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Abstract
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Solid-state dye-sensitized solar cells (ssDSSCs) and recently developed perovskite solar cells
(PSCs) have attracted a great attention in the scientific field of photovoltaics due to their low
cost, absence of solvent, simple fabrication and promising power conversion efficiency (PCE).
In these types of solar cell, the dye molecule or the perovskite can harvest the light on the basis
of electron excitation. Afterwards, the electron and hole are collected at the charge transport
materials.

Photoelectrochemical polymerization (PEP) is employed in this thesis to synthesize
conducting polymer hole transport materials (HTMs) for ssDSSCs. We have for the first time
developed aqueous PEP in comparison with the conventional organic PEP with acetonitrile
as solvent. This water-based PEP could potentially provide a low-cost, environmental-friendly
method for efficient deposition of polymer HTM for ssDSSCs. In addition, new and simple
precursors have been tested with PEP method. The effects of dye molecules on the PEP were also
systematically studied, and we found that (a) the bulky structure of dye is of key importance for
blocking the interfacial charge recombination; and (b) the matching of the energy levels between
the dye and the precursor plays a key role in determining the kinetics of the PEP process.

In PSCs, the HTM layer is crucial for efficient charge collection and its long term stability.
We have studied different series of new molecular HTMs in order to understand fundamentally
the influence of alkyl chains, molecular energy levels, and molecular geometry of the HTM on
the photovoltaic performance. We have identified several important factors of the HTMs for
efficient PSCs, including high uniformity of the HTM capping layer, perovskite-HTM energy
level matching, good HTM solubility, and high conductivity. These factors affect interfacial
hole injection, hole transport, and charge recombination in PSCs. By systematical optimization,
a promising PCE of 19.8% has been achieved by employing a new HTM H11. We believe that
this work could provide important guidance for the future development of new and efficient
HTMs for PSCs.
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Abbreviations 

A acceptor 

∆A light absorption difference 

  light absorption coefficient 

D+ oxidized dye 

d film thickness 

D donor 

ETM electron transport material 

e electron 

e0 electron charge magnitude  

Ecb conduction band of photoanode 

Eredox-1 oxidation potential of the HTM 

EF(TiO2) Fermi level of TiO2 

EF(CE) Fermi level of counter electrode 

EF(redox-1) Fermi level of the HTM 

FA formamidinium 

F                Faraday constant 

FTO fluorine-doped tin dioxide 

FF fill factor 

h hole 

HTM hole transport material 

HOMO highest occupied molecular orbital 

HBL hole-blocking layer  

ITO tin-doped indium oxide 

IPCE incident photon-to-current conversion efficiency 

I light intensity 

∆I small modulation of light intensity 

I0 baseline light intensity 

J current density 

Jsc short-circuit current density 

)(5.1 AM
phJ  photon flux distribution 

kinj rate constant of electron injection 

kdeac rate constant of the deactivation 

LUMO lowest unoccupied molecular orbital 

LiTFSI lithium bistrifluoromethylsulfonyl imide 

L length of Ag channel  

LHE light harvesting efficiency 



 

MA methylammonium 

OPV organic solar cell 

QDSC quantum dot solar cell 

PSC   perovskite solar cell 

Pmax maximum power density  

Pin incident solar energy 

PEP photoelectrochemical polymerization 

PCE                power conversion efficiency 

PEDOT                poly (3, 4-ethylenedioxythiophene) 

PEDOP poly (3, 4-ethylenedioxypyrrole) 

PIA photoinduced absorption 

PL photoluminescence 

R resistance 

Rcoll rate of charge collection 

Rinj rate of electron injection 

Rrec rate of charge recombination 

SCLC space-charge limited current 

Spiro-OMeTAD 2,2’,7,7’-tetrakis(N,N-dimethoxyphenylamine)-9,9′- 

                                            spirobifluorene 

SHE standard hydrogen electrode 

TCO transparent conductive oxide 

V voltage 

Voc open-circuit voltage 

Voc* maximal open-circuit voltage 

W distance between two Ag electrodes 

η efficiency 

ε extinction coefficient 

σ conductivity 

µ hole mobility 

εr dielectric constant 

ε0 vacuum permittivity 

Φinj electron injection efficiency 

Φcoll charge collection efficiency 

λ wavelength 
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1. Introduction 

1.1 Solar Energy 
Energy plays vital roles in the modern life to provide all the services and 
products that the human societies rely on. As regards the fast development of 
global economy and the large increase of world population, energy has un-
doubtedly become one of the most challenging issues we face in the 21st 
century. This is because of the limited resources of the natural fossil fuels, 
the large energy need to meet the demands from people, the emerging cli-
mate change, and the global energy security. Therefore, it is highly desirable 
to develop new technologies to provide sustainable energy as well as reduce 
the greenhouse gas emission, as required in the 2015 United Nation Climate 
Change Conference in Paris (COP21).  

Renewable energy, which is obtained from the constantly replenished 
natural processes (such as sunlight, wind, rain, biomass, tides and waves), 
can be an excellent solution to compensate for the large world energy con-
sumption. In recent years, the use of renewable energy presents an increasing 
trend according to Renewables Global Status Report. Figure 1 shows the 
detailed capacity of different types of renewable energy in recent years.   

 

 
Figure 1. The power capacities of different types of renewable energy during the 
years from 2008 to 2014. GWe: gigawatts electric. (The data is obtained from 
https://en.wikipedia.org/wiki/Renewable_energy#cite_note-REN21-GSR-2012-76) 
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It can be noted that the solar energy demonstrates a fast increase in the 
supply of the electric power capacity from 16 GW in 2008 to 177 GW in 
2014. The solar energy is a sustainable and inexhaustible source, and the 
large quantity of solar energy on earth (~1.7×105 TW of the electromagnetic 
radiation reaching the earth atmosphere) means that it can become a highly 
potential renewable source to provide the energy for human beings. The 
solar energy can be used to generate heat as well as the electricity. The ther-
mal energy obtained from the solar irradiation has been widely used in the 
daily life, for applications such as heating, cooling, ventilation, and cooking. 
In addition, the solar energy can also be converted to electricity, and the 
corresponding devices are classified as photovoltaic cells (PVCs). In the last 
decade, significant increase of the global solar PV installations was 
achieved, although the high cost and long payback time still limit their wide-
spread use in human life. In this context, the development of low-cost, high-
efficiency, high-stability and environmental-friendly solar cells are demand-
ed. 

