. 

Compound name TrxS-2Br TrxS-2MeOTAD 

Formula  C34H29.96Br2.04S  C63Cl2H60N2O4S  

Dcalc./ g cm-3  1.551  1.287  

µ/mm-1  3.147  0.200  

Formula Weight  633.61  1012.09  

Colour  colourless  colourless  

Shape  plate  needle  

Size/mm3  0.51 × 0.18 × 0.03  0.08 × 0.05 × 0.01  

(Table continues below)   

(a) TrxS-2Br  

(b) TrxS-2MeOTAD 

H
C
S
O
N
Br

H (Br 5%)
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(Continued from above)   

T/K  120.01(10)  100.0  

Crystal System  triclinic  monoclinic  

Space Group  P-1  P21/c  

a/Å  7.3239(2)  17.771(3)  

b/Å  9.5641(4)  25.909(4)  

c/Å  20.1031(8)  11.8177(17)  

α/°  77.186(3)  90  

β/°  84.695(3)  106.224(3)  

γ/°  81.803(3)  90  

V/Å3  1356.35(9)  5224.6(13)  

Z  2  4  

Z’  1  1  

Wavelength/Å  0.71073  0.6889  

Radiation type  Mo Ka  Synchrotron  

θmin/°  3.336  1.157  

θmax/°  28.280  16.770  

Measured Refl.  23435  25408  

Independent Refl.  6479  3183  

Reflections Used  4928  2347  

Rint  0.0594  0.0972  

Parameters  348  630  

Restraints  0  588  

Largest Peak  1.241  0.246  

Deepest Hole  -0.867  -0.277  

GooF  1.109  1.054  

wR2 (all data)  

(Table continues below) 

0.1102  0.2544  
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(Continued from above) 

wR2 0.1001  0.2415  

R1 (all data)  0.0845  0.1085  

R1  0.0542  0.0889  

 

The X-ray powder diffraction (PXRD) patterns of TrxS-2MeOTAD in powder form 

and as a spin-coated film on microscope glass slide along with simulated PXRD 

pattern from the SXRD analysis are shown in Figure 5.10. TrxS-2MeOTAD powder 

showed preferred orientation towards the (100) facet with one prominent peak at 2θ = 

5.4o followed by several other small peaks. The spin-coated film from chlorobenzene 

did not show any peaks, indicating that the TrxS-2MeOTAD film is amorphous.  

 

Figure 5.10 PXRD patterns of TrxS-2MeOTAD in different forms: (a) simulated pattern from the 

SXRD analysis; (b) PXRD pattern of ground powder; (c) PXRD pattern of a spin-coated film on 

a microscope glass slide. The broad peak observed in the film pattern (10-times magnified) is the 

instrumental background peak. The numbers in brackets are the miller indices for the main peaks 

observed in (b). 

 Photovoltaic performance 

A Cs-containing triple cation composition was selected for the perovskite layer since 

this system has been reported to exhibit higher efficiency along with better thermal 

stability and smaller hysteresis.18,25,26 The performance of the final PSC will also be 

greatly affected by the details of the HTM deposition procedure such as the HTM 
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concentration in the spin-coating solution and the amount of dopants. These were thus 

examined independently to assess the optimum performance of TrxS-2MeOTAD. The 

PSCs were fabricated in a dry room, unless otherwise stated. Sonication of the samples 

took place in ambient atmosphere. In this thesis, the dry room refers to an atmosphere 

with normal oxygen content and with controlled humidity below 2%. Ambient 

atmosphere refers to an uncontrolled environment with humidity around 30% and a 

temperature at around 25 oC. 

5.2.5.1  Concentration of the HTM 

Firstly, the optimum HTM concentration in the spin-coating solution was investigated 

for TrxS-2MeOTAD. The concentration of Spiro-MeOTAD was previously optimised 

to 60 mM by Dr Gyu M Kim at Toin University of Yokohama . In general, however, 

lower concentrations are known to be better for small organic molecules (personal 

discussion). Therefore, we compared three different concentrations from 30 mM to 50 

mM. The procedure is as follows: 

TrxS-2MeOTAD was dissolved in anhydrous chlorobenzene at 30 mM, 40 mM or 50 

mM in a dry room. Common dopants LiTFSI and tBP were added to the solutions with 

a ratio of HTM/LiTFSI/tBP = 1:0.55:3.3 (mol/mol). After the solution was evenly 

mixed by sonication at r.t., it was filtered with a 0.5 µm membrane. The HTM solution 

was spin-coated at 3000 rpm for 30 s with dynamic deposition, i.e. the solution was 

deposited at 3 s during the acceleration step at 600 rpm/s.  

The statistics of more than 15 cells for each condition are shown in Figure 5.11 and 

Table 5.5. 
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Figure 5.11 Statistical performance of PSCs with TrxS-2MeOTAD HTM spin-coated from 

solutions with HTM concentrations varying from 30 mM to 50 mM in chlorobenzene. 

Remarkably, the PSCs employing TrxS-2MeOTAD exhibited PCEs over 18% in all 

conditions, with an average slightly lower when the concentration was set at 50 mM. 

30 mM and 40 mM marked similar performance in general, however 40 mM was 

selected as the optimum concentration due to the highest average and narrowest 

distribution obtained. 

 

Table 5.5 PCE comparison with varying HTM concentration (over 15 cells for each condition). 

Concentration Mean PCE (%) Standard deviation Maximum PCE (%) 

30 mM 16.5 1.1 18.3 

40 mM 16.9 0.9 18.1 

50 mM 15.0 1.5 17.8 
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5.2.5.2  Amount of dopants 

Secondly, different molar ratios of LiTFSI to 40 mM TrxS-2MeOTAD were explored. 

The commonly adopted ratio of HTM/LiTFSI/tBP is 1:0.55:3.3 (mol/mol).27 Here, this 

was varied as 1:x:3.3 (mol/mol), with x ranging from 0 to 0.55. The photovoltaic 

performance of the tested conditions are summarised in Figure 5.12 and Table 5.6.  

 

Figure 5.12 Statistical performance of PSCs with TrxS-2MeOTAD HTM spin-coated from 40 mM 

solutions, with a varied ratio of HTM/LiTFSI. The HTM/LiTFSI molar ratio was set as 1:x, where 

x was varied from 0 to 0.55. The HTM/tBP ratio was fixed to 1:3.3 (mol/mol) for all conditions. In 

the figure, the HTM/LiTFSI ratio of 1:x is denoted as “Li x.” 

The HTM/LiTFSI ratio had a small effect on the device performance when varied from 

1:0.55 to 1:0.22, with a larger amount of LiTFSI showing slightly higher average 

performance. This encouraged us to fabricate a PSC without any LiTFSI at all, 

however the performance dropped to nearly zero with a very weak photocurrent ~1 

mA·cm-2.  
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Table 5.6 PCE comparison with varying HTM/LiTFSI ratio (more than 17 cells for Li 0.55, Li 

0.44 and Li 0.22, and 7 cells for Li 0). 

Condition Mean PCE (%) Standard deviation Maximum PCE (%) 

Li 0.55 15.9 1.4 18.9 

Li 0.44 15.5 0.6 16.2 

Li 0.22 14.9 2.5 17.9 

Li 0 0.06 0.03 0.11 

 

For the PSC with HTM/LiTFSI/tBP ratio = 1:0:3.3, the tBP may have contributed to 

the poor photocurrent, as the tBP is known to shift the n-oxide conduction band edge 

to higher energies and slow the electron transport.28 This will lead to low photocurrent. 

The tBP is best to be used in combination with LiTFSI.27 Dopant-free PSCs 

(HTM/LiTFSI/tBP = 1:0:0 (mol/mol)) from a 40 mM TrxS-2MeOTAD spin-coating 

solution were therefore tested. The forward and reverse J-V curves of the best 

performing cell fabricated with these conditions are shown in Figure 5.13 and the 

values are summarised in Table 5.7. 

 

Figure 5.13 J-V curves of the best dopant-free PSC using TrxS-2MeOTAD as HTM. The 

performance dramatically increased from 4.55% (black) to 7.71% (red) upon light soaking for 15 

min. fwd: Forward scan. rev: Reverse scan. 
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Table 5.7 Photovoltaic properties of the dopant-free TrxS-2MeOTAD PSC before and after light 

soaking. 

Condition JSC /mA cm-2 VOC /V ff PCE (%) 

Before Forward 21.93 0.792 0.224 3.89 

Reverse 21.68 0.798 0.263 4.55 

After Forward 21.47 0.873 0.412 7.71 

 Reverse 21.40 0.874 0.410 7.67 

 

The performance of the cell, in particular the fill factor, dramatically improved after 

15 min of light soaking. The resulting PCE improved from 4.55% to 7.71%, which is 

clearly higher than the performance reached by the PSC doped with tBP without 

LiTFSI. Nevertheless, the performance of the dopant-free TrxS-2MeOTAD PSC is 

significantly lower than that of the PSCs using both LiTFSI and tBP. The results 

indicate that the hole mobility of TrxS-2MeOTAD is not sufficient to be used dopant-

free, at least by the present fabrication method. The TrxS-2MeOTAD may possibility 

be used as an efficient dopant-free HTM in inverted p-i-n PSCs where the layer can be 

annealed for improved crystal packing without damaging the perovskite. For instance, 

Huang et al. reported remarkable PCE over 18% for a dopant-free Trx3C-based HTM 

in p-i-n PSCs, where the HTM layer was annealed at 150 oC for 10 min after the 

deposition of the HTM to enhance the hole mobility.6 The same heating procedure was 

applied to our n-i-p cells with 40 mM TrxS-2MeOTAD and HTM/LiTFSI/tBP = 

1:0.55:3.3, only to result in a lower performance (maximum 13% PCE) which is 

apparently due to the degradation of the perovskite layer. 

 

Following the discussions above, the best optimised TrxS-2MeOTAD PSC (40 mM 

HTM, HTM/LiTFSI/tBP = 1:0.55:3.3 (mol/mol)) and Spiro-MeOTAD PSC in this 

study are compared as in Table 5.8. The corresponding J-V curves are shown in Figure 

5.14 along with the incident photon-to-current efficiency (IPCE) spectra. The best 

TrxS-2MeOTAD PSC exhibited 18.9% PCE, nearing Spiro-MeOTAD with 19.3% 

PCE.  
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Table 5.8 PSCs with best performance for TrxS-2MeOTAD and Spiro-MeOTAD.  

 HTM JSC /mA cm-2 VOC /V ff PCE (%) 

TrxS-2MeOTAD Forward 24.0 1.07 0.66 16.9 

 Reverse 23.8 1.08 0.73 18.9 

Spiro-MeOTAD Forward 24.8 1.03 0.66 16.8 

 Reverse 24.3 1.04 0.76 19.3 

 

 

Figure 5.14 (a) J-V curve of the TrxS-2MeOTAD PSC achieving the highest performance in this 

study, shown alongside the J-V curve of the best performing PSC using Spiro-MeOTAD as the 

HTM. (b) The corresponding IPCE curves. 

Interestingly, the JSC, VOC, ff and hysteresis of the best TrxS-2MeOTAD were all very 

similar to the Spiro-MeOTAD PSC. It is seen from Figure 5.14(a) that the JSC is 

slightly higher for the Spiro-MeOTAD and the VOC is slightly higher for the TrxS-

2MeOTAD. The IPCE spectra in Figure 5.14(b) indicates that the light-to-electricity 

conversion is also similar for the whole spectral absorption range. The integrated JSC 

derived from the IPCE spectra was 22.6 mA·cm-2 for TrxS-2MeOTAD and 22.3 

mA·cm-2 for Spiro-MeOTAD, which are sufficiently close to the values obtained by 

the J-V measurements. Overall, the results confirm that the TrxS-2MeOTAD works as 

efficiently as the Spiro-MeOTAD as an HTM in n-i-p PSCs.  
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 Structural properties of TrxS-2MeOTAD PSCs 

Figure 5.15 are the PXRD patterns of the optimised PSCs incorporating TrxS-

2MeOTAD or Spiro-MeOTAD as the HTM. Both patterns only show peaks associated 

with the perovskite or FTO substrate, which indicates that the HTM layers are 

amorphous in the PSC. This is consistent with the PXRD pattern of the TrxS-

2MeOTAD film coated on a microscope glass slide (Figure 5.10). 

 

Figure 5.15 PXRD pattern of complete PSCs with TrxS-2MeOTAD or Spiro-MeOTAD HTM. 

The area without gold and silver-alloy electrodes is detected. The commonly discussed peaks for 

the perovskite are marked as “pero(miller index).” The other peaks associated to the perovskite 

are marked as “pero.” The asterisks (*) indicate the FTO substrate. 

SEM images of the cross-section of the PSCs employing TrxS-2MeOTAD and Spiro-

MeOTAD are shown in Figure 5.16. A uniform layer and smooth interface with the 

perovskite and gold are observed for both HTMs. No grain boundaries are seen in 

either of the samples, indicating again that the layers are amorphous.  
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Figure 5.16 Cross-section SEM image of a complete PSC with (a) TrxS-2MeOTAD and (b) Spiro-

MeOTAD as HTM. The scale bar is 1000 nm. 

The thickness of the HTM layers can be estimated from the SEM images as ca. 100 

nm for TrxS-2MeOTAD and ca. 140 nm for Spiro-MeOTAD. The reduced thickness 

of TrxS-2MeOTAD is probably due to the concentration of the HTM used in the spin-

coating solution, which was 40 mM for TrxS-2MeOTAD and 60 mM for Spiro-

MeOTAD.  