1.2  Overview of the Photovoltaics  
The photovoltaic effect was first found in 1839 by the French scientist Ed-
mond Becquerel who observed the photogenerated voltage and current when 
connecting silver chloride in acidic solution and the platinum electrode. The 
photovoltaic effect is therefore known as the “Becquerel effect”. The device 
for the conversion of the light to electricity is called PVC. In a PVC there are 
different components which are very important for its efficient operation. 
For example, the light harvesting material is the key in the PVC which can 
absorb the photons; two electrical contacts adjacent with the light harvesting 
materials are necessary to extract the photogenerated free charge carriers 
(electrons and holes) to the external circuit. According to the different device 
structures and the operational principles, the PVCs can be divided into dif-
ferent categories or generations. Specifically, silicon solar cells represent the 
1st generation of PVCs, which includes single crystalline silicon solar cells 
(SCSSCs) and polycrystalline silicon solar cells (PCSSCs). The semiconduc-
tor silicon has an indirect bandgap and, as a result, a relatively low light ab-
sorption coefficient.1 Therefore, a thick layer of silicon is usually required in 
silicon-based solar cells. This is one of the reasons for its high production 
cost. In addition, the requirement of high-purity silicon materials and the 
complicated fabrication procedures in SCSSC technology makes it very ex-
pensive and difficult to produce although it exhibits high power conversion 
efficiency (PCE) of ~25% (see Figure 2). In contrast, the PCSSCs demon-
strate simpler and cheaper fabrication processes. However, their PCE 
achieved up-to-date is somewhat lower, at ~22%.2, 3 Silicon-based solar cells 
still dominate the PVCs in the commercial market (~90%). A key reason for 
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this is that silicon has been extensively used in the last fifty years for the 
fabrication of all types of electronic devices so that silicon-based PVCs are, 
in a sense, byproducts of the electronic industry. The 2nd generation PVCs, 
named thin-film solar cells, containing alternative to silicon active semicon-
ductor materials, such as CdTe4 or copper indium gallium diselenide 
(CIGS),5 have been developing very fast. The low cost in production of thin-
film PVCs is mainly attributed to a small quantity of active materials needed 
in the devices as well as the simple fabrication. The employed active materi-
als have a direct bandgap and, therefore, a high light absorption coefficient. 
Besides, the low thickness of the materials in thin film solar cells makes it 
suitable for roll-to-roll fabrication of flexible products.6 However, the toxici-
ty and rarity of several elements, such as In, Te, and Cd, incorporated into a 
number of efficient thin-film PVCs limit their potential for large scale appli-
cation. To date, thin-film solar cells occupy ~8% of the PV market. In pursue 
of low cost and high sustainability, the newer generation of PVs have been 
extensively developed during the recent years.  According to the working 
mechanism and the characteristics of the active materials, they are divided 
into organic solar cells, quantum dot solar cells, dye sensitized solar cells, 
and perovskite solar cells, which will be subsequently discussed in the pre-
sent thesis work. 
 

 
Figure 2. Efficiency charts for different types of photovoltaics available from NREL 
accessed on 2016-05-20, (http://www.nrel.gov/ncpv/images/efficiency_chart.jpg). 

1.2.1 Organic Solar Cells 
In organic solar cells (OPVs), solution-processed small organic molecules or 
conducting polymers are used as light-harvesting materials. Based on the 
different architectures of the active layer, OPVs can be divided into single 
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based OPVs, the main issue is that the interfacial contact area between the 
active materials is insufficient to achieve fast charge separation of the photo-
generated electron-hole pairs, or excitons, in order to collect them as effi-
ciently as possible. In this context, in the organic solar cell variant with 
blend structure, a solution containing two molecules is deposited on the 
transparent conductive oxide (TCO) substrates, such as fluorine-doped tin 
oxide (FTO) or tin-doped indium oxide (ITO), in order to form a very thin 
solid-state film with blend materials. After that, a thin layer of a contact ma-
terial, such as aluminum (Al) is deposited on top of the blend. In the blend 
with domain size in the order of nanometers, there exist a large number of 
random interfaces between two active materials. This allows the exciton to 
diffuse to the interface and dissociate into free charge carriers. The most 
representative blend materials consist of an electronically conducting poly-
mer, poly (3-hexylthiophene) (P3HT) and a fullerene derivative, namely, [6, 
6]-phenyl-C61-butyric acid methyl ester (PCBM).8 In this system, P3HT 
functions as both the light absorbing as well as the hole transport material 
(HTM), while PCBM serves as the electron transport material (ETM). The 
difference in the work function of the components in the devices gives the 
driving force for charge separation and collection. For example, after inci-
dent photons absorption by P3HT the electrons in P3HT are excited from the 
highest occupied molecular orbital (HOMO) level to its lowest unoccupied 
molecular orbital (LUMO) level. Due to the fact that the LUMO energy level 
difference between the PCBM and P3HT is larger than the coulombic attrac-
tion in the exciton (exciton binding energy), the photogenerated carriers are 
favoured to dissociate at the interfaces. Driven by the electric field formed 
between the two external contacts, for example the FTO and the Al layers, 
the electrons will migrate through PCBM towards the FTO side, while the 
holes travel through P3HT towards the Al side. However, due to the inter-
face between the molecules in the blend, the free charge carriers, electrons 
and holes, can easily recombine before reaching the electrical contacts. The 
short lifetime of the electrons results into a short diffusion length of the free 
charge carriers, which is usually reported as <50 nm, much shorter than the 
light absorption depth (100-200 nm) needed for the optical absorption by the 
blend.9 The short diffusion length of the free charge carriers can in turn af-
fect the active thickness of the blend material, and thus the light-harvesting 
ability of the thin film. In this respect, a great deal of research has been de-
voted to the optimization of the blend structure,10 development of prepara-
tion methods of the blend,11 design of molecular structures with appropriate-
ly tuned energies, and architecture of the devices.12 To date, the highest re-
ported PCE of organic solar cells is ~11% (see Figure 2).13 The simple fabri-
cation process, low cost of active materials, molecular versatility, and 
flexibility of the organic molecular thin film render organic solar cells very 
attractive for large-scale flexible and plastic solar cell applications. Howev-
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er, more work is needed for the improvement of both the efficiency and the 
stability of OPVs in order to fulfil the commercialization requirements.  

1.2.2 Quantum Dot Solar Cells 
The working principle of the semiconductor quantum dot solar cells 
(QDSCs) can be dependent on the device architecture, for example, quan-
tum-dot sensitized mesoporous oxides or thin-film quantum dots acting as 
the photoactive layer. In the former case, the QD sensitizer can absorb pho-
tons of lower energy than the band gap of the supporting semiconductor, 
followed by the interfacial charge separation. Finally, photogenerated elec-
trons and holes are collected at the external circuit. In contrast, in the thin-
film QDSC, the charge separation and transport are performed in the bulk of 
the QD thin film. The size dependence of the physical and optical properties 
of the QD materials brings a lot of scientific interest on their potential for 
PVC applications. For example, the bandgap of the semiconductor QD can 
be tuned in a large range by controlling the size of the quantum dots so as to 
achieve a very broad light absorption spectrum. In addition, the often ob-
served multiple exciton generation induced from one single photon holds 
high promise to enhance the PVC photocurrent. The maximum theoretical 
PCE of QDSCs can reach 44% on account of the high extinction coefficient 
and the possibility of multiple exciton generation.14  Besides, the simple 
device fabrication by solution-processed methods is favorable to large scale 
application. Various semiconductors have been studied in the QDSCs, such 
as PbS, CdS, CdSe, CuInS2, Ag2S as well as hybrid composites of such ma-
terials.15 A certified high PCE of 11.6% in QDSCs based on ZnCuInSe has 
recently been reported by Wan and collaborators.16 One of the limitations in 
QDSCs is the fast electron-hole recombination, since the defect states re-
maining at the surface of the QD materials provide recombination centers. 
Therefore, the surface passivation of the QD is crucial for the improvement 
of the PCE. For example, different organic compounds with amine, thiol or 
acid groups (thioglycolic acid or formic acid) have been investigated as pas-
sivation agents in QDSCs.14 In addition, an inorganic insulating layer, e.g. 
consisting of ZnS and SiO2, coated on the QDs can also effectively retard the 
charge-carrier recombination. According to the nature of the charge-
transport medium, the QDSCs can be classified as liquid QDSCs and solid-
state QDSCs. Many kinds of electrolyte-dissolved redox couples have been 
studied as hole transport mediators, for example, I-/I3

-, Fe2+/Fe3+-based com-
plexes, S2-/Sn

2-, and Co2+/Co3+-based complexes.14 The energy level of the 
redox couple relative to the valence band of the QDs was found to be im-
portant for the hole injection and the open-circuit voltage (Voc) of the com-
plete devices. For example, a CdS-based QDSCs with a redox shuttle 
[(CH3)4N)]2S/[(CH3)4N]2Sn exhibited a very high Voc of 1.2 V.17 Additional-
ly, quasi-solid-state and all-solid-state QDSCs using a gel or solid-state elec-
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trolyte attracted great attention due to the concern of the instability caused 
by the organic solvent evaporation in the conventional liquid electrolyte-
based QDSCs.18, 19 However, their PCEs are relatively low (~9%) compared 
to that of the liquid QDSCs.20 Therefore, further optimization of the solid-
state QDSCs toward high efficiency is needed. 

1.2.3 Dye-Sensitized Solar Cells 
In order to build a well-defined charge transport network, dye-sensitized 
solar cells (DSSCs) were designed in the late 1980s,21 and efficiently fabri-
cated by the Grätzel group in early 1990s.22 In these early studies, a high 
PCE of >7% was obtained by using I-/I3

- as the redox couple in the electro-
lyte solution, a ruthenium coordination complex as light absorber and a mes-
oporous oxide electrode, usually TiO2, as the ETM. The scheme of the 
DSSC is shown in Figure 3a. The promising performance of this system can 
be mainly attributed to the nanoporous (~20 nm) TiO2 layer (~10 μm) with a 
porosity of 50%-60% which provides a large surface area on which a mono-
layer of dye molecules is adsorbed so as to efficiently harvest the incident 
light. As can be seen from Figure 3b, the DSSC exhibits complicated inter-
faces between the components and also many charge transport pathways.     
     The dye-adsorbing mesoporous oxide is deposited on a conductive sub-
strate. Usually, the substrate is a transparent conducting oxide (TCO) glass, 
such as FTO. However, it is also possible to use a metallic conducting mate-
rial, like Ti or stainless steel foil, as a mesoporous oxide support if the dye 
layer is irradiated from the electrolyte side of the oxide/dye/electrolyte inter-
face. The dye molecules are attached on the surface of the mesoporous TiO2 
particles via covalent bond formation between the dye and TiO2. The dark 
(i.e. not needing the light) cathode (counter electrode) is a conductive sub-
strate (e.g. metal, carbon). A transparent counter electrode, usually TCO-
based, is necessary in case of a photoelectrode support not transparent to 
light. Usually the conductive counter electrode substrate is coated with a thin 
layer of the catalyst, such as platinum or poly (3, 4-ethylenedioxythiophene) 
(PEDOT). The photoelectrode and dark counter electrode are coupled to-
gether to build a sandwich-like architecture. Afterwards, an electrolyte solu-
tion containing the redox shuttle, such as I-/I3

-, is injected into the space be-
tween the two aforementioned electrodes. The working mechanism of the 
DSSCs can be described by different charge transfer (between different 
phases) and transport (in the same phase) processes in the devices, as depict-
ed in Figure 3b.23 The essential DSSC operation processes usually are:  
(a) photoexcitation of the dye molecules, with an absorbed photon leading to 
an excitation of an electron from the HOMO level of the dye to its LUMO 
level, thereby, leaving an electron vacancy (hole) behind;  
(b) electron injection from the LUMO level of the dye to the conduction 
band of TiO2;  
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(c) electron transport through the mesoporous TiO2 layer;  
(d) hole injection from the HOMO level of the photooxidized dye to the 
HOMO level of the redox species, such as I-; this process is also called dye 
regeneration process;  
(e) hole transport through the redox species in the electrolytic solution;  
(f) electrochemical reduction of the oxidized redox species (I3

- in this case) 
at the counter electrode;  
(g) recombination between the electrons in TiO2 and the oxidized dye (D+);  
(h) deexcitation of the photoexcited electrons from the LUMO level to the 
HOMO level of the dye, in competition to electron injection into the semi-
conductor conduction band, with conversion of the excitation energy to heat 
or luminescent light;   
(i) recombination between the electrons injected in TiO2 and the oxidized 
form of the redox shuttle, such as I3

-;  
(j) recombination between electrons from the TCO support of the oxides and 
the oxidized dye (D+); 
(k) recombination between electrons from the TCO and the oxidized form of 
the redox shuttle. 
 