 

 Hole mobility analysis of TrxS-2MeOTAD 

The space-charge limited current (SCLC) was measured for hole-only devices to 

assess the hole mobility of TrxS-2MeOTAD. A hole only device with the structure 

<ITO / PEDOT:PSS / HTM / Au> was tested and compared with a similar device using 

Spiro-MeOTAD as the HTM. Both HTMs were doped with the optimised ratio of 

dopants for each. The J-V curves that were used to derive the hole mobility are shown 

in Figure 5.17. The slope of J 0.5 vs. V (denoted as C0.5) was used to derive the hole 

mobility μ from the following relation (see Chapter 2 for details): 

𝐽 [mA ∙ cm−2] =  (
9

8
 𝜀𝜀0𝜇 ∙

1

𝑑3
) 𝑉2 = C𝑉2 , (Equation 5.1 ) 

where ε is the dielectric constant which is assumed as 3 (a typical number for most 

organic semiconductors),29 ε0 is the permittivity of free space (8.854·10-12 [F·m-1]), µ 

is the hole mobility [cm2·V-1·s-1], d is the thickness of the HTM layer [nm], and V is 

the applied voltage [V].  

(a) TrxS-2MeOTAD (b) Spiro-MeOTAD 
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Figure 5.17 J 0.5-V curves used to derive the hole mobility from SCLC measurements. 

The slope in the linear regions in Figure 5.17 was derived as 11.82 for Spiro-

MeOTAD and 10.27 for TrxS-2MeOTAD. This results in a hole mobility of 1.28 10-3 

[cm2 V-1 s-1] for Spiro-MeOTAD and 3.53 10-4 [cm2 V-1 s-1] for TrxS-2MeOTAD. The 

mobility of doped TrxS-MeOTAD turned out to be ~3 times lower than doped Spiro-

MeOTAD, but is in a sufficient range to achieve high performance in PSCs. 

 

 Photoluminescence quenching  

The steady-state and time-resolved PL were measured for a device structure of <Glass 

/ Perovskite / HTM> for TrxS-2MeOTAD and Spiro-MeOTAD. The results are shown 

in Figure 5.18. Both steady-state and time-resolved measurements confirm that the 

TrxS-2MeOTAD sufficiently quenches the PL of the perovskite by efficient hole 

extraction. The EQE of the <Glass / Perovskite> derived from the steady-state PL was 

1.1%, whereas the EQE of <Glass / Perovskite / TrxS-2MeOTAD> and <Glass / 

Perovskite / Spiro-MeOTAD> were both approximately zero.  
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Figure 5.18 (a) Steady-state photoluminescence spectra of Spiro-MeOTAD/perovskite and TrxS-

2MeOTAD/perovskite films. (b) The corresponding time-resolved photoluminescence (TRPL) 

decay curves. 

The TRPL decay curves were interpreted as being composed of short-lived species and 

long-lived species. They were fitted with a double exponential equation: 

𝑦 =  A𝑒
(
−𝑥1
𝜏1

)
+ B𝑒

(
−𝑥2
𝜏2

)
 , (Equation 5.2 ) 

where A and B are constants, x1 and x2 are the time variables and τ1 and τ2 are the 

charge carrier lifetimes. The constants from the fittings are summarised in Table 5.9. 

The short-lived species in the perovskite-only film have a lifetime of 3.6 s, where the 

long-lived species linger for more than 200 s. When Spiro-MeOTAD is deposited on 

the perovskite, both short-lived and long-lived species are immediately quenched, 

making it impossible to derive a meaningful lifetime value (the decay times are shorter 

than the IRF). For the TrxS-2MeOTAD, the short-lived species are immediately 

quenched, whereas the long-lived species appear to reside for a few seconds longer 

than for the case of Spiro-MeOTAD. Nonetheless, the negligible differences confirm 

that both TrxS-2MeOTAD and Spiro-MeOTAD are highly efficient hole extractors. 
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Table 5.9 Fitted constants from the TRPL measurements.  

Condition A τ1 /s B τ2 /s 

Perovskite 1.32 3.58 0.088 214 

Pero/Spiro-MeOTAD 1.90 0.50 0.21 2.97 

Pero/TrxS-2MeOTAD 1.65 0.84 0.038 13.2 

IRF 1.77 1.56 0.082 10.7 

IRF: Instrument response function. Perovskite = <Glass/perovskite>. Pero/Spiro-MeOTAD = 

<Glass/perovskite/Spiro-MeOTAD>. Pero/TrxS-2MeOTAD = <Glass/perovskite/TrxS-

2MeOTAD>. 

 

 Stability of TrxS-2MeOTAD PSC 

The operational stability of the PSC is equally important to the performance itself. 

Figure 5.19 compares the performance of PSCs using TrxS-2MeOTAD and Spiro-

MeOTAD as HTM, tracked under constant illumination at 1 sun for an hour (Stability 

assessment protocol ISOS-L-1).30 The device was held at a constant voltage at the 

initial maximum power point and the photocurrent was constantly recorded. The PCE 

was derived by multiplying the recorded current density with the fixed voltage. Figure 

5.19(a) shows that both Spiro-MeOTAD and TrxS-2MeOTAD PSCs maintained a 

constant power output for the first 300 s. The PCE at this point was taken as the 

“initial” PCE in Figure 5.X(b).  Figure 5.X(b) indicates that the TrxS-2MeOTAD PSC 

has a longer lifetime than the Spiro-MeOTAD PSC. The linear fitting was y = 1 – 6.79 

× 10-5 x for Spiro-MeOTAD and y = 1 – 4.63 × 10-5 x for TrxS-2MeOTAD, where y is 

the relative PCE (%) and x is the time [s]. The fitting for TrxS-MeOTAD results in an 

operational lifetime of T80 = 4320 s (time until 20% PCE drop), which is ca. 1.5-times 

longer compared to the Spiro-MeOTAD PSC at T80 = 2946 s. The higher operational 

stability of TrxS-2MeOTAD could be attributed to the properties of the HTM itself, or 

to the lower amount of LiTFSI contained in the corresponding PSC (as demonstrated 

by the lower concentration of the HTM in the spin-coating solution and the thinner 

film observed by SEM). Further insights on photostability could be gained if the 
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devices were measured in an inert environment where there is no influence of 

atmospheric moisture. Overall, The TrxS-MeOTAD has been demonstrated to display 

relatively high stability in addition to the excellent performance in PSCs. Furthermore, 

the stability of the PSCs is likely to be enhanced with proper encapsulation. 

 

Figure 5.19 Operational stability of TrxS-2MeOTAD compared with Spiro-MeOTAD (ISOS-L-

1). The cells were held at a constant voltage, at the initial maximum power point and the current 

density was recorded under constant illumination at 1 sun until the current (and calculated 

efficiency) dropped to 80% of the initial value.  

5.3 Conclusions 

In summary, a novel organic small molecule TrxS-2MeOTAD with a monothiatruxene 

core was successfully synthesised and its basic properties were investigated. The 

electrochemical, optical, structural and thermal properties were found to be suitable 

for an HTM in n-i-p PSCs. The TrxS-2MeOTAD showed higher thermal stability 

compared to the Spiro-MeOTAD, with a stable amorphous nature when deposited as 

films. The TrxS-2MeOTAD displayed similar photovoltaic performance to Spiro-

MeOTAD in regular planar PSCs when doped with common dopants LiTFSI and tBP. 

Hole mobility and PL decay analyses confirmed that the material works as an efficient 

hole extractor and transporter. Finally, the operational stability of the PSC using TrxS-

2MeOTAD was demonstrated to be higher than that using Spiro-MeOTAD. These 

results all together indicate that TrxS based HTMs can be a promising direction for the 

development of alternative HTMs. In addition, the close crystal packing and high 
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orientation observed in the crystalline form provokes interest in testing these materials 

as HTMs in inverted planar PSCs.  

 

5.4 Experimental 

 Materials preparation 

Reagents for the synthesis of the HTM were purchased from UK suppliers including 

Merck UK, Fluorochem, Fisher Scientific and VWR. Reagents for the device 

fabrication were purchased from Japanese suppliers including TCI, Wako, Kanto and 

Merck Japan. All purchased reagents used without further purification. 

 

 Synthesis of TrxS-2MeOTAD HTM 

5.4.2.1  Synthesis of 1,3,5-tris-2’-bromophenylbenzene [1]  

1,3,5-tris-2’-bromophenylbenzene was synthesised following the literature 

procedure.31 SiCl4 (33.0 g, 22.3 mL) was quickly injected to 2’-bromoacetophenone 

(12.9 g, 8.7 mL) in anhydrous ethanol (100 mL) at 0 oC under N2. The resulting red 

solution was stirred at room temperature overnight under N2. The mixture was 

quenched with water (250 mL) and the yellow precipitate was filtered off, washed with 

water, and  arbazole ized from hot ethanol. Drying in vacuum gave the product as a 

pale yellow solid (8.34 g, 71.2% yield). 

1H NMR (500 MHz, CDCl3): δ 7.69 (dd, J = 8.0, 1.2 Hz, 3H), 7.50 (s, 3H), 7.46 (dd, 

J = 7.6, 1.7 Hz, 3H), 7.38 (td, J = 7.5, 1.3 Hz, 3H), 7.22 (ddd, J = 8.0, 7.3, 1.8 Hz, 3H). 

5.4.2.2  Synthesis of 1,3-bis(2-bromophenyl)-5-(2-

thiomethylphenyl)benzene [2] 

Compound [1] (5.00 g, 9.21 mmol) was dissolved in dry tetrahydrofuran (30 mL) 

under N2. n-butyl lithium solution (2.5 M in hexanes, 3.84 mL, 9.60 mmol) was added 

dropwise at -78 oC. After 1h at this temperature, dimethyl disulphide (0.85 mL, 9.60 

mmol) in 3.0 mL tetrahydrofuran was added, and the reaction was brought to r.t. and 

stirred overnight. Then it was quenched with saturated NH4Cl and extracted with ethyl 
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acetate. The organic layer is dried over MgSO4 and filtered. The filtrate is evaporated 

to give a yellow brown oil (5.10 g). The crude product was used for the next reaction. 

1H NMR (500 MHz, CDCl3): δ 7.72 – 7.66 (m, 2H), 7.56 – 7.42 (m, 5H), 7.35 (ddddd, 

J = 11.8, 9.9, 6.5, 5.0, 3.3 Hz, 5H), 7.21 (qt, J = 7.5, 2.3 Hz, 3H), 2.40 (d, J = 6.8 Hz, 

3H). 

5.4.2.3  Synthesis of 1,3-bis(2-bromophenyl)-5-(2-

oxythiomethylphenyl)benzene [3] 

Crude compound [2] (5.10 g) was stirred vigorously in dichloromethane (2 mL), in 

which glacial acetic acid (30 mL) and H2O2 (30%, 1.4 mL) were added at room 

temperature. The reaction was stirred at r.t. overnight until the solution became clearer. 

The reaction was quenched with water and extracted with dichloromethane. The 

organic layer was washed with saturated Na2CO3 to remove the acid and was dried 

over MgSO4. The solvent was removed by a rotary evaporator to give a light yellow 

foamy solid. Flash column chromatography of the crude product with hexane/acetone 

(5:1, v/v) yielded the product as a white foamy solid (3.25 g, 67.1% yield). 

1H NMR (500 MHz, CDCl3): δ 8.18 – 8.12 (m, 1H), 7.72 – 7.37 (m, 12H), 7.25 – 7.21 

(m, 2H), 2.49 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 144.30, 142.43, 141.87, 141.66, 141.64, 140.14, 

139.16, 138.92, 138.28, 137.55, 133.40, 131.45, 131.36, 130.92, 130.88, 130.60, 

130.56, 130.44, 129.42, 129.40, 129.13, 129.05, 128.20, 128.06, 127.71, 127.41, 

127.38, 127.19, 123.67, 123.64, 122.71, 41.90, 41.77, 31.73, 22.80, 14.26. 

MS (ESI): m/z (%) = Found: 524.95100 (found), calculated for C25H19Br2OS (M+1H) 

= 524.95179.  

5.4.2.4  Synthesis of 1,3-bis(2-bromophenyl)-dibenzothiophene [4] 

Compound [3] (3.07 g) was added in portions to stirred conc. H2SO4 15 mL, in a one-

neck round-bottom flask with a CaCl2 guard tube at 0-5 oC. After stirring at r.t for 1 h, 

the reaction was poured on ice-cold water (200 mL) and neutralised with K2CO3 aq. 

(pH 8). Then it was extracted with ethyl acetate and the organic layer was dried over 

Na2SO4, filtered and dried on a rotary evaporator to give a pale pink foamy solid. Flash 
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column chromatography with hexane/ethyl acetate (30:1, v/v) gave the product as a 

white foamy solid (~2.39 g, 82.9% yield). 

1H NMR (500 MHz, CDCl3): δ 8.23 (d, J = 1.7 Hz, 1H), 8.22 – 8.17 (m, 1H), 7.84 – 

7.71 (m, 3H), 7.60 – 7.39 (m, 7H), 7.33 (ddd, J = 8.0, 7.4, 1.7 Hz, 1H), 7.25 (ddd, J = 

8.1, 7.4, 1.8 Hz, 1H). 

13C NMR (126 MHz, CDCl3): δ 142.34, 141.08, 140.87, 140.22, 139.24, 138.23, 

137.83, 135.93, 135.79, 135.69, 133.44, 133.40, 131.81, 131.18, 129.97, 129.30, 

129.19, 129.08, 128.99, 128.49, 127.71, 127.64, 127.61, 127.55, 127.33, 127.12, 

124.68, 123.41, 123.13, 122.98, 122.05, 121.86, 119.50, 60.54, 21.20, 14.36. 