 
Figure 3. (a) Scheme of DSSCs with I-/I3

- as the redox couple. (b) Charge transport 
pathways and the relative energy levels of different components in DSSCs. 
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Processes (a)-(f) are favorable for the functional operation of DSSCs 
while processes (g)-(k) are unfavorable ones.  

With respect to (j) and (k) it should be mentioned that the charge-
transport medium can penetrate into the porous oxide layer and come into 
contact with the TCO conducting glass support. In the case of I3

- as the oxi-
dized form of the redox mediator reaction the process (k) is rather slow at 
the TCO conducting glass/electrolyte interface. This is a complex electro-
chemical reaction requiring an electrocatalyst in order to proceed efficiently. 
For this reason, if a TCO counter electrode is used, it should be coated by an 
electrocatalyst, such as platinum or conducting polymer PEDOT. However, 
for other redox mediators, especially several one-electron redox couples, like 
coordination complexes of Co, reaction (k) will be pretty fast even at the 
TCO glass.  

The operation of an efficient solar cell with this redox mediator will be 
possible by interposing between the TCO layer and the porous oxide layer a 
thin-compact-blocking semiconductor layer, or underlayer, of thickness in 
the order 10-100 nm, depending of the preparation method. For the usual 
TiO2 mesoporous electrodes a TiO2 underlayer is appropriate. The thickness 
of the underlayer should be sufficient to prevent the dark current according 
to (k) but, contrarily, not prevent the transfer of the photogenerated electrons 
from the porous dye-coated oxide into the TCO contact on the way to the 
external circuit. Various methods are possible: spray pyrolysis of a titanium 
coordination compound dissolved in an organic solvent, spin coating using 
the same type of solution, dip-coating in an aqueous TiCl4 solution, atomic 
layer deposition, or sputtering.  

The effects of the recombination reaction (k) in the DSSC performance 
are particularly severe for device with organic solid-state HTM; in this case 
the requirements for a good-quality underlayer are particularly stringent. 

The conversion efficiency (η) of the DSSCs depends on the different pho-
tovoltaic parameters including the Voc, short-circuit current density (Jsc) and 
fill factor (FF). The Voc of the DSSC is determined by the Fermi-level of the 
TiO2 and the Fermi level (or electrochemical potential) of the redox shuttle 
in the electrolyte solution. The Jsc is mainly affected by the light-harvesting 
capacity of the dye molecules in conjunction with efficient electron injection 
and dye regeneration. The FF may provide information on the series and 
shunt resistances of the devices as well as on the electrocatalytic properties 
of the counter electrode toward the oxidized redox mediator. By comparing, 
on the one hand, the part of the incident photon energy harvested by the dye, 
corresponding to the HOMO-LUMO gap, and, on the other hand, the cell 
voltage output, there is a clear voltage loss in the DSSC. The observed volt-
age loss in the DSSC is largely due to the driving forces which are needed 
for the charge-transfer processes at the interfaces, such as (b) and (d). Usual-
ly, it is assumed that the process (b) is kinetically very efficient as compared 
to (g), although the kinetics (fs~ps) of the electron injection process is very 
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dependent on the properties of the TiO2 as well as the properties of the dye 
layer, e.g. dye aggregation.24 For DSSCs with I-/I3

- as redox mediator, which 
was the only efficient redox mediator until 2010, the main voltage loss in the 
device is attributed to the dye regeneration step occurring at the interface 
between the dye and the redox shuttle in the electrolyte. From the kinetics 
point of view, the dye regeneration reaction proceeds at the ns to μs time-
scale, which depends on the electrolyte composition, the types of cations 
adsorbed on the TiO2 surface, and the dye properties; the dye regeneration 
needs to effectively compete with the recombination process (g) between 
TiO2 electrons and the oxidized dye. As concluded from many systematic 
studies, a large voltage of 500-600 mV is required for the Ru-based dye re-
generation by the I-/I3

-.24 This is due to the fact that the I-/I3
- reaction is a 

complex one, involving several electrochemical and chemical steps. There-
fore, the 500-600 mV energy loss includes the free energy losses of chemical 
reactions associated with the complex overall I-/I3

- reaction. As a result, 
DSSCs based on I-/I3

- usually show a relatively low Voc. In order to reduce 
this large voltage loss, different redox couples have been explored and inves-
tigated. For example, Co2+/Co3+-based coordination complexes have success-
fully shown efficient dye regeneration with a low voltage loss in the device 
and often exhibited high Voc.

25, 26 Other alternatives, such as Fe2+/Fe3+, 
Cu+/Cu2+-based organometallic or coordination complexes, heterocyclic 
species, like TEMPO and its derivatives, and organic disulfide/thiolate, also 
present interesting properties.27, 28 In addition, in order to further enhance the 
working efficiency of DSSCs, a large number of research have been done in 
designing novel dye molecules. The design principle of dye molecules is 
varied according to the specific purpose, e.g. for preventing the interfacial 
charge recombination, for increasing the light absorption coefficient, for 
cost-effective synthesis, for specified colour. The detailed dye molecular 
engineering can be found in the respective reviews.29, 30 To date, the highest 
reported PCEs of DSSCs include 14.3% by using co-sensitization with two 
dye molecules adsorbed,31 13% by using a single transition metal coordina-
tion complex SM315 as sensitizer,32 and 12% by employing a single organic 
dye.33, 34  

In spite of the great achievements in liquid DSSCs, the concern about 
their long-term stability arises due to the use of a volatile solvent, e.g. ace-
tonitrile, the dye desorption in the electrolytic solution,35 the degradation of 
the cobalt-based complexes,36 and the electrode corrosion and the visible 
light absorption by I-/I3

-.27 In this respect, solid-state DSSCs (ssDSSCs) 
(Figure 4a) were developed in 1998 by the Grätzel group, by using a mo-
lecular HTM 2,2’,7,7’-tetrakis(N,N-dimethoxyphenylamine)-9,9′-
Spirobifluorene (Spiro-OMeTAD),37 (see Figure 4b) as solid-state HTM. In 
this report, the PCE of ssDSSCs was quite low compared to that of the con-
ventional liquid-based DSSCs. In order to improve the photovoltaic perfor-
mance of ssDSSCs, substantial efforts have been devoted into the following 
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directions: (a) fundamental understanding of the operating limitations in 
ssDSSCs in comparison with the liquid-based counterparts; (b) developing 
new dye molecules and HTMs; (c) interfacial engineering for efficient 
charge collection.38 The detailed development of ssDSSCs will be discussed 
later. 
 

 
Figure 4. (a) Scheme of the ssDSSCs devices. (b) Chemical structures of HTMs 
Spiro-OMeTAD and PEDOT. 

1.2.4 Perovskite Solar Cells 
Semiconductor perovskites have received a great attention in the scientific 
community of the PVCs after the first report of a perovskite sensitized solar 
cells, of the quantum-dot type, based on CH3NH3PbI3 in 2009 by Miyasaka 
and co-workers.39 In that work the fabricated perovskite solar cells (PSCs) 
were following the device architecture of DSSCs with I-/I3

--based liquid 
electrolyte and semiconductor CH3NH3PbI3 as a sensitizer. The as-obtained 
PSCs demonstrated a PCE of 3.6% but exhibited a very short lifetime due to 
the instability of the perovskite CH3NH3PbI3 which can dissolve in acetoni-
trile. Inspired by this pioneer work, in 2012 the Grätzel/Park and 
Snaith/Miyasaka groups, in Lausanne and Oxford, respectively, successfully 
applied CH3NH3PbI3 as light absorber in solid-state perovskite sensitized 
solar cells with Spiro-OMeTAD as HTM so as to avoid the dissociation of 
CH3NH3PbI3.40, 41 A promising PCE of >10% was achieved. After that en-
couraging start, a large number of publications about PSCs have been pro-
duced during the past few years.42, 43In general, the organic-inorganic hybrid 
perovskite material has a chemical formula of ABX3 (A: cations, B: Pb, and 
C: anions), as shown in Figure 5a. The perovskite materials exhibit unique 
properties, such as direct band gap excitation leading to high light absorption 
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coefficient (see Figure 5b), long charge carrier diffusion length and high 
charge transport conductivity.44, 45 These properties are favorable for a light 
harvesting material in solar cells.  

 
Figure 5. (a) Crystal structure of the perovskite CH3NH3PbI3. (b) The absorption 
and emission properties of (FAPbI3)0.85(MAPbBr3)0.15. 

It can be seen from the efficiency chart (see Figure 2) that the currently 
certified PCE is 22.1% by KRICT/UNIST. This significant improvement in 
the PCE of PSCs can be mainly attributed to the modification of the perov-
skite formation methods, the device architecture optimization, the interface 
engineering, the wide compositional engineering of the perovskite, and the 
deeper understanding of the physical properties of the devices. For example:  
(a) different methods were developed for the perovskite formation, such as 
two-step and three-step sequential deposition,46, 47 spray-assisted formation,48 
vapor deposition,49  hot casting,50 and anti-solvent method;51  
(b) different device structures, e.g. standard PSCs,52 inverted PSCs,53 or pla-
nar PSCs,54 have been investigated;  
(c) great efforts were made in designing efficient charge selective layers, 
including the ETMs and HTMs; the details can be found in the reviews;55, 56  
(d) the wide combination of cations and anions in the perovskite composition 
promote different perovskite materials for the solar cells, such as, 
CH3NH3PbCl3,57 CH3NH3PbBr3,58 CsPbI3,59 CsPbBr3,60 CH(NH2)2PbI3,61 
(CH(NH2)2PbI3)x(CH3NH3PbBr3)1-x.62  

In addition, due to the toxicity of Pb, several new lead-free perovskites 
are being explored, for example CH3NH3SnI3, Cs3Bi2I9, but they presented 
low PCEs;63  

The fast development of PSCs has also drawn the attention to possibility 
for the large scale application. However, the known poor stability of the 
perovskite materials due to their high sensitivity to moisture is a big chal-
lenge for the perspective of long term use of devices based on them.64, 65 
Different encapsulation layers, such as polymer poly-(methyl-methacrylate), 
graphite and carbon nanotubes, have been successfully used in PSCs to im-
prove the stability.66, 67 Recently, Han and co-workers developed inorganic 
charge-selective layers for PSCs with the result that stable devices are ob-
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tained with only ~10% loss in PCE during 1000-hour light soaking.68 In ad-
dition, the state-of-the-art HTM Spiro-OMeTAD HTM is very expensive to 
synthesize so that alternative inexpensive HTMs are desired for the large 
scale application of PSCs.  

1.3 Aim of the Thesis 
The general target of the thesis is to develop solid-state dye sensitized and 
perovskite solar cells with efficient organic HTMs in order to obtain a fun-
damental understanding of the requirements of the HTMs and to further im-
prove the photovoltaic performance of the solar cell devices. Two types of 
HTMs, conducting polymers and small molecules, are studied in this thesis. 
Firstly, the poor pore filling (pore infiltration) of the mesoporous TiO2 by 
spin-coated solution-processed small molecular or polymeric HTMs in 
ssDSSCs significantly limits the thickness of the dye/TiO2 layer and reduces 
the dye regeneration efficiency.69 In this respect, we have extensively studied 
an alternative method, called in-situ photoelectrochemical polymerization 
(PEP), to in-situ synthesize an electronically conducting polymer, serving as 
HTM of the ssDSSC, into the TiO2 pores.70 By employing PEP, it is feasible 
to use mesoporous TiO2 layer with a high thickness of up to 6 µm, compared 
to an optimal thickness of 2 µm for Spiro-OMeTAD-based ssDSSCs.71 The 
PEP method was first reported by the Yanagida group in Japan,70 and the 
electrolytic solution for the PEP was always based on the organic solvent 
acetonitrile because it can easily solubilize the organic precursors used dur-
ing PEP. The first aim of the thesis is to further develop a variant of the PEP 
approach by instead using water as solvent because water is low-cost and 
environmentally friendly. In order to achieve this goal it was necessary to 
further understand the PEP process and the effect of different dye molecules, 
different precursors, and to relate this to the final solar cell efficiencies. 

One of the most important and also expensive parts in efficient perovskite 
solar cells is the hole transport material (HTM). The second main aim of the 
thesis is therefore to develop new alternative molecular HTMs to replace the 
high-cost Spiro-OMeTAD for efficient solution-processed PSCs. Earlier 
work has shown the importance of the HTM layer, and in this thesis we try 
to systematically study the effect of the structure of the HTM on the different 
photovoltaic properties of the solar cell and the overall energy conversion 
efficiency. 
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2. Solid-State Dye-Sensitized and Perovskite 
Solar Cells 

In this thesis, the focus is on the solid-state dye sensitized and perovskite 
solar cells. This chapter is devoted to a brief description of the different 
components in ssDSSCs and PSCs, including the hole-blocking layer, the 
photoanode (which is also electron-transport material, ETM), the light ab-
sorber (dye or perovskite), and the hole-transport material (HTM).   