5.4.2.5  Synthesis of 1,3-bis(2-diethylhydroxymethylphenyl)-

dibenzothiophene [5] 

To a solution of compound [4] (1.00 g) in dry tetrahydrofuran (6 mL) under N2, n-

butyllithium solution (2.5 M in hexanes, 1.7 mL) was dropwise added at -78 oC. After 

30 min at this temperature, 1.5 mL 3-pentanone/dry tetrahydrofuran (9:20, v/v) was 

injected. The reaction was slowly brought to r.t. and stirred overnight. Then it was 

quenched with saturated NH4Cl aq. and extracted with ethyl acetate. The organic layer 

was dried over MgSO4 and dried over a rotary evaporator to give a clear yellowish oil. 

Flash column chromatography with petroleum ether/ethyl acetate (10:1, v/v) yielded 

the product as a foamy white solid (0.490 g, 47.6% yield). 

1H NMR (500 MHz, CDCl3) δ 8.14 – 8.06 (m, 1H), 7.95 (s, 1H), 7.81 – 7.75 (m, 1H), 

7.44 (t, J = 4.8 Hz, 2H), 7.44 – 7.36 (m, 4H), 7.34 – 7.20 (m, 4H), 7.18 (d, J = 7.4 Hz, 

1H), 2.03 – 1.92 (m, 2H), 1.89 – 1.75 (m, 1H), 1.77 – 1.71 (m, 1H), 1.61 – 1.48 (m, 

1H), 1.39 – 1.24 (m, 1H), 1.21 (s, 1H), 1.15 (d, J = 12.3 Hz, 1H), 0.97 – 0.74 (m, 12H). 

13C NMR (126 MHz, CDCl3) 
13C NMR (126 MHz, CDCl3) δ 144.43, 140.62, 138.72, 

138.48, 135.94, 132.58, 132.19, 128.08, 127.89, 127.45, 126.82, 126.27, 125.59, 

124.47, 122.97, 121.97, 119.65, 80.25, 79.89, 40.99, 36.51, 36.13, 36.05, 35.54, 35.08, 

33.98, 29.85, 28.58, 23.97, 20.93, 17.63, 17.44, 14.79, 8.64, 8.47, 8.35, 8.06. 

MS (ESI+): m/z (%) = 531.23180 (found), 531.23282 (calculated for C34H36O2NaS (M 

+ 23Na)). 
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5.4.2.6  Synthesis of monothiatruxene (TrxS) [6] 

Compound [5] (0.38 g, 0.75 mmol) was dissolved in dichloromethane (8 mL) at r.t., 

where BF3Et2O (0.3 mL, 2.4 mmol) was injected and stirred for 30 min. The reaction 

was quenched with methanol, concentrated on a rotary evaporator, and filtered and 

washed with methanol to give the product as a white solid (0.250 g, 70.8% yield). 

1H NMR (500 MHz, CDCl3): δ 8.95 – 8.89 (m, 1H), 8.35 (dd, J = 7.1, 1.6 Hz, 1H), 

8.17 (dt, J = 7.5, 0.9 Hz, 1H), 8.05 – 8.00 (m, 1H), 7.55 (ddd, J = 8.3, 7.1, 1.5 Hz, 1H), 

7.55 – 7.47 (m, 4H), 7.47 – 7.37 (m, 3H), 3.12 (dq, J = 14.4, 7.2 Hz, 2H), 2.98 (dq, J 

= 14.5, 7.3 Hz, 2H), 2.33 – 2.22 (m, 4H), 0.24 (q, J = 7.2 Hz, 12H). 

13C NMR (126 MHz, CDCl3): δ 152.24, 152.08, 146.03, 142.64, 140.96, 140.72, 

140.48, 137.72, 135.97, 134.57, 133.00, 132.83, 127.20, 127.15, 127.11, 126.74, 

126.56, 125.93, 124.20, 124.02, 123.32, 122.47, 122.17, 121.79, 58.93, 57.93, 29.95, 

29.86, 29.65, 8.94, 8.89. 

MS (ESI+): m/z (%) = 651.03220 (found), 651.03272 (calculated for C34H30Br2NaS 

(M + 23Na)). 

5.4.2.7  Synthesis of dibromo-monothiatruxene [7] 

Compound [6] (TrxS) (0.250g, 0.53 mmol) in dichloromethane (10 mL) was cooled to 

0oC. Br2 (0.1 mL, 0.8 mmol) was added and slowly brought to r.t. After overnight 

stirring the reaction was quenched by sodium thiosulfate aq. After extraction with 

dichloromethane and dried over sodium sulfate, the solvent was evaporated to give the 

product as a pale yellow solid (0.330 g, 99.0%). 

1H NMR (500 MHz, CDCl3) δ 8.88 (dd, J = 8.0, 1.4 Hz, 1H), 8.17 (d, J = 8.4 Hz, 1H), 

8.05 – 7.95 (m, 2H), 7.67 – 7.49 (m, 6H), 3.12 (dq, J = 14.4, 7.3 Hz, 2H), 2.89 (dq, J 

= 14.5, 7.3 Hz, 2H), 2.24 (dp, J = 14.6, 7.3 Hz, 4H), 1.55 (s, 1H), 1.26 (s, 1H), 0.25 

(td, J = 7.4, 4.9 Hz, 12H). 

13C NMR (126 MHz, CDCl3) δ 154.60, 154.18, 146.10, 142.15, 140.28, 139.76, 

139.44, 136.62, 135.18, 134.20, 133.47, 132.98, 130.37, 129.98, 129.83, 129.16, 

127.14, 126.28, 125.77, 125.68, 125.59, 125.21, 124.48, 123.40, 123.14, 121.48, 

121.15, 77.41, 77.16, 76.91, 59.28, 59.18, 58.32, 53.56, 29.92, 29.54, 8.91, 8.87. 
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MS (ESI+): m/z (%) = 651.03220 (found), 651.03272 (calculated for C34H30Br2NaS 

(M + 23Na)). 

Elemental analysis (%): C 59.63, H 4.92, N 0 (found), C 64.77, H 4.80, N 0 

(calculated). 

5.4.2.8  Synthesis of 4,9-bis(N,N-di-4-methoxyphenylamino)-6,11-bis(N-

diethyl)monothiatruxene (TrxS-2MeOTAD) [8] 

Compound [7] (0.376g, 0.60 mmol), 4,4’-dimethoxydiphenylamine (0.411 g, 1.8 

mmol), Tris(dibenzylideneacetone)dipalladium(0) (0.0167 g, 0.018 mmol) and sodium 

tert-butoxide (0.355 g, 2.7 mmol) in an oven dried Schlenk tube was dried under 

vacuum for 30 min. Upon addition of tri-tert-butylphosphine solution (1 M in toluene, 

0.14 mL, 0.14 mmol) and dry toluene (10 mL), the mixture was freeze-pump-thawed 

three times followed by stirring at 110oC for 20 h under N2. The reaction was quenched 

with dichloromethane and filtered through a silica plug before being extracted with 

brine aq., dried over MgSO4, and concentrated on a rotary evaporator to result in a 

brown oil. Flash column chromatography with petroleum ether/ethyl acetate (5:1, v/v) 

gave the product as a yellow solid, which was further recrystallised from 

dichloromethane/hot ethanol to yield the final product as a pale yellow solid (0.302 g, 

54.6% yield). ~20 mg of 4,4’-dimethoxydiphenylamine was recovered from the first 

fraction of the column chromatography. 

1H NMR (500 MHz, CD2Cl2): δ 8.86 – 8.81 (m, 1H), 8.08 – 7.97 (m, 2H), 7.91 (d, J = 

8.4 Hz, 1H), 7.56 – 7.45 (m, 2H), 7.11 (d, J = 6.6 Hz, 10H), 7.03 (s, 1H), 6.92 – 6.83 

(m, 9H), 3.81 (d, J = 1.2 Hz, 12H), 3.01 (dq, J = 14.3, 7.2 Hz, 2H), 2.81 (dq, J = 14.4, 

7.3 Hz, 2H), 2.12 – 1.97 (m, 4H), 1.53 (s, 2H), 0.28 (dt, J = 9.5, 7.3 Hz, 12H). 

13C NMR (126 MHz, CD2Cl2) δ 140.62, 134.91, 127.50, 126.07, 124.39, 123.52, 

115.06, 58.92, 55.87, 29.94, 29.84, 9.01, 8.98. 

MS (ESI+): m/z (%) = 926.41270 (found), 926.41118 (calculated for C62H58N2O4S. 

Elemental analysis (%): C 80.31, H 6.31, N 3.02 (expected), C 79.27, H 6.36, N 2.91 

(found). 
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 Computational calculations 

Density functional theory (DFT) based computational calculations were performed on 

a Gaussian09 package,32 run on the Edinburgh Data and Compute Facility (ECDF) 

Linux compute cluster, Eddie.33 The calculations were processed with 8 processors 

and with 8 to 16 GB memory, depending on the molecule size and surrounding 

medium (solvent or vacuum). The calculations were based on the hybrid B3LYP 

functional with 6-311G(d) basis set for elements H, C, O, S and N. Solution phase 

calculations were performed following the same procedure as the gas phase 

calculations, where dichloromethane was set as the solvent. For the detailed 

calculation protocol, see Chapter 2. The geometry of the molecule was roughly 

optimised on the Avogadro software prior to the calculations on Gaussian.34,35 The 

computed HOMO and LUMO energy levels and molecular orbital mapping were 

finally displayed on Avogadro.  

 

 Cyclic voltammetry 

A three-electrode, single compartment cell was used as described in Chapter 2. The 

analyte was dissolved in 0.1M tetrabutylammonium hexafluorophosphate (TBAPF6) 

in anhydrous dichloromethane. The working electrode was a Pt disc and the counter 

electrode was a Pt wire. The reference electrode was Ag/AgCl. The cyclic voltammetry 

(CV) scans were recorded on an Autolab potentiostat (Metrohm) with GPES software 

with scan rates from 0.05 V·s-1 to 0.7 V·s-1. Square wave voltammetry (SWV) was 

performed at a scan rate of 0.05 V·s-1. The potential vs. Ag/AgCl was calibrated with 

ferrocene after the measurement to derive the potential vs. normal hydrogen electrode 

(NHE). 

 

 Fabrication of perovskite solar cells 

The perovskite solar cells in this study were planar-type, with an architecture of 

FTO/c-TiO2/c-SiO2/(Cs0.04FA0.80MA0.16)Pb(I0.95Br0.05)3 perovskite/HTM/Au, where c-

TiO2 = compact TiO2, c-SiO2 = compact SnO2, FA = formamidinium and MA = methyl 

ammonium. 
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Photoanodes. Fluorine-doped tin oxide (FTO) conductive glass (Peccell, 11 Ω/sq) was 

cut into 2.5 cm × 2.5 cm square pieces and cleaned by sonication in a 2% aqueous 

detergent solution (Hellmanex, Hellma), acetone, and then isopropanol for 20-30 min 

each.  The substrates were dried with nitrogen flow and treated by UV/O3 for 10 min. 

Titanium diisopropoxide bis(acetylacetonate) solution (commercial solution of 75 

wt.% in isopropanol, mixed with anhydrous isopropanol at 1:9, v/v) was spin-coated 

on the substrates at 3000 rpm for 25 s, followed by drying at 100 oC for 1 min and 

further annealing at 500 oC for 30 min on a hotplate in ambient air. SnO2 solution 

(commercial solution of 15 wt.% in H2O, mixed with deionised water at 1:7, v/v) was 

spin-coated on the films pre-treated with UV/O3 for 10 min at 5000 rpm for 25 s 

followed by drying at 160 oC for 15 min on a hotplate. After UV/O3 treatment of the 

films for 2 min, the perovskite solution was spin-coated at 3000 rpm for 10 s followed 

by 5000 rpm 20 s, where 160 µL chlorobenzene was gently added at 8-10 s once 5000 

rpm was reached. The perovskite solution consisted of methyl ammonium bromide 

0.250 M, formamidinium iodide 1.25 M, PbI2 1.56 M and CsI 0.075 M (from 1.5 M 

CsI/DMSO stock solution) in dimethylformamide/dimethyl sulfoxide (3:1, v/v). After 

annealing at 110 oC for 15 min on a hotplate, the films were set aside to cool to r.t.. 

before the deposition of the HTM. The HTM solution was spin-coated typically at 

3000 rpm for 30 s, where the solution was dynamically deposited during the 

acceleration of 5 s. The films were left to oxidise at this stage (only if necessary) for a 

couple of hours in ambient air. Finally, ~50 nm of gold was deposited as the cathode 

by thermal evaporation in a vacuum chamber (SVC-700TM SG, Sanyu Electron) and 

a silver alloy (Cerasolzer Eco #155, Kuroda Techno) was applied to the anode after 

the redundant parts of the film were scraped off. 
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Figure 5.20 Deposition profile of (a) perovskite layer and (b) hole transport layer. 

 Fabrication of devices for SCLC and optical measurements 

For the space charge limiting current (SCLC) measurement, the device structure was 

ITO/PEDOT:PSS/HTM/Au or ITO/PEDOT:PSS/perovskite/HTM/Au, where ITO 

glass = indium tin oxide conductive glass and PEDOT:PSS = poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate. ITO glass (Flat ITO, Geomatec, 10 

Ω/sq) was cleaned by sonication in isopropanol/water (3:1, v/v) and acetone for 15 

min each. After UV/O3 treatment of the substrates for 10 min, PEDOT:PSS solution 

(commercial solution of 1.5 wt.% in H2O, AI 4083, Ossila) was spin-coated at 5000 

rpm for 35 s. The films were subsequently dried at 150 oC for 15 min on a hotplate. 

The HTM and perovskite layers were coated without prior treatment with UV/O3. 