2.1 Hole-Blocking Layer 
As can be seen from Figure 4a, a hole-blocking layer (HBL) or underlayer is 
needed between the TCO substrate and the mesoporous oxide layer in 
ssDSSCs. The HBL is usually a compact high-bandgap semiconductor. Up 
to the present point TiO2 has been the mostly used HBL for ssDSSCs and 
PSCs; this HBL is also used in this work. The purpose of the HBL is to pre-
vent the photoinjected electrons in the conductive substrate from directly 
recombining with the holes in the HTM. The ideal HBL should cover the 
rough surface of the TCO substrate, such as FTO, completely, be free of 
pinholes and cracks, and have a thickness as low as possible in order to re-
duce the charge-transport resistance. There are different methods to prepare 
the TiO2 blocking layer, including atomic layer deposition, electrodeposi-
tion, spray pyrolysis, sol-gel transformation, dip coating or spin coating of 
the titanium precursor solution.72-77 In addition, there are some alternative 
blocking layers, e.g. copolymer, hybrid polymer/TiO2,

78, 79 and other insulat-
ing oxides.80 However, the most common method is the spray pyrolysis of a 
titanium precursor solution (0.2 M titanium isopropoxide and 2M acety-
lacetone in isopropanol) on top of the conductive glass under a high tem-
perature of ~500oC in order to facilitate the fast TiO2 formation. This spray 
pyrolysis method for preparing the HBL is used in this thesis. The optimal 
thickness of the TiO2 compact layer is 100 nm-200 nm for ssDSSCs, de-
pending on the nature of the HTMs.81  

In spite of the fact that a rather high PCE of >14% has been achieved for 
HBL-free PSCs,82 the most efficient PSCs do always need the HBL, for ex-
ample of an optimal thickness of ~135 nm for CH3NH3PbI3-xClx-based 
PSCs.83 It is possible to study its blocking effect by electrochemical meth-
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ods, usually by measuring the current flowing through the HBL and corre-
sponding to the electron reaction of  a solution-based redox-active species, 
for example K4Fe(CN)6, as presented in the published literature.84, 85   

2.2 Mesoporous Layer 
The mesoporous TiO2 substrate (Figure 4a) has different functionalities in 
DSSCs: (a) provides a large surface area for the loading of a monolayer of 
dye molecules in ssDSSCs; (b) builds the electron transport network through 
the interconnected TiO2 particles; (c) possesses a high bandgap (3.2 eV for 
rutile TiO2) for the transmission of the visible light; (d) facilitates the ions 
diffusion in the electrolyte permeating its mesoporous structure; (e) accepts 
the photoinduced electrons from the sensitizer so as to reduce the possibility 
of the excited state deactivation competing with dye-to-TiO2 electron injec-
tion. Due to all the aforementioned properties, TiO2 has been established as 
the most popularly used photoanode. The electron transport in the pho-
toanode is one of the important factors which significantly affect the charge 
collection in the solar cells devices. Therefore, detailed studies towards ob-
taining a fundamental understanding of the electron-transport mechanism in 
mesoporous TiO2 had been undertaken. In conclusion, there are two widely 
accepted approaches: the diffusion model,86 and the multiple trapping mod-
el.87 It has also been found that the attached dye molecules and the surface 
treatment by TiCl4 play important roles in the electron transport in TiO2 ma-
trix.88 It is known that in ssDSSCs the injected electrons located in the TiO2 
particles can be easily recombined with the HTMs before moving to the ex-
ternal circuit because of the direct contact between the TiO2 and the solid 
HTMs. Therefore, a lot of work has been done to modify the TiO2 morphol-
ogy or the dimensionality, as well as to develop alternative photoanode ma-
terials, in order to efficiently transport the charges and retard the interfacial 
electron recombination.89 For example, different TiO2 morphologies, such as 
nanowires,90 nanorods,91 nanotubes,92 nanofibers,93 nanocrystals by laser 
pyrolysis,94 hollow spheres,95 microbeads,96 honeycomb-like layers,97 and 
hierarchical fibers,98 have been synthesized and used for ssDSSCs. The de-
tailed critical parameters in TiO2 electrodes have been discussed in a cited 
article.99 In addition, ZnO has been another widely studied photoanode mate-
rial due to its good electron-transport properties, with remarkable electron 
mobility in the bulk, which is 2-3 orders of magnitude higher than that for 
TiO2.

100 Different ZnO nanostructures, such as nanowires,101 nanorods,102 
and nanocrystals,103 have been tested in ssDSSCs. However, up to the pre-
sent, ZnO-based ssDSSCs have exhibited relatively low Voc and FF com-
pared to TiO2-based devices due to the faster electron recombination.104 In 
this respect, it should be noted that the surface functionalization of the pho-
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toanode by molecules or additives could be an effective approach to decrease 
the interfacial recombination. 

2.3 Dyes 
In ssDSSCs, dye molecules which are adsorbed on the surface of the TiO2 
layer are key components for the functional operation of the device. Firstly, 
the dye molecule determines the light harvesting ability of the ssDSSCs and 
thus the photocurrent obtained from the device. Besides, the monolayer of 
the dye on TiO2, acting as an isolating layer between the ETM TiO2 and the 
HTM, plays a crucial role in blocking the electron recombination process 
between the electrons in TiO2 and the holes in HTMs so as to enhance the 
Voc of the device. Moreover, the energy levels of the dye molecules relative 
to that for TiO2 and the HTMs affect the kinetics of the charge-transfer pro-
cesses at these interfaces, including the electron injection and the dye regen-
eration (see Figure 3b). Therefore, a minor change in the molecular structure 
of the dye could contribute to a significant change in the photovoltaic per-
formance of the ssDSSCs. The most widely used dyes are Ru-based coordi-
nation dyes and metal-free organic dyes. In the first report of ssDSSCs, a 
Ru-dye was used and a low PCE was observed. From the following studies 
by comparing Ru-dyes and metal-free organic dyes it was established that 
the latter usually show higher extinction coefficients but narrower absorption 
spectra, as well as better interfacial recombination blocking effects com-
pared to the former in ssDSSCs.105, 106 In this respect, different types of dye 
structures have been proposed in order to improve the performance of 
ssDSSCs. For example: Grätzel and co-workers developed an indoline dye 
D102 in combination with the HTM Spiro-OMeTAD, and a high PCE of 
4.0% was achieved in 2003.107 Palomares and co-workers developed a cya-
nine dye in order to compare the charge-transfer kinetics in liquid and solid-
state DSSCs, and they found that the ssDSSCs based on HTM Spiro-
OMeTAD demonstrated much faster dye regeneration kinetics compared to 
I-/I3

--based liquid DSSCs.108 Hagfeldt and co-workers proposed a perylene 
dye ID176 with a high absorption coefficient (25000 M-1 cm-1 at 590 nm) as 
well as a broad absorption spectrum. A high photocurrent (~9 mAcm-2) at-
tributed to the fast dye regeneration process and a PCE of 3.2% were ob-
tained.109 Nazeeruddin and co-workers developed a series of donor-π-
acceptor dyes to study the effects of the alkyl chains in the donor part for 
ssDSSCs.110 Grätzel and collaborators designed a Ru-dye, C101, with a high 
extinction coefficient and a high PCE of 4.5% was obtained for ssDSSCs.111 
Then Hagfeldt, Sun and co-workers synthesized a series of efficient tri-
phenylamine-based dyes and applied them in ssDSSCs (PCE=4.5%).112 
Grätzel and co-workers studied the donor effects in the organic dyes and 
found that the donor structures play important roles in the dye surface cover-
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age as well as in the shift of the conduction band of TiO2.
113 Alan Sellinger 

and co-workers systematically investigated the relationship between organic 
dye structure and recombination lifetime.114 Snaith and collaborators applied 
a donor-free dye in ssDSSCs and obtained a high PCE of 4.4%.115 Therefore, 
further understanding of the role of the different units in the dye structure 
towards developing new efficient dyes particularly for ssDSSCs is desired 
for the improvement of their performance. The dye molecules used in this 
thesis include Ru-based dyes together with metal-free organic dyes of the 
donor-π-acceptor (D-π-A) structure, such as LEG4 dye, as shown in Figure 
6. In D-π-A-based dyes, the donor part acts as the electron-donating unit 
where the electron density of the HOMO of the dye molecules is mainly 
located. In contrast, the density of the LUMO of the dye molecules is located 
on the acceptor part. The photoinduced electron transfer from the HOMO to 
the LUMO is achieved by transiting through the π-bridge, as shown in Fig-
ure 6. By this design, the electron density on the D-π-A dye molecules is 
well divided and separated in order to reduce the recombination within the 
dye molecules; this design is usually called “push-pull” structure.  

 

 
Figure 6. Chemical structure of the organic D-π-A dye LEG4. 

The donor group is an electron-rich unit and it is very important for the light 
absorption ability of the dye. Therefore, the extinction coefficient of the dye 
molecules can be tuned by the modification of the donor group. In addition, 
differences in the electron density on the donor part also affect the HOMO 
level of the dye. The triphenylamine-based donor group is one of the most 
used units in efficient dyes due to its excellent electron-donating ability.116 
The conjugation system on the linker provides a pathway for the fast elec-
tron transfer from HOMO (donor) to LUMO level (acceptor). The acceptor 
part usually has a good electron-withdrawing ability as well as the good af-
finity to bind on the surface of TiO2. The cyanoacetic acid is one of the typi-
cal representative acceptors in the organic dyes. The dyes under considera-
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tion can present different optoelectronic properties by combining the donor, 
linker and acceptor in different ways, as shown in Table 1. 

Table 1. The optoelectronic properties of the dye molecules. 

Dye EHOMO 
V/SHE 

Abs./max 
nm 

ε 
103 M-1cm-1 

C218117 0.97 517 59
D35118 1.16 445 35

LEG4116 1.08 541 49
D21 L6118 0.98 458 37
MK253119 0.90 534 34.7
Z907120 1.01 375, 515 12.6 (515 nm) 
B11121 1.04 305, 388, 554 24.2 (554 nm) 

 

 
Figure 7. Chemical structures of dye molecules used in the thesis. 
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The dye molecules employed in this thesis are listed in Figure 7. They in-
clude metal-free organic dyes C218, MK253, D35, LEG4, D21L6, and Ru-
based coordination compound dyes Z907, and B11. It can be noted that there 
is a gradual evolution of the donor group from C218, D35, LEG4, to 
MK253. For D35, C218 and D21L6 different π-linkers are present. Ru-Z907 
and Ru-B11 have different side groups attached to the bipyridine ligands. In 
order to illustrate the effect of the molecular structure on the dye properties, 
the detailed optoelectronic parameters of the dyes are listed in Table 1.  

2.4 Perovskite 
Since the first report on the perovskite sensitized solar cells, the perovskite 
material has been widely used as light absorber in PSCs.  In order to improve 
the efficiency and stability of the PSCs, a systematic perovskite composi-
tional optimization has been conducted. For example, MAPbI3 
(MA=CH3NH3, methylammonium), MAPbBr3, FAPbI3 (FA=HC(NH2)2, 
formamidinium), MASnI3 and CsPbI3 have been tested and investigated in 
PSCs.122 It has been established that the optoelectronic properties, i.e. 
bandgap, light absorption spectrum, and photochemical stability, are highly 
dependent on the cation-anion combination in the composition. In particular, 
the size (ionic radius) of cations can affect the perovskite structure (dimen-
sionality), and the halide anions can tune the bandgap of the perovskite ma-
terials. For instance, MAPbI3, with a bandgap of 1.5-1.6 eV and a broad light 
absorption spectrum till 800 nm, has been widely studied in PSCs. In con-
trast, FAPbI3 exhibits a bandgap of 1.48 eV and an extended absorption 
spectrum up to 840 nm. Recently, Seok and co-workers investigated the 
composition effects of (MAPbBr3)x(FAPbI3)1-x by combining different ratios 
between MAPbBr3 and FAPbI3.

62 They found that (a) the PCE is improved 
from 13.5% for FAPbI3-based PSCs to 17.3% for the optimal combination 
(MAPbBr3)0.15(FAPbI3)0.85; (b) the hexagonal non-perovskite phase (poly-
morph) of FAPbI3 (sintered at 100oC) is substantially changed to the trigonal 
perovskite phase after adding a 5% mol of MAPbBr3. Both phase stability 
and crystallinity is improved by the optimal combination of cations and ani-
ons; (c) the surface uniformity of the formed perovskite layer is significantly 
improved for (MAPbBr3)0.15(FAPbI3)0.85 compared to the rough surface of 
FAPbI3. As regards the fabrication of the perovskite film, different formation 
methods have been reported, such as dual source evaporation,123 sequential 
(two-step) solution deposition,46 one-step spin coating,51 and vapor-assisted 
solution process.49 The one-step solution process is believed to be an effi-
cient and reproducible method to prepare the perovskite film. Seok and co-
workers studied the solvent effects in the one-step anti-solvent process and 
they concluded that the solvent dimethyl sulfoxide (DMSO) is critical for the 
formation of the PbI2-DMSO complex and retards the perovskite crystalliza-
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tion during spin coating in order to form smooth and uniform perovskite 
layer.51  

Figure 8 shows the preparation steps for the one-step spin coating method. 
Briefly, the perovskite precursor solution is spin coated on the TiO2 substrate 
followed by the addition of a droplet of anti-solvent, such as chlorobenzene 
or toluene. The obtained perovskite film is then sintered at 100oC for one 
hour. 