UV/Vis and steady-state PL profiles of the TrxS-2MeOTAD were recorded from a 

2.5·10-5 M solution in dichloromethane as well as a thin-film on quartz glass substrate 

spin-coated from a 60 mM anhyd. chlorobenzene solution at 3000 rpm for 25 s. 

Devices for steady-state PL and TRPL had the architecture of glass/perovskite or 

glass/perovskite/HTM. The perovskite and HTM layers were deposited following the 

procedure described in section 5.3.3.  

 

 Solar cell characterisation 

Photocurrent density-voltage (J-V) curves were recorded with a 2400 SourceMeter 

(Keithley) equipped with a class A solar simulator (PEC-L01, Peccell) as light source. 
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The light intensity was calibrated to AM1.5G, 100 mW·cm-2 using a reference silicon 

photodiode. The J-V scans were run with a step voltage of 0.01 V and settling time of 

0.1 s, giving a scan rate of 0.1 V·s-1. The solar cells were masked with an aperture of 

0.090 cm2. SCLC was measured in a similar way, with a voltage applied in the range 

of -0.5 V to 4.0 V. Incident photon-to-current conversion efficiency (IPCE) was 

recorded with a PEC-S20 system in DC mode. The incident light was calibrated with 

a reference silicon photodiode within the range of 350 nm to 900 nm.  

 

 Optical characterisation 

UV-Vis absorption was recorded on a UV-1800 (Shimadzu) spectrophotometer. The 

solution was placed in a quartz cell (d = 1 cm). The background was DCM for the 

solution measurement and a bare substrate for the film measurement. The PL data were 

recorded by Dr Ayumi Ishii. Steady-state PL measurements were performed on a 

Quantauras-QY Plus C13534 (Hamamatsu Photonics) spectrophotometer. The 

excitation wavelength was set at 390 nm. TRPL decays were recorded on a 

Quantauras-Tau C11367 (Hamamatsu Photonics) fluorescence lifetime spectrometer 

equipped with a C10196 (Hamamatsu Photonics) picosecond light pulser. A cut filter 

at 495 nm and neutral density filter were used. The emission peak was set at 780 nm. 

 

 Preparation and analysis of single crystals by SXRD 

The single crystals of TrxS-2Br and TrxS-2MeOTAD were grown by liquid/liquid 

diffusion and their structures were solved by Dr Gary Nichol in the School of 

Chemistry using the single-crystal X-ray diffraction (SXRD) technique. The 

procedures for each compound are described below. 

5.4.9.1  TrxS-2Br single crystal 

Single colourless plate crystals were recrystallised from a mixture of ethanol and 

dichloromethane by solvent layering. A suitable crystal (0.51 × 0.18 × 0.03) mm3 was 

selected and mounted on a MITIGEN holder in Paratone oil on a Rigaku Oxford 

Diffraction SuperNova diffractometer. The crystal was kept at 120.0 K during data 

collection. Using Olex2 as the graphical interface,36 the structure was solved with the 
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ShelXT 2018/2 solution programme using dual methods.37 The model was refined with 

ShelXL 2018/3using full matrix least squares minimisation on F2. 38 

5.4.9.2  TrxS-2MeOTAD single crystal 

Single colourless needle crystals were recrystallised from a mixture of ethanol and 

dichloromethane by solvent layering. A suitable crystal (0.08 × 0.05 × 0.01) mm3 was 

mounted on a MITIGEN holder in perfluoroether oil on a Diamond Light Source I-19 

EH1 diffractometer. The crystal was kept at T = 100.0 K during data collection. The 

structure was solved using Olex2 as the graphical interface and with the ShelXS 

solution programme using direct methods.39 The model was refined with ShelXL 

2018/3 using full matrix least squares minimisation on F2. 

 

 

 Structural analysis by PXRD and SEM  

X-ray powder diffraction (PXRD) was measured on a D8 Discover (Bruker) 

diffractometer, with CuKα radiation source at 40 kV and 50 mA. The samples were 

recorded with an increment of 0.02o per step. Scanning electron microscopy (SEM) 

images were taken by Dr Gyu M Kim on an FE-SEM SU8000 (Hitachi) microscope 

with an acceleration voltage of 10.0 kV. 

 

 Thermal analysis 

Thermogravimetric/differential thermal analysis (TG/DTA) and differential 

calorimetric analysis (DSC) were performed by the Science & Innovation Center 

analysis team of Mitsubishi Chemical Corporation Ltd. Japan. The sample was placed 

in an Al crucible, and was heated at a rate of 10.0 oC/min in N2 atmosphere. 
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Chapter 6 Copper iodide complex HTMs for 

PSCs 

6.0 Statement 

The author designed the experiments, synthesised the compounds, fabricated the 

devices, performed the measurements and analysed the data, unless otherwise 

specified. The compounds were synthesised in the School of Chemistry, University of 

Edinburgh, whereas the devices were fabricated and analysed in Professor Tsutomu 

Miyasaka’s group in Toin University of Yokohama, Japan, in the lab situated in RCAST, 

Tokyo University, Japan. CuIimi was synthesised and characterised by project student 

Weidi Wu under the supervision of Dr Michał Maciejczyk in the School of Chemistry, 

University of Edinburgh. Single crystals of CuIpy, CuIth, CuIath and CuIimi for 

SXRD were grown by Weidi Wu and the structures were solved and refined by Dr 

Gary Nichol in the School of Chemistry, University of Edinburgh. Mass spectrometry 

data were obtained by the mass spectrometry facility staff in the School of Chemistry, 

University of Edinburgh. Elemental analysis was performed by the London Metropolitan 

University Elemental Analysis team. The TG/DSC measurements were performed by 

Dr Gary Nichol. The conductivity of the compounds was measured by Sergejs 

Afanasjevs in the School of Engineering, University of Edinburgh. SEM images of the 

solar cells were taken by Dr Gyu M Kim in Toin University of Yokohama, Japan, 

using the equipment in RCAST. 

 

6.1 Overview of the chapter 

In Chapter 5, the organic small molecule HTM, TrxS-2MeOTAD, was shown to work 

as a comparably efficient hole transport material to Spiro-MeOTAD with higher 

stability. Nonetheless, the low conductivity of small molecules in general imposes the 

use of ionic dopants to achieve PCEs around 20%. In this context, inorganic HTMs 

such as CuSCN and CuI have been studied to aim for high efficiencies without the use 
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of dopants.1–7 In this chapter, we would like to propose a family of CuI complexes 

(denoted as CuILs, where L is the ligand) for dopant-free HTMs in PSCs. The idea of 

developing organic/inorganic hybrid HTMs is to combine the advantages of the 

previously studied organic and inorganic HTMs. CuILs HTMs are expected to be 

synthesised very easily, and to have appropriate energy levels, good stability and good 

intrinsic conductivity. Changing the ligands should allow fine tuning of the energy 

levels and photovoltaic properties. In fact, the light-emitting properties of CuILs such 

as copper iodide pyridine (CuIpy) have been studied and their derivatives have been 

explored for use in organic light-emitting diodes (OLEDs).8–12 There have been few 

studies on the use of CuI complexes as HTMs in PSCs. Ye et al. reported a novel 

Cu(thiourea)I complex as a highly efficient HTM in an inverted p-i-n PSC, exhibiting 

a PCE up to 19.9%.13 They spin-coated a hybrid solution of the HTM and perovskite 

precursor on top of which fullerene, bathocuproine and silver were thermally 

evaporated. There are no studies on CuILs in regular n-i-p structures to the best of our 

knowledge. Meanwhile, pure CuI has been studied by several groups as an HTM 

candidate in PSCs. The issues with depositing CuI include the rapid crystallisation of 

CuI that could lead to poor interfaces with the perovskite or cathode, and the poor 

compatibility with the perovskite of solvents that dissolve the CuI. This has led to 

various ways of depositing the CuI in PSCs. Sun et al. achieved 16.8% PCE by spin-

coating CuI from acetonitrile in a p-i-n device.2 The same procedure cannot be applied 

to the n-i-p architecture because the acetonitrile will dissolve the perovskite deposited 

prior to the HTM. Christians et al., the first group to demonstrate the use of CuI in 

PSCs in 2014, deposited the CuI from a binary solvent of chlorobenzene and di-n-

propyl sulphide (39:1, vol/vol) using a specifically designed syringe.3 Sulphides such 

as propyl sulphide or ethyl sulphide are common solvents added to chlorobenzene 

(standard solvent for Spiro-MeOTAD deposition) for the deposition of CuI or CuSCN, 

as these compounds do not sufficiently dissolve in pure chlorobenzene.7 The problem 

of sulphides is the strong and unpleasant odour, thus their use should be limited from 

health and safety aspects. Other reported deposition methods for n-i-p structures 

include solvent-free powder pressing and thermal deposition of Cu with excess methyl 

ammonium iodide to form a CuI layer.14,15 In this chapter, we will focus on regular 

planar n-i-p PSCs for the following reasons: 1) the fabrication does not require a 
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mesoporous layer, simplifying the overall procedure compared to the that of the 

mesoporous structure; 2] n-i-p structures are better studied and generally display 

higher efficiencies than p-i-n so it is worth finding a better approach to achieve 

efficient n-i-p cells with the new compounds. Four CuIL compounds, copper iodide 

pyridine (CuIpy), copper iodide thiazole (CuIth), copper iodide aminothiazole 

(CuIath) and copper iodide imidazole (CuIimi) were synthesised and studied along 

with the reference CuI. The ligands are low-cost and widely available, and in the solid 

state lead to intermolecular S…S and π-π contacts that may contribute to better charge 

conduction within the HTM. The compounds are fully characterised and their 

application in PSCs is studied. 

 

6.2 Results and discussion 

 Design and synthesis of CuILs 

The synthesis scheme of the CuILs studied in this chapter along with their molecular 

structures are depicted in Figure 6.1. Copper iodide pyridine (CuIpy) has been 

synthesised by several groups, the first being reported by Malik et al. in 1967.16 The 

procedure consists of mixing CuI and the ligand pyridine in a saturated KI aq. solution 

at r.t. The tetrameric crystal structure [CuI·py]4 was first reported by Schramm in 

1978.17 Variations of the CuIpy such as CuI(3,5-bis( arbazole-9-yl)pyridine) have 

been researched as light-emitting materials in organic light-emitting diodes.10,18,19 

There are no reports of CuIpy as a hole conductor to our knowledge.  A Spiro-

MeOTAD-like Cu pyridine based HTM was reported by Hua et al. to reach an 

efficiency of 18.8% when deposited together with doped Spiro-MeOTAD. CuIpy not 

only forms tetrameric [CuI·py]4 structures but also structures such as (CuI)2·py4 or 1D 

polymeric [CuI·py]x. The resulting structures depend on the synthesis conditions such 

as the solvent choice. 

Copper iodide thiazole (CuIth) has been barely studied. The only report we could find 

on CuIth dates back to 1978 by Karwecka et al.20 The authors of the paper have adopted 

a similar method to that reported previously by Malik et al.16 The crystal structure of 
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the compound was not resolved and no applications including HTMs have been 

reported up until now.  

To the best of our knowledge, there are no reports of copper iodide aminothiazole 

(CuIath), including no theoretical predictions. A theoretical study has been found for 

copper iodide imidazole (CuIimi) as well as copper chloride imidazole.21,22 No reports 

on the synthesis or characterization of CuIimi have been found.  

The materials synthesis, characterisation and solar cell studies in this chapter were 

performed by the author, with the following exceptions: CuIimi was synthesised and 

characterised by project student Weidi Wu under supervision by Dr Michal 

Maciejczyk. Single crystals of CuIpy, CuIth, CuIath and CuIimi for single-crystal X-

ray diffraction (SXRD) were grown by Weidi Wu and the structures were solved and 

refined by Dr Gary Nichol. Mass spectrometry data were obtained by the mass 

spectrometry facility staff in the University of Edinburgh. Conductivity measurements 

of the CuILs were performed by Sergejs Afanasjevs in the School of Engineering. 

SEM images of the solar cells were taken by Dr Gyu Min Kim in Toin University of 

Yokohama. All four CuILs (L = pyridine, thiazole, aminothiazole, imidazole) were 

synthesised based on the procedure proposed by Malik et al.16 

 

 

Figure 6.1 Synthesis scheme of the CuILs. 
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The synthesis is a quick and simple one-step apprach with a good yield. The resulting 

compounds are stable for more than a year, except for CuIimi, which turned purple 

once in contact with air. The commercial CuI powder was purified by active charcoal 

before synthesis with the ligands following a literature procedure.23 CuI is known to 

slowly discolour from white to brown under storage in ambient air. This is due to the 

decomposition reaction 2CuI + O2 → 2Cu(II)O + I2. The yield of the CuILs increased 

when this purification step was peformed.   

 

 Structural properties of CuILs 

The crystal structures of the CuILs were solved from single crystals as shown in 

Figure 6.2. Full crystal parameters are listed in Table 6.1. CuIpy was found to 

crystallise in orthorhombic P212121 space group with a = 11.7073(2) Å, b = 15.2721(3) 

Å and c = 15.7568(3) Å. The results are consistent with reports in the literature.19,24  

CuIth and CuIath were found to crystallise in monoclinic space group. CuIimi was 

found to crystallise in triclinic space group. As a reference, CuI crystallises in cubic 

F-43m space group with a = b = c = 6.02900 Å.25 While CuIpy crystallised as both a 

tetrameric structure and 1D polymeric chain, CuIth, CuIath and CuIimi solely formed 

1D polymeric chains that can be described as [CuIL]∞. The polymeric structure 

indicates that there will be a directionality in charge transport and the dispersion in 

solution will be difficult. 
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Figure 6.2 Crystal structures of (a) tetrameric CuIpy (CuIpy-t), (b) polymeric CuIpy (CuIpy-p), 

(c) CuIth, (d) CuIath and (e) CuIimi refined by SXRD analysis. (e) Crystal structure of CuI from 

the MatNavi crystal structure database (ID: 4296667396-1-2). All images were created from the 

cif files using the Vesta software.26 

(a) 

(c) (d) 

(f) (e) 

(b) 
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Table 6.1 Crystal data of CuIpy-t (tetramer), CuIpy-p (polymer), CuIth, CuIath and CuIimi, 

solved by SXRD. 

HTM CuIpy-t CuIpy-p CuIth CuIath CuIimi 

Formula  C20H20Cu4I4N4  C5H5CuIN  C3H3CuINS  C3H4CuIN2S  C30H40Cu10I10N20  

Dcalc./ g cm-3  2.542  2.662  2.963  2.967  2.991  

µ/mm-1  7.378  7.725  8.740  8.312  9.048  

Formula 

Weight  

1078.16  269.54  275.56  290.58  2585.22  

Colour  colourless  colourless  colourless  colourless  colourless  

Shape  prism  block  block  plate  block  

Size/mm3  0.21×0.09×0.

08  

0.49×0.10×0.

05  

0.24×0.06×0.

04  

0.33×0.10×0.

04  

0.41×0.18×0.

10  

T/K  120.0  120.0  120.0  120.0  120.0  

Crystal 

System  

orthorhombic  monoclinic  monoclinic  monoclinic  triclinic  

Space Group  P212121  P21/c  P21/c  P21/c  P-1  

a/Å  11.7073(2)  9.1879(10)  9.1127(4)  4.18676(10)  14.1370(8)  

b/Å  15.2721(3)  4.1587(2)  4.14530(10)  11.1484(3)  14.1535(8)  

c/Å  15.7568(3)  21.046(3)  16.8860(7)  13.9420(4)  17.1218(10)  

α/°  90  90  90  90  109.932(5)  

β/°  90  123.235(18)  104.435(4)  91.564(2)  109.962(5)  

γ/°  90  90  90  90  99.451(5)  

V/Å3  2817.25(9)  672.61(17)  617.73(4)  650.51(3)  2870.5(3)  

Z  4  4  4  4  2  

Z’  1  1  1  1  1  

Wavelength/

Å  

0.71073  0.71073  0.71073  0.71073  0.71073  

(Table continues below)     
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(Continued from above)     

Radiation 

type  

MoKα  MoKα  MoKα MoKα  MoKα 

θmin/°  2.909  3.875  2.944  3.448  2.921  

θmax/°  29.743  29.759  29.585  32.922  31.236  

Measured 

Refl.  

63356  10892  13022  20445  39464  

Independent 

Refl.  

7561  1769  1632  2358  16191  

Reflections 

Used  

6738  1506  1431  2087  7596  

Rint  0.1611  0.0670  0.0566  0.0550  0.0494  

Parameters  289  73  65  81  602  

Restraints  0  0  0  0  231  

Largest Peak  1.465  1.436  0.785  0.844  1.612  

Deepest 

Hole  

-1.105  -1.991  -0.775  -0.807  -1.362  

GooF  1.067  1.108  1.098  1.051  1.036  

wR2 (all 

data)  

0.0752  0.0814  0.0514  0.0459  0.1247  

wR2  0.0683  0.0768  0.0480  0.0429  0.0915  

R1 (all data)  0.0467  0.0539  0.0349  0.0316  0.1112  

R1  0.0376  0.0416  0.0272  0.0239  0.0489  

 

The X-ray powder diffraction (PXRD) patterns of the synthesised powder samples of 

CuIpy, CuIth, CuIath and CuIimi are shown in Figure 6.3. The powder patterns match 

the corresponding simulated patterns derived from the single crystal X-ray diffraction 

(SXRD) analysis. CuIpy powder was analogous to the tetrameric CuIpy. The results 

indicate that the SXRD results can indeed be used to interpret the properties of the 

powders. The PXRD pattern of CuIimi powder does not reflect the simulated pattern, 
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apparently due to the instability of the mono-oxidised Cu(I) form in contact with air. 

The CuIimi is hence unsuitable for an HTM and will be excluded from further studies. 

 

Figure 6.3 (a)–(d) Experimental X-ray powder diffraction (XRD) patterns of the CuILs along with 

the simulated patterns from the SXRD analysis. (e) XRD pattern of commercial CuI powder and 

that from the MatNavi database (ID: 4296667396-1-2). 
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 Thermal properties of the CuILs 

The thermal properties of CuIpy, CuIth and CuIath powder were assessed by thermo 

gravimetric/differential scanning calorimetry analysis (TG-DSC) (Figures 6. 

4(a)(b)(c)). The properties are summarised in Table 6.2. CuIpy and CuIth show 

similar profiles, with two endothermic peaks with a corresponding weight loss in the 

150-250 oC region, followed by two endothermic peaks without any weight loss at 

370-410 oC and a final exothermic weight loss at >400 oC. The first two steps (d1 and 

d2 in Table 6.2) can be assigned to decomposition of the organic ligands. The weight 

loss of ca. 75% after d1 and d2 in both compounds is in good accordance with the 

mass percentage of CuI in CuIpy and CuIth, which is calculated as 23.6% and 23.1%, 

respectively. The two endothermic peaks at 375 oC and 405 oC (or 410 oC for CuIth) 

correspond to the previously reported phase transition of CuI from its γ phase to β 

phase (369 oC) and β phase to α phase (407 oC).27 The CuI is further decomposed to 

Cu (calculated as 23.6 wt.% in CuIpy 23.1 wt.% in CuIth) at >428 oC (455 oC for 

CuIth). In contrast to CuI powder, which is stable above 500 oC,28  the remaining CuI 

in the CuIpy and CuIth samples decomposed at a lower temperature probably due to 

the poor crystallinity via the dissociation of the ligands.   

CuIath (Figure 6.4(c)) follows a different thermal profile compared to CuIpy and 

CuIth. The weight loss is gradual throughout the measurement, reflecting the 

polymeric behaviour.29 The first slope from 103-189 oC can be associated with the 

slow release of trapped water in the structure.30 The small steps at 192 oC and 235 oC 

(d1 and d2) correspond to an endothermic peak directly followed by an exothermic 

peak. The weight loss can be attributed to the decomposition of the amonothiazole 

ligand. A final weight loss step at 452 oC (d3) is likely to corresond to the 

decomposition of CuI as in CuIpy and CuIth, however the weight loss up to this stage 

is a mere ca. 20%, whereas the mass percentage of the aminothiazole ligand accounts 

for 34.5 % of CuIath. This suggests that the sample has only partially decomposed at 

each given temperature due to the slow decomposition rate for each step. The slope of 

d3 does not relax at 500 oC, leaving 74.1% of the initial weight to remain.  As the Cu 

accounts for 65.5 wt.% in CuIath, it is likely that even the organic species were not 

fully decomposed after the heating at 500 oC.  
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In summary, the CuILs did not show any melting points or glass transition 

temperatures, in good accordance with their crystalline nature. The compounds are 

stable up to >100 oC, enabling reliable use as HTMs in PSCs. However, their stability 

is inferior to that of CuI (decomposition above 700 oC), with the dissociation of the 

ligands occuring from temperatures as low as 100–130 oC. To note, the boling point 

of pyridine is 115 oC, the boiling point of thiazole is 117 oC, and the melting point and 

boiling point of aminothiazole are 90 oC and 117 oC.31 The TG/DSC thus confirms that 

the thermal stability of the CuILs is influenced by their ligands. 

 

(Figure continues below) 
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(Continued from above) 

 

Figure 6.4 Thermo-gravimetric/differential scanning calorimetry (TG/DSC) curves of (a) CuIpy, 

(b) CuIth and (c) CuIath. 

 

Table 6.2 Thermal properties of CuIpy, CuIth and CuIath. 

HTM Td
0.5 /oC a Td1

on /oC b Td1 /oC c Td2 /oC d Tp1 /oC e Tp2 /oC f Td3 /oC g 

CuIpy 143.8 133.9 165.9 

(185.0) 

231.7 

(235.0) 

375.0 410.0 427.8 

(430.0) 

CuIth 151.8 118.1 148.4 

(167.5) 

181.1 

(189.0) 

375.0 405.0 455.3 

(455.0) 

CuIath 240.9 188.7 191.8 

(198.7) 

235.4 

(203.7) 

- - 451.6 

CuI h 836 752.9 924.1 - - - - 

a Temperature at 0.5% weight loss. b Onset of first decomposition. c Intersect of baseline and linear slope 

of first decomposition step. d Intersect of baseline and linear slope of second decomposition step.  e First 

phase transition. f Second phase transition. g Intersect of baseline and linear slope of third decomposition 

step. h Values taken from the literature.28 

 

(c) 

100 200 300 400 500
40

60

80

100

W
e
ig

h
t 
(%

)

Temperature /oC

CuIath103.2 oC

-25.9%

235.4 oC

191.8 oC

451.6 oC

188.7 oC

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

H
e

a
t 
fl
o
w

 /
m

W
 m

g
-1

198.7 oC

203.7 oC

exo.



From electrolytes to HTMs in DSSCs and PSCs 

Chapter 6 Copper iodide complex HTMs for PSCs 213 

 Electrochemical and optical properties of CuILs 

The electrochemical properties of the CuILs were studied by cyclic voltammetry (CV) 

in a solution and as films. 0.1 M tetrabutylammonium tetrafluoroborate (TBABF4) in 

ethanol was selected as the system for the solution CV. 0.1 M Na2SO4 aq. solution was 

selected as the system for the solid-state CV.32  

Figure 6.5 shows the CV in solution at a scan rate of 0.05 V·s-1 for CuI, CuIpy, CuIth 

and CuIath. All of them are nearly identical since the oxidation of Cu(I) into Cu(II) is 

detected for all of the samples. Although there might be slight influences from the 

ligands such that CuIpy is reported to retain its tetrameric cluster in solution,9 the 

solution CV does not provide significant information about the oxidation potentials of 

the CuILs in solid form, especially for polymeric CuIth and CuIath. 

 

Figure 6.5 Cyclic voltammogram of CuIpy, CuIth and CuIath (= CuILs) and CuI in 0.1 M 

TBABF4 ethanolic solution at a scan rate of 0.05 V·s-1.  

For the solid-state CV, the compound films were deposited on FTO glass by a two-

step method. The procedure is explained in detail in the experimental Section 6.4. In 

brief, CuI was spin-coated on the substrate, followed by drying and dip-coating in the 

ligand solution. The dip-coated film was dried in an enclosed petri dish to result in a 

pure CuIL film as confirmed by PXRD. The FTO substrate played the role of the 

working electrode in the CV system, with the analyte directly attached to it. Water was 

therefore selected as the solvent so that the film will be retained on the FTO substrate 

without dissolving. In the actual measurement, each deposited film sample could only 
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be used for a single scan, as the current dramatically dropped from the second scan 

making the peaks unidentifiable (Figure 6.6(a)). It is likely that the oxidised form of 

the CuILs and CuI solubilise in the aqueous electrolyte. The scans shown in Figure 

6.6 are the first scans of each sample. Common analyses such as scan rate dependence 

of the peak current were not performed because of the limited availability of the 

samples. 

 

Figure 6.6 (a) Three repetitive cyclic voltammetry scans of a CuI film at a scan rate of 0.05 V s-1. 

(b) Cyclic voltammetry scans of the CuIL films at a scan rate of 0.05 V s-1.  

 The CV scans of the CuIL films at a scan rate of 0.05 V·s-1 are shown in Figure 6.6(b). 

The oxidation potentials of the compounds slightly differ, ranging from 0.57 V to 0.64 

V vs. NHE. These values correspond to valence band edges at -5.1 eV to -5.0 eV, 

which can be suitably aligned with the perovskite (≤ -5.4 eV, see Chapter 5 Section 

5.2.1). The CuILs in general showed high capacity, making it difficult to determine 

the peaks. The high capacity of CuI thin films has been previously reported.32  

 

The optical properties of the CuILs were investigated. The visible appearance of CuILs 

are white to light tan, and do not absorb in the visible range as confirmed from the 

UV/Vis absorption of the transparent films in Figures 6.7(a). The optical gaps were 

determined from the diffuse reflectance in Figure 6.7(b). The corresponding Tauc 

plots are shown in Figure 6.7(c)–(e). The CuILs have wide bandgaps above 3 eV, 

which are consistent with the colour and are similar to the CuI with a bandgap of 3.1 

eV. The resulting conduction band edge energy levels are well above that of TiO2 (-
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4.05 eV vs. vacuum),33 suggesting that the CuILs are suitable HTM candidates in terms 

of energy alignment. The electrochemical and optical properties discussed above are 

summarised in Table 6.3. 

 

 

Figure 6.7 UV/Vis absorption spectra of CuIpy, CuIth and CuIath transparent films, spin-coated 

by a two-step spin-coating method. (b) Diffuse reflectance spectra of CuIpy, CuIth and CuIath 

powder mixed with BaSO4. (c)–(d) Tauc plots for CuIpy, CuIth and CuIath from Figure 6.7(b) to 

obtain the bandgaps. 
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Table 6.3 Electrochemical and optical properties of CuILs. 

HTM Eox /V c EV /eV d EC /eV e Eg /eV f 

CuIpy 0.568  -5.02  -1.88 3.14 

CuIth 0.584  -5.04  -1.62 3.42 

CuIath 0.626  -5.08  -1.22 3.86 

CuI 0.637  -5.09  -1.99 3.10 g 

a Absorption peak from UV/Vis absorption. b Emission peak detected by excitation at λmax. c Half-wave 

potential from solid-state CV, referenced to NHE. d Calculated from EHOMO [eV] = - EOX [V] – 4.456.34 

e Calculated from ELUMO = EHOMO + Eg. f Derived from diffuse reflectance of CuILs in powder form. g 

Value taken from literature.35 

 

 Structural analysis of the CuIL films 

Figure 6.8(a) shows the PXRD pattern of a CuI film spin-coated at 2000 rpm for 40 s 

on a microscopic glass slide from 0.1 M acetonitrile solution. The film shows high 

orientation with the (111) plane exposed. Films of the CuILs could not be obtained 

using the same procedure due to the poor solubility of these compounds in common 

organic solvents including acetonitrile. Therefore, CuIpy and CuIth were dissolved in 

a binary solvent of 1,2-dichlorobenzene/diethyl sulphide (40:1, vol/vol) at 0.1 M and 

spin-coated with the above procedure. CuIath was spin-coated from a 0.1M 2-

propanol/diethyl sulphide (40:1, v/v) solution. It should also be noted that acetonitrile 

is not suitable as the main solvent for HTM deposition in a PSC because it degrades 

the perovskite. (It is a good solvent in the case of DSSCs as it does not dissolve most 

dyes.) The peaks corresponding to the CuILs are barely observed in the XRD patterns 

of the spin-coated films in contrast to that of CuI. This is likely to come from 

insufficient loading of the material on the substrate. Regardless of the peak intensity, 

the peak sharpness indicates that the crystallinity is not poor. Other ways to deposit 

the films should therefore be explored. On another note, the small peak at 2θ = 9.0o in 

the CuIth film does not correspond to any peaks in the reference CuIth (the first peak 

is at 10.0o). The peak is closer to that of CuI(diethyl sulphide) at 9.14o. It is possible 
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that a ligand exchange with the solvent has occurred in the spin-coating solution, but 

no conclusions can be drawn at this point.  

 

Figure 6.8 (a) PXRD pattern of spin-coated CuI film on a microscopic glass slide. The asterisks 

indicate the peaks from the sample holder. (b) One or two layers of CuIpy spin-coated on 

microscopic glass slide. (c) CuIth spin-coated on a glass slide. The pattern in green is CuI(diethyl 

sulphide) from MatNavi crystal structure database (ID: cui275k/10). (d) CuIath spin-coated on a 

glass slide. In all cases, the reference is adjusted so that the maximum peak reaches 1000 counts. 

To increase the loading of the material in the films, a two-step film deposition method 

was employed. CuI was spin-coated from acetonitrile or 1,2-dichlorobenzene/diethyl 

sulfide (40:1, v/v) at 2000 rpm for 30 s. The films were dried at 50 oC for 5 min, 

followed by dip-coating the ligand solution and slow-drying under a lid for ca. 1h at 

r.t.  The ligand solution consisted of 0.5 M pyridine or thiazole in 2-propanol and 0.1 
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M aminothiazole or imidazole in 2-propanol. PXRD patterns of the resulting films are 

shown in Figure 6.9. 

  

Figure 6.9 PXRD patterns of CuIL and CuI films deposited by a two-step method. 

This time, CuIpy, CuIth and CuIath show intense peaks of the corresponding materials 

with high crystallinity and some preferred orientation. The orientation could be related 

to the high orientation of the spin-coated CuI film. The scanning electron microscope 

(SEM) images of CuIpy, CuIth, CuIath and CuI films prepared on microscope glass 

slides and FTO glass by the two-step method are shown in Figure 6.10. The images 

reveal that all films are discontinuous, consisting of multiple islands. The dense 

nanograins of ~500 nm that appear in Figure 6.10(e)–(h) are likely to be the 

underlying FTO. This suggests that more material should be deposited to avoid short 

circuiting.  
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Figure 6.10 Surface scanning-electron microscopy (SEM) images of CuIpy, CuIth, CuIath and 

CuI deposited on microscope glass slides. The scale bars for (a)–(d) are 20 µm and the scale bars 

for (e)–(h) are 2 µm. 
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 Electrical conductivity of CuILs 

The conductivity of the CuILs was measured in the form of compressed pellets using 

a.two-probe system. . The results are summarised in Table 6.4. The conductivity of a 

single crystal is predicted to be ca. 10-times higher (from private conversation with 

Mr Afanasjevs) than the values obtained from the compressed pellets. 

Table 6.4 Conductivity of CuIpy, CuIth, CuIath and CuI measured by a two-probe method. 

HTM CuIpy CuIth CuIath CuI 

Conductivity /S m-1 2.93·10-4 9.25·10-4 N/A 6.23·10-2 

*The conductivity of CuIath was unmeasurable (likely to be < ~10-14 S·m-1) due to the resistance 

exceeding the detectable threshold. 

CuIpy and CuIth showed sufficient conductivities of 10-4 S m-1, which are one or two 

orders of magnitude lower compared to CuI. The lower conductivity may be due to the 

increased spacing between the tetrameric clusters or 1D chains in the crystal lattice 

that are caused by the organic ligands (Figure 6.2). The conductivity of CuIth is 3 

times higher than that of CuIpy. On the other hand, CuIath was too resistive to be given 

a value in this measurement. These results encouraged us to study the photovoltaic 

properties of CuIpy and CuIth in regular planar PSCs. 

 

 Solar cell characterisation 

CuIpy, CuIth and CuI were incorporated as the HTM in PSCs with the structure 

<FTO/c-TiO2/c-TiO2/perovskite/HTM/Au>. The Cs-containing triple cation 

perovskite ((Cs0.04FA0.80MA0.16)Pb(I0.95Br0.05)3) employed in Chapter 5 was also used 

in this chapter. Following the results and discussion in Section 6.2.5, a two-step spray-

coating method was explored in addition to the spin-coating of the HTMs.  

 

6.2.7.1  Spin-coated CuILs 

Firstly, the spin-coating method was tested in the actual devices with slightly different 

deposition conditions. In general, the CuILs were spin-coated on top of the perovskite 



From electrolytes to HTMs in DSSCs and PSCs 

Chapter 6 Copper iodide complex HTMs for PSCs 221 

at 3000 rpm for 30 s with dynamic deposition. The resulting J-V curves are shown in 

Figure 6.11, and the numerical values are summarised in Table 6.5. In Figures 

6.11(a)(b), the influence of the number of spin-coated layers on the photovoltaic 

performance was investigated using CuI. Clearly, repetition of the spin-coating step 

leads to higher performance. The spin-coating solution was also found to have an effect 

on the performance. The films spin-coated from chlorobenzene led to higher 

performance compared to those from 1,2-dichlorobenzene. The latter was selected 

owing to the higher solubilising ability but does not seem to be advantageous over the 

standard chlorobenzene in the current case. In Figures 6.11(c)(d), the influence of the 

concentration of the spin-coating solution on the device performance was investigated 

for CuI, CuIpy and CuIth. Doubling the concentration led to higher efficiencies for all 

HTMs. These outcomes suggest that the spin-coated HTM layers are discontinuous, 

and that the film thickness needs to be increased. Regardless of the concentration of 

the spin-coating solution, CuI showed superior performance to the CuILs, followed by 

CuIth and CuIpy. The performance trend follows the trend of the conductivity of the 

HTMs. A PSC without any HTM was also tested for comparison as shown in Figure 

6.X(d). Interestingly, the PSC with CuIpy showed lower performance than the device 

without HTM, even with a concentration of 0.2 M. This also indicates the poor quality 

of the HTM layer. The VOC is extremely low, considering the appropriate energy levels 

of these compounds. For reference, the Spiro-MeOTAD or TrxS-2MeOTAD PSCs 

exhibited VOC values ~1.0 V with HOMO levels from -5.2 eV to -5.1 eV. See Chapter 

5. The low VOC indicates the existence of a recombination pathway, apparently due to 

the discontinuous interfaces.  
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Figure 6.11 J-V curves of PSCs with different spin-coating conditions: (a) from 1 to 3 layers of 

CuI spin-coated from 0.1 M in 1,2-dichlorobenzene/diethyl sulphide, (b) from 1 to 3 layers of CuI 

spin-coated from 0.1 M in chlorobenzene/diethyl sulphide, (c) l layer of CuI, CuIpy or CuIth spin-

coated from 0.1M in chlorobenzene/diethyl sulphide and (d) identical to (c) but from a 0.2 M 

solution. “w/o HTM” refers to a PSC where the gold was directly deposited on top of the 

perovskite without any deposition of an HTM. 
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Table 6.5 Photovoltaic parameters of the PSCs shown in Figure 6.11. 

Condition JSC /mA cm-2 VOC /V ff PCE (%) 

CuI dcb 1l 4.44 0.38 0.40 0.68 

CuI dcb 2l 3.09 0.56 0.61 1.06 

CuI dcb 3l 2.89 0.54 0.74 1.15 

CuI cb 1l 2.45 0.54 0.54 0.71 

CuI cb 2l 3.24 0.55 0.58 1.04 

CuI cb 3l 11.7 0.62 0.59 4.25 

CuIpy 0.1M 0.13 0.026 0.24 0.00 

CuIth 0.1M 1.63 0.44 0.48 0.34 

CuI 0.2M  8.83 0.59 0.67 3.49 

CuIpy 0.2M 1.49 0.23 0.49 0.17 

CuIth 0.2M 7.52 0.49 0.43 1.59 

w/o HTM 5.87 0.35 0.32 0.64 

 

The indications above were confirmed by the PXRD pattern and cross-section SEM 

image shown in Figure 6.12 for a PSC incorporating 3 layers of CuI as the HTM. A 

peak corresponding to CuI (111) appears in the PXRD, indicating that the deposited 

HTM is crystalline. A very thin layer was observed between the gold and the 700 nm-

thick perovskite layer in the SEM image. The layer consists of nanograins with a 

diameter of ca. 10–15 nm. Compared to the SEM images of the PSCs incorporating 

Spiro-MeOTAD or TrxS-2MeOTAD (Chapter 5, Figure 5.15), the HTM layer is 

found to be discontinuous and non-uniform.  
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Figure 6.12 (a) PXRD pattern of a complete PSC incorporating three layers of spin-coated CuI 

from 0.1M chlorobenzene/diethyl sulfide (40:1, v/v) solution. The commonly discussed peaks for 

the perovskite are marked as “pero(miller index).” The other peaks associated to the perovskite 

are marked as “pero.” The asterisks (*) indicate the FTO substrate. (b) Cross-section SEM image 

of the same device. The thickness of the perovskite is ca. 700 nm and that of the CuI layer is ca. 

60 nm. The diameter of the CuI grains is ca. 10-15 nm. The scale bar is 500 nm. 

Due to the crystalline nature of the CuI and CuILs, the grain boundaries cannot be 

eliminated unless the films are heated at high temperatures (which is not possible in 

the n-i-p structure because it will degrade the underlying perovskite). The film 

thickness should thus be increased to reduce current leakage between the gold and 

perovskite. One approach to overcome the issue is to increase the number of spin-

coated layers or to increase the concentration of the spin-coating solution even more. 
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However, spin-coating several times is tedious and impractical. Increasing the 

concentration of the spin-coating solution indicates that the amount of additional 

diethyl sulphide needs to be increased, which is not ideal. A spray-coating technique 

was thus explored in the next section as a means to easily obtain thicker films. 

 

6.2.7.2  Spray-coated CuILs 

The two-step spray-coating method was inspired by the two-step dip-coating method. 

The basic idea is to deposit a thick film of CuI, followed by the deposition of the 

ligand. Because the ligand reagents pyridine and thiazole are liquid at r.t., we assumed 

that the CuI-deposited devices do not need to be immersed in the ligand solution; 

instead they were exposed to ligand vapour in an enclosed petri dish for 5 min. A short 

exposure time was expected to induce partial modification of the CuI into CuIpy or 

CuIth, owing to the highest conductivity of CuI. Partial modification may improve the 

stability of the PSC against external moisture by the introduction of hydrophobic 

protection while maintaining the photovoltaic performance. 0.1 M CuI in 

chlorobenzene/diethyl ether (40:1, v/v) was sprayed on the perovskite film placed on 

a hotplate at 100 oC using a nebuliser. The solution was sprayed successively for 10 

times × 10 cycles where the solvent evaporated instantly. The spraying resulted in a 

non-uniform film as shown in Figure 6.13(a)(b), but also exhibited the highest 

photovoltaic performance in this study for CuI, CuIpy and CuIth. The performances 

by different film deposition methods are compared in Figure 6.13(c). 
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Figure 6.13 (a) Photograph of a PSC with spin-coated CuI. The surface has a smooth appearance. 

(b) Photograph of a PSC with spray-coated CuI. The surface has a rougher appearance. The size 

of each gold electrode is 3.4 × 3.4 mm. (c) PCE comparison of the different ways of HTM 

deposition explored in this study; 1 layer, 2 layers, 3 layers: spin-coated from 0.1M solution in 

1,2-dichlorobenzene/diethyl sulphide (dcb) or chlorobenzene/diethyl sulphide (cb) for the 

indicated number of times; 0.2 M: spin-coated from 0.2 M cb solution; Spray: spray-coated CuI 

+ exposure to ligand vapour.  

For further investigation, the PXRD patterns of the complete PSCs were recorded as 

in Figure 6.14(a). All devices showed similar patterns, with strong peaks of CuI (111) 

appearing along with the perovskite peaks. No peaks associated to CuIpy or CuIth 

were observed. Meanwhile, several unidentifiable peaks appeared (denoted as U in 

Figure 6.14(a)), even in the CuI film. The peaks do not correspond to CuI(diethyl 

sulphide) or gold. Other kinds of chemical reactions may have happened between the 

residual diethyl sulphide and CuI or perovskite, but such reactions have never been 

reported for CuI-HTM PSCs. The bright yellow emission of the CuI+py sample when 

illuminated at 365 nm (Figure 6.14(b)) indicates that the chemical conversion of CuI 
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into CuIpy has occurred to some extent, which is also likely to be the case for the 

CuI+th sample. 

 

Figure 6.14 (a) PXRD pattern of a complete PSC incorporating spray-coated CuI (CuI spray) or 

spray-coated CuI exposed 0.5 M pyridine or thiazole/2-propanol vapour for 5 min (CuI+py, 

CuI+th). Asterisk (*): FTO. U: unidentifiable peaks. (b) Photograph of spray-coated CuI and 

CuI+py film, illuminated by a UV lamp at 365 nm. 

The cross-section SEM image of the PSC with spray-coated CuI (Figure 6.15) 

explains the prominent CuI peak observed in the PXRD pattern.  The HTM film 

thickness measures up to 2.4 µm, which is 4 times thicker than the underlying 

perovskite layer. Such thick films have been commonly reported for inorganic HTM 

layers such as CuI and CuSCN.3,5 The film is formed of larger grains (~200 nm) when 

compared to spin-coated film. 
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Figure 6.15 Cross-section SEM image of the device incorporating spray-coated CuI. The thick, 

non-uniform HTM layer is seen on top of the perovskite. The scale bar is 2 µm. 

The photovoltaic characteristics of the best PSCs fabricated by the spray-coating 

method are summarised in Table 6.6 and the corresponding J-V curves are shown in 

Figure 6.16. The experimental values of non-doped Spiro-MeOTAD for the same 

device architecture are also shown for reference. 

 

Table 6.6 PSCs that achieved the best performance for CuI+py, CuI+th, CuI and Spiro-MeOTAD 

without the use of dopants. CuI+py signifies CuI partially modified into CuIpy. The mean values 

of 5–40 cells of the reverse scans are marked in brackets. 

HTM JSC /mA cm-2 VOC /V ff PCE (%) 

CuI forward 28.1  0.60  0.37  6.13  

CuI reverse 25.2 (21.5 ± 2.5) 0.68 (0.62 ± 0.03) 0.40 (0.42 ± 0.04) 6.87 (5.6 ± 0.8) 

CuI+py forward 31.9 0.54  0.26 4.50  

CuI+py reverse 25.8 (19.8 ± 5.1) 0.64 (0.58 ± 0.05) 0.40 (0.41 ± 0.03) 6.54 (4.7 ± 1.4) 

CuI+th forward 20.5 0.47  0.18  1.68  

CuI+th reverse 9.16 (8.4 ± 0.9) 0.58 (0.56 ± 0.02) 0.58 (0.60 ± 0.03) 3.10 (2.8 ± 0.3) 

Spiro forward 23.3  0.79  0.30  5.51  

Spiro reverse 22.2 (21.6 ± 0.7) 0.81 (0.80 ± 0.01) 0.37 (0.34 ± 0.03) 6.69 (5.9 ± 0.7) 
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Figure 6.16 J-V curves of the PSCs with the highest performance for spray-coated CuI, CuI+py, 

CuI+th and spin-coated Spiro-MeOTAD without the use of dopants. The dashed curves are the 

forward scans and the solid curves are the reverse scans, 

CuI and CuI+py exhibited similar performance over 6% PCE maximum, with CuI 

generally displaying slightly better current and voltage. Meanwhile, the performance 

of CuI+th was inferior with maximum 3.1% PCE. Interestingly, the J-V profile of CuI 

and CuI+py were found to be close to that of dopant-free Spiro-MeOTAD. 

Considering that the conductivity of Spiro-MeOTAD is several orders of magnitude 

lower than that for the CuI and CuILs,4 the photovoltaic performance suggests that the 

spray-coated CuI and CuI+py layers may have worked as electron blockers rather than 

as efficient hole extractors due to the thick and disorganised film structure. We note 

that the performance of the CuILs did not improve when standard dopants (LiTFSI 

and tBP) were added. The CuI and CuI+py marked higher performance than that 

reported by Christians for a n-i-p PSC (6.0% PCE), but lower than the performance 

for a n-i-p PSC reported by Uthayaraj et al (8.1% PCE).3,14 In the latter study, the CuI 

HTM layer was formed by physically pressing the commercial CuI powder onto the 

perovskite without any solvent. The slightly higher ff achieved in their study (ca. 0.5) 

may be related to the higher density of their CuI film with less recombination sites 

such as voids. The reported trend for non-doped Spiro-MeOTAD vs. CuI was similar 

to the outcome of this study, where the Spiro-MeOTAD displayed higher VOC (ca. 0.8 
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V) compared to the CuI (ca. 0.6 V). Overall, the low ff and VOC marked by the CuI and 

CuI+L cells can be attributed to: 

1) a higher number of recombination processes due to the discontinuous 

perovskite/HTM or HTM/gold interfaces and grain boundaries within the HTM, as 

seen in Figure 6.15, and,  

2) the shallower oxidation potentials by 0.1 V compared to Spiro-MeOTAD.36  

This suggests that the performance of standard n-i-p PSCs using CuI or CuI+Ls may 

not exceed doped Spiro-MeOTAD in the long run, but may significantly improve if 

the film deposition method is adjusted so the grain boundaries are suppressed. 

Regarding the CuI+Ls, partial modification did not lead to any improvement of the 

CuI, analogous to the case of direct spin-coating of the compounds (Section 6.2.7.1). 

One expectation was whether the attachment of organic ligands to the surface of the 

CuI would improve the long-term stability due to increased hydrophobicity. However, 

it turns out that there is no clear difference between the rate of devices that improve or 

decline when measured again after a week (Figure 6.17).  

 

Figure 6.17 Number of cells where the PCE improved or declined over a week for spray-coated 

CuI and CuI+py PSCs. 

The outcomes can be concluded that the overall performance of the CuILs has been 

negatively influenced by factors such as the relatively low performance of the CuI 

compared to other HTM candidates, the low solubility in common solvents that limited 

the film processing methods and the lower conductivity than the CuI. CuI-based 

organometallic HTMs, featuring tunable ligands with good hydrophobicity, may 
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become appealing once the above obstacles are solved. For example, selecting organic 

ligands with long alkyl chains may possibly improve the solubility of the resulting 

HTM. 

6.3 Conclusions 

In summary, CuIpy, CuIth, CuIath and CuIimi were explored as novel organometallic 

HTM candidates for n-i-p PSCs. They were designed so that the materials will have 

combined properties of the previously-studied inorganic CuI HTM such as high 

thermal stability and high conductivity, and of the low-cost organic ligands with good 

hydrophobicity and fine tunability. All candidates were synthesised by a simple one-

step method with good yields. Among the candidates, CuIimi was concluded 

inappropriate for an HTM as it turned out to have poor stability in air. CuI, CuIth and 

CuIath showed similar energy matching to CuI with low visible absorption. Following 

conductivity measurements of the raw materials, CuIath was excluded from the HTM 

candidate as it showed unmeasurable electrical resistance. CuIpy and CuIth along with 

CuI were successfully tested in PSCs. Direct spin-coating of the candidates resulted in 

lower performance for CuIpy and CuIth compared to CuI, probably owing to their 

conductivities that are 1–2 orders of magnitude lower than that of CuI. A two-step 

spray-coating method was applied to form thicker CuI films and CuI+L films, to aim 

for partial modification of the CuI with the more hydrophobic CuILs. Such devices 

performed better than the spin-coated ones, however the CuI+L cells were not superior 

to the CuI cells in terms of PCE and stability. Furthermore, the performance of CuI 

was similar to the performance of PCEs with non-doped Spiro-MeOTAD, suggesting 

that the intrinsic conductivity of the material is not fully reflected in the device 

performance. The lesson of this chapter is that the film processability of the HTM is 

as important as the basic properties of the material on its own. While inorganic 

materials with high intrinsic conductivity may seem appealing, organic small 

molecules currently take the lead because they can be easily spin-coated to form dense 

homogeneous films. While most previous studies on inorganic HTMs have focussed 

on micrometre-thick porous films, the future direction for inorganic or organometallic 

HTMs should probably be to find ways to deposit thinner and smoother films while 

maintaining the high intrinsic conductivity. In fact, Arora et al. have reported an n-i-p 
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PSC with CuSCN as HTM to exhibit breakthrough PCEs over 20%.37 They 

successfully spin-coated thin dense films of CuSCN by dissolving the HTM in pure 

diethyl sulphide. Their method could possibly be applicable to CuI, but it was not 

tested in this chapter due to the intense and lingering odour of diethyl sulphide even at 

very small amounts. Pure diethyl sulphide is also likely not to be compatible with some 

CuI complex HTMs or even CuI as suggested in Section 6.2.5 and Section 6.2.7.2. 

The conclusion of this chapter is that CuI complexes as HTMs in PSCs may not be the 

immediate choice for alternative HTMs, owing to their major drawbacks related to the 

film processability. 

 

6.4 Experimental 

 Materials preparation 

Reagents for the synthesis of the HTM were purchased from UK suppliers including 

Merck UK, Fluorochem, Fisher Scientific and VWR. Reagents for the device 

fabrication were purchased from Japanese suppliers including TCI, Wako, Kanto and 

Merck Japan. All purchased reagents used without further purification, unless 

otherwise specified.  

 

 Synthesis of copper iodide complexes (CuILs) 

The elemental analysis samples of CuIpy, CuIth and CuIimi were submitted by Weidi 

Wu and were analysed by the London Metropolitan University Elemental Analysis 

team. The elemental analysis sample of CuIath was submitted by the author and was 

analysed by the London Metropolitan University Elemental Analysis team. 

6.4.2.1  Purification of copper iodide 

CuI (0.38 g, 20 mmol) was dissolved in 4.0 M KI aq. solution (51.33 g KI in 75 mL 

water) by stirring at 50 oC for 30 min on a hotplate. 3 g of activated charcoal was added 

to the yellow solution and stirred overnight. The charcoal was filtered off and rinsed 

with 4.0 M KI aq. solution. The filtrate was used for the synthesis of CuILs. 
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6.4.2.2  Synthesis of copper iodide pyridine 

The synthesis of CuILs was based on a reported procedure by Malik et al.16 Pyridine 

(0.8 mL, 9.9 mol) was dropwise added to 75 mL of the purified CuI/KI aq. solution 

(ca. 10 mmol CuI, see 6.3.2.1) under vigorous stirring at r.t. Upon stirring for 15 min, 

the reaction was filtered and washed with 4.0 M KI aq., water, ethanol and then ether 

to give the product as a light beige solid (2.02 g, 75.4% yield). 

1H NMR (400 MHz, CDCl3): δ 8.91 (d, J = 5.0 Hz, 2H), 7.72 (tt, J = 7.6, 1.7 Hz, 1H), 

7.39 – 7.32 (m, 2H). 

13C NMR (126 MHz, CDCl3): δ 150.86, 136.88, 124.36. 

Elemental analysis (%): C 22.15, H 1.88, N 5.16 (found), C 22.26, H 1.86, N 5.19 

(calculated). 

6.4.2.3  Synthesis of copper iodide thiazole 

Thiazole (0.7 mL, 9.9 mmol) was reacted with CuI/KI aq. following the procedure 

described in 6.3.2.2. The product was a light beige solid (1.99 g, 73.3% yield). 

No NMR or mass spectrometry were analysed because of the polymeric nature of the 

CuIth, CuIath and CuIimi. We note that the composition of the compounds are 

nonetheless validated by elemental analysis and XRD (PXRD and SXRD). 

Elemental analysis (%): C 13.01, H 1.07, N 5.09 (found), C 13.08, H 1.09, N 5.09 

(calculated). 

 

6.4.2.4  Synthesis of copper iodide aminothiazole 

Aminothiazole (1.96 g, 19.6 mmol) dispersed in 1 mL of 4.0 M KI aq. was reacted 

with 150 mL CuI/KI aq. (3.80 g, 20 mmol) following the procedure described in 

6.3.2.2. The product was a light beige solid (3.60 g, 63.3% yield). 

Elemental analysis (%): C 12.48, H 1.29, N 9.70 (found), C 12.40, H 1.39, N 9.64 

(calculated). 
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6.4.2.5  Synthesis of copper(I) iodide imidazole 

CuIimi was synthesised by Weidi Wu. Imidazole (1.36 g, 20.0 mmol) dispersed in 1.1 

mL of 4.0 M KI aq. was reacted with 150 mL CuI/KI aq. (3.80 g, 20 mmol) following 

the procedure described in 6.3.2.2. The product was a light beige solid (3.33 g, 64.4% 

yield). 

Elemental analysis (%): C 14.70, H 1.54, N 11.18 (found), C 13.94, H 1.55, N 10.08 

(calculated).  

 

 Cyclic voltammetry 

A three-electrode, single compartment cell was used as described in Chapter 2. For 

the solution cyclic voltammetry (CV), the analyte was dissolved in 0.1 M 

tetrabutylammonium tetrafluoroborate (TBABF4) in anhydrous ethanol. The working 

electrode was a Pt disc and the counter electrode was a Pt wire. The reference electrode 

was Ag/AgCl. The CV scans were recorded on an Autolab potentiostat (Metrohm) 

with GPES software with scan rates from 0.05·V·s-1 to 1.0 V·s-1. Square wave 

voltammetry (SWV) was performed at a scan rate of 0.05 V·s-1. The potential vs. 

Ag/AgCl was calibrated with ferrocene after the measurement to derive the potential 

vs. normal hydrogen electrode (NHE). 

The solid-state CV was performed in a similar setup, except that the working electrode 

was an FTO glass piece with the analyte deposited as a film. The films of the sample 

materials were deposited on FTO conducting glass (3.5 cm × 1.5 cm) and were fixed 

to the setup with a crocodile clip. The films were prepared as the following. CuI was 

spin-coated from a 0.1M solution in acetonitrile at 2000 rpm for 40 s, followed by 

drying at 50 oC for 5 min. For CuIpy and CuIth, the film was dipped in 0.5 M pyridine 

or thiazole solution in isopropanol and was left to chemically convert and dry in an 

enclosed petri dish for 1 h. For CuIath, the film was dipped in 0.1 M aminothiazole in 

isopropanol, was rinsed with isopropanol, followed by drying in an enclosed petri dish 

for 1 h. The chemical composition of the films were confirmed with PXRD. The 

redundant film was scraped off with a glass slide to leave an active area of 1 cm × 1.5 

cm. The electrolyte solution was 0.1 M Na2SO4 aq. For all samples, the film dissolved 
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in the solution after a single scan, due to the oxidised form of each compound being 

soluble. Therefore, the number of films prepared with the above method corresponded 

to the number of scans that could be recorded.  

 

 Preparation and analysis of CuIL single crystals by SXRD 

The single crystals of CuIpy, CuIth, CuIath and CuIimi were grown by Weidi Wu and 

their structures were solved and refined by Dr Gary Nichol in the School of Chemistry 

using the single-crystal X-ray diffraction (SXRD) technique. The procedures for each 

compound are described below. 

6.4.4.1  CuIpy single crystal 

Single colourless prism-shaped crystals were recrystallised from a mixture of hexane 

and chloroform by vapour diffusion. A suitable crystal (0.21 × 0.09 × 0.08) mm3 was 

selected and mounted on a MITIGEN holder in Paratone oil on a Rigaku Oxford 

Diffraction SuperNova diffractometer. The crystal was kept at 120.0 K during data 

collection. Using Olex2,38 the structure was solved with the ShelXS structure solution 

program,39 using the Direct Methods solution method. The model was refined with 

version 2017/1 of ShelXL using Least Squares minimisation.40 

6.4.4.2  CuIth single crystal 

Single colourless block-shaped crystals were recrystallised from water by spontaneous 

reaction (= Conc. KI aq. was poured onto CuI powder in a vial, on which pyridine was 

gently added to allow the CuI and ligand to slowly react.) Characterisation of a suitable 

crystal (0.24 × 0.06 × 0.04) mm3 was performed following the procedure described in 

6.3.4.1. 

6.4.4.3  CuIath single crystal 

Single colourless plate-shaped crystals were recrystallised from water by spontaneous 

reaction. Characterisation of a suitable crystal (0.33 × 0.10 × 0.04) mm3 was performed 

following the procedure described in 6.3.4.1. 
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6.4.4.4  CuIimi single crystal 

Single colourless block-shaped crystals were recrystallised from water by spontaneous 

reaction. Characterisation of a suitable crystal (0.41 × 0.18 × 0.10) mm3 was performed 

following the procedure described in 6.3.4.1. 

 

 Fabrication of perovskite solar cells 

The perovskite solar cells were fabricated with the procedure described in Chapter 5. 

In brief, fluorine-doped tin oxide (FTO) conductive glass pieces were cleaned by 

sonication in a 2% aqueous detergent solution (Hellmanex, Hellma), acetone, and then 

isopropanol and were treated by UV/O3 for 10 min. Titanium diisopropoxide 

bis(acetylacetonate) solution (commercial solution of 75 wt.% in isopropanol, mixed 

with anhydrous isopropanol at 1:9, v/v) was spin-coated on the substrates at 3000 rpm 

for 25 s, followed by drying at 100 oC for 1 min and further annealing at 500 oC for 30 

min on a hotplate in ambient air. SnO2 solution (commercial solution of 15 wt.% in 

H2O, mixed with deionised water at 1:7, v/v) was spin-coated on the films pre-treated 

with UV/O3 for 10 min at 5000 rpm for 25 s followed by drying at 160 oC for 15 min 

on a hotplate. After UV/O3 treatment of the films for 2 min, the 

(Cs0.04FA0.80MA0.16)Pb(I0.95Br0.05)3 perovskite solution was spin-coated at 3000 rpm 

for 10 s followed by 5000 rpm 20 s, where 160 µL chlorobenzene was gently added at 

8-10 s once 5000 rpm was reached (Figure 6.x(a)). After annealing at 110 oC for 15 

min on a hotplate, the films were set aside to cool to r.t.. before the deposition of the 

HTM.  

 

The HTM solution was deposited in three ways: spin-coating, spray-coating and by 

thermal evaporation.  

Spin-coating. 0.1 M CuI in anhyd. chlorobenzene/diethyl sulfide (40:1, v/v) was spin-

coated at 3000 rpm for 30 s, where the solution was dynamically deposited during the 

acceleration step at 600 rpm/s. The profile is described in Figure 6.x The reference 

Spiro-MeOTAD was deposited in a similar way, however with an additional oxidation 
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step where the film was left in the dark in ambient air for a couple of hours before 

depositing the gold counter electrodes. 

 

Figure 6.18 Spin-coating profile of the (a) perovskite and (b) HTM. 

Spray-coating. 0.1 M CuI in anhyd. chlorobenzene/diethyl sulphide (40:1, v/v) was 

spray-coated using a nebuliser. The perovskite-deposited film was placed on a hotplate 

at 80 oC and the solution was successively sprayed 10 times for 5 cycles. For the 

CuI+py and CuI+th, a portion of 0.5 M pyridine or thiazole in 2-propanol was placed 

in an enclosed petri dish for 10 min to saturate it with the ligand vapour. The CuI-

coated film was then placed in the enclosed petri dish and kept inside for 5 min.   

 

Finally, ~50 nm of gold was deposited as the cathode by thermal evaporation in a 

vacuum chamber (SVC-700TM SG, Sanyu Electron) and a silver alloy (Cerasolzer 

Eco #155, Kuroda Techno) was applied to the anode after the redundant parts of the 

film were scraped off. 

 

 Solar cell characterisation 

Photocurrent density-voltage (J-V) curves were recorded with a 2400 SourceMeter 

(Keithley) equipped with a class A solar simulator (PEC-L01, Peccell) as light source. 

The light intensity was calibrated to AM1.5G, 100 mW·cm-2 using a reference silicon 

photodiode. The J-V scans were run with a step voltage of 0.01 V and settling time of 
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0.1 s, giving a scan rate of 0.1 V·s-1. The solar cells were masked with an aperture of 

0.090 cm2.  

 

 Optical characterisation 

UV/Vis absorption and diffuse reflectance (DR) were recorded on a V-670 (Jasco) 

spectrophotometer. The scan speed was 400 nm/min. The samples for UV/Vis 

absorption were prepared by a two-step spin-coating method. 0.1M CuI in acetonitrile 

was spin-coated on a piece of microscope glass slide at 2000 rpm for 30 s, followed 

by spin-coating 0.5M pyridine, thiazole or aminothiazole in 2-propanol at 2000 rpm 

for 30 s to obtain transparent CuIL films. The scans were referenced to a piece of blank 

glass slide. The diffuse reflectance samples were prepared by diluting the CuIL powder 

samples with BaSO4 at a 1:5 (w/w) ratio and packing in a powder sample holder. The 

scans were referenced to BaSO4. 

 

 Thermal analysis 

Thermogravimetric/differential thermal analysis (TG/DTA) and differential 

calorimetric analysis (DSC) were performed by Dr Gary Nichol. The sample was 

placed in an Al crucible, and was heated at a rate of 5.0 oC/min in N2 atmosphere. 

 

 Structural analyses by PXRD and SEM 

X-ray powder diffraction (PXRD) was measured on a D8 Discover (Bruker) 

diffractometer, with CuKα radiation source at 40 kV and 50 mA. The samples were 

recorded with an increment of 0.02o per step. Scanning electron microscope (SEM) 

images were captured on a Carl Zeiss SIGMA HD VP FE-SEM located in the School 

of Geosciences. All samples were sputtered with gold beforehand. The acceleration 

voltage was set at 5.0 kV during the observation of the images. The SEM images of 

the PSCs were taken by Dr Gyu M Kim on an FE-SEM SU8000 (Hitachi) microscope 

in RCAST, Tokyo University, Japan. The acceleration voltage was set at 10.0 kV. 
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 Conductivity measurements 

The conductivity measurements were performed by Sergejs Afanasjevs on pellets from 

compressed powder samples. The electrical resistance at ambient pressure and room 

temperature was measured using a two-probe method with a 6517A electrometer 

(Keithley) using the constant voltage method. Contact probe wires were 

circumferentially distributed on a pellet (diameter = 3 mm, thickness = 0.43 mm) near 

the edges with the resultant contact separation of approximately 1.433 mm. This 

allowed to collect a total of four resistances per sample, which were averaged and 

converted into resistivity by the Montgomery method.41  
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Chapter 7 Conclusions 

The DSSC and PSC face demands for both on-grid power generation and off-grid 

power generation. Within the context of commercialisation, further materials 

development is inevitable to achieve PV cells that are high-performing, low-cost, light-

weight, durable, safe and environmentally benign. 

In this thesis, we approached the remaining challenges for the DSSC and PSC on their 

long-term stability, by proposing alternative electrolytes and HTMs in place of the 

conventional I-/I3
- acetonitrile-based electrolyte and Spiro-MeOTAD. The candidate 

materials were designed so that the solar cells will have better stability while 

maintaining high performance.  

The main findings of each chapter are summarised below. 

In Chapter 3, DSSCs using the [Cu(tmby)2]
2+/1+ electrolyte and HTM were explored. 

The l-DSSCs exhibited voltages higher than 1.0 V when a low-cost π-A 5T dye was 

co-sensitised with a high-performing D-A-π-A XY1 dye, resulting in PCEs as high as 

9% at 1 sun and 29% under indoor 1000 lux illumination. The cost performance was 

demonstrated to be improved by the co-sensitisation method.  Meanwhile, fabrication 

of the corresponding s-DSSCs by the slow drying of the electrolyte suffered from low 

reproducibility due to the tendency of rapid crystallisation of the [Cu(tmby)2]
2+/1+. 

Inspired by the issues faced with the [Cu(tmby)2]
2+/1+ s-DSSCs, a novel amorphous 

polyiodide HTM (Ply-I) was obtained by the slow evaporation of the standard I-/I3
- 

electrolyte (Chapter 4). The Ply-I was shown to have distinct properties compared to 

the liquid precursor, such as different spectral absorption and dynamic current-voltage 

responses. The study challenged the long-held belief that the evaporation of the 

electrolyte terminates the operation of an I-/I3
- electrolyte cell.  

Another amorphous organic material was studied in Chapter 5, this time as an HTM 

in regular planar PSCs. The newly synthesised monothiatruxene-based HTM (TrxS-

2MeOTAD) showed higher thermal stability than the standard Spiro-MeOTAD with 

promising energy alignment and hole mobility when doped with the common dopants 

LiTFSI and tBP. The PSCs fabricated with the TrxS-2MeOTAD displayed high PCEs 
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nearing 19% at 1 sun, with better operational stability compared to the Spiro-

MeOTAD cell.  

The superiority of TrxS-2MeOTAD over Spiro-MeOTAD could not have been 

achieved without the dopants LiTFSI and tBP, which are known for their 

hygroscopicity and volatility that induce the degradation of the lead-halide perovskite. 

Hence, inorganic-organic CuI complexes (CuILs) were explored as dopant-free HTMs 

in PSCs (Chapter 6), owing to the intrinsic high conductivity of CuI. The synthesis 

was a facile one step method with good yields. The structural, optical and electrical 

properties of the CuILs were shown to vary depending on the choice of ligand, and the 

most promising candidates, CuIpy and CuIth, were tested in PSCs to show 6–7% PCE. 

Although the results confirmed the hole transporting nature of the CuILs in PSCs, the 

unexpectedly low PCE suggested that the advantageous properties of the candidates 

such as high electrical conductivity and good energy alignment were overtaken by the 

major drawbacks related to film processability when applied in the solar cells. 

 

From these findings, the author would like to draw the following conclusions: 

1) Although it is reasonable to expect one ultimate material that can solve the 

challenges for DSSCs and PSCs to simultaneously achieve high stability and high 

performance, the answer is probably that that is not the case. The extensive approach 

of this thesis on electrolytes and HTMs in DSSCs and PSCs enabled a fair comparison 

between the l-DSSC, s-DSSC, l-PSC and s-PSC. While these are all historically 

connected, the replacement of the electrolyte by the HTM or the replacement of the 

dye by the perovskite was found to return far more differences than similarities in 

regard to the optimal design of the electrolyte/HTM. In fact, requirements such as 

solvent compatibility, whether or not to use dopants, crystallinity, etc., are largely 

influenced by the adjacent layers in the cell. This means that each cell type has its own 

optimum electrolyte/HTM design, and it is important to understand the requirements 

and limits of the target device at an early stage when designing a new HTM. 

2) As shown in Chapter 6, film processability, influenced by aspects such as solubility 

and crystallinity of the HTM, cannot be ignored when designing HTMs for DSSCs and 

PSCs. Even though the intrinsic properties of the material such as the oxidation 
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potential and electrical conductivity seem promising, poor film processability will 

dominate over these and lead to poor hole transporting abilities in the final devices. 

3) In Chapters 3, 4 and 5, the candidate electrolyte/HTMs led to improvement in the 

device performance or/and stability compared to the conventional choices. Although 

other challenges remain for these devices, the author believes that the individual 

findings have contributed to a significant step forward in the DSSC/PSC research field. 

 

In summary, this thesis aimed to answer the question whether newly designed 

electrolyte/HTM candidates could enable DSSCs and PSCs to achieve both high 

performance and stability. The author hopes that this thesis as a whole has provided 

useful insights in designing new electrolytes and HTMs towards the development of 

practical DSSCs and PSCs. 
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