 

 
Figure 8. The scheme of the one-step solution process for making the perovskite 
films. 

In this thesis the employed perovskite composition is the mixed-ion per-
ovskite (MAPbBr3)0.15(FAPbI3)0.85. This optimized perovskite material is 
used to investigate the properties of different HTMs. Figure 9 depicts a top 
view of a perovskite layer which is prepared by the one-step solution process 
as illustrated in Figure 8. The perovskite layer presents a uniform grain size 
distribution between 200-300nm. A dense perovskite film is obtained with-
out large pinholes; such a quality is important for efficient charge transport 
and collection in the devices. 

 

 
Figure 9. SEM image, top-view, of the formed mixed-ion perovskite materials by 
the one-step solution process. 
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2.5 Hole Transport Material 
The HTM is very important in the solar cell devices for efficient charge 
transport and extraction. A good HTM for high-performance solar cells 
should accept the holes from the light absorber efficiently, transport them 
quickly, suppress hole (HTM)-electron (TiO2) recombination as much as 
possible. There are two types of HTMs used in the present thesis. One is 
electronically conducting polymer-based HTM for ssDSSCs, and the other is 
small molecular HTMs for PSCs. In this session, these two kinds of HTMs 
will be discussed separately.  

2.5.1 Photoelectrochemical Polymerization 
Firstly, in ssDSSCs, the mesoporous TiO2 layer provides a large surface area 
for adsorbing a sufficient amount of dyes to harvest the light. However, in 
the case of the solution-processed molecular HTMs, such as Spiro-
OMeTAD, the random distribution of TiO2 pores poses a challenge as re-
gards complete penetration of the HTM into the pores so as to ensure good 
contact with the dye. This problem, often called pore-filling limitation, can 
influence the dye regeneration process, i.e. the transfer of the photogenerated 
holes from the dye to the HTM. A slow or inefficient dye regeneration pro-
cess in ssDSSCs could provide more possibilities for the deleterious elec-
tron-hole recombination in the devices. In order to improve the pore filling 
of the HTM, the increase of the pore size has been considered.124 However, 
in this case the surface area of TiO2 for dye loading is reduced, resulting in a 
low photocurrent. Grätzel and co-workers developed different oligomer 
HTMs in order to study the pore-filling effects.125 In consideration of the fact 
that isolated air cavities exist in the TiO2 pores, a vacuum-assisted method 
was applied to inject the HTM solution into the pores. By using this tech-
nique, the pore filling and, as a consequence, the device performance were 
improved compared to those for the drop-casting method.126 Boschloo, Hag-
feldt and co-workers successfully applied photoinduced absorption spectros-
copy and spectroelectrochemistry methods to study the dye regeneration 
process.157 Later, McGehee and collaborators used XPS depth profiling and 
UV-vis absorption to determine the optimal pore-filling volume, which 
amounted to ~60%-65% for 2.5 μm TiO2. They also showed that the pore 
filling can be improved by lowering the speed of the spin coating and in-
creasing the concentration of Spiro-OMeTAD.127 Lenzmann and co-workers 
used photoinduced absorption spectroscopy (PIA) to study the relationship 
between the pore-filling fraction and the concentration of Spiro-
OMeTAD.128 They concluded that the optimal thickness of TiO2 is ~3 μm 
and a higher concentration of HTM in the spin-coating solution is favorable 
for a high filling fraction.  McGehee and co-workers systematically studied 
the effect of variations in the pore-filling fraction of the HTM on the dye 
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regeneration process and the electron (TiO2)-hole (HTM) recombination by 
transient absorption spectroscopy.129 An alternative combined sequential 
filling method consisting of soaking of dye/TiO2 electrode in an HTM solu-
tion followed by spin-coating of the HTM solution on top of the electrode. A 
high pore filling of 84% was obtained by using this method compared to 
67% for solution casting.130 Later, Snaith and co-workers concluded on the 
basis of optical reflectometry measurements that a pore filling of 60% is 
required for the optimized device.131 

Another limitation is the short electron diffusion length which is affected 
by the fast interfacial charge recombination and the slow charge transport 
rate. The small molecular HTMs usually exhibit a low hole conductivity. 
Snaith and co-workers have determined an electron diffusion length of ~2 
µm under applied bias conditions. Therefore, the poor pore filling of the 
HTM in mesoporous TiO2 film and the short charge diffusion length limit 
the thickness of TiO2 to 2-3 μm. However, the incident light cannot be fully 
absorbed by a 2 μm thick TiO2 layer if using the common Ru-dyes. There-
fore, it is necessary to develop either new dye molecules with a high extinc-
tion coefficient or to an alternative approach for the efficient penetration of 
the HTM into the pores of the thick TiO2 layer.  

 

            
Figure 10. (left) Scheme of in-situ photoelectrochemical polymerization process 
with EDOT as precursor in the electrolytic solution; (right) the image of TiO2/LEG4 
films before and after PEP. 

In this context, the in-situ photoelectrochemical polymerization (PEP) meth-
od was developed in order to generate conducting polymer HTMs into the 
mesoporous TiO2 by a successive polymerization of small precursors in the 
solution. The scheme of the PEP process is shown in Figure 10. The process 
can be summarized as follows: (a) the incident light excites the dye molecule 
which is adsorbed on the TiO2 surface, and the photo-induced electron-hole 
pair separate at the interfaces between dye-coated TiO2 and precursor-
containing solution (such as EDOT in Figure 10); (b) the electron will be 

photoelectrochemical polymerization (PEP) Before PEP

After PEP
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injected from the LUMO level of the excited dye into the TiO2 and the hole 
will be injected from the HOMO of dye to the precursor in the solution so as 
to effect the oxidative conversion of the precursor to a radical; (c) the reac-
tive radicals will couple together to form oligomers and polymers. There-
fore, there are many components (TiO2, dye, precursor, solvent, electrolyte, 
light source) in this system which can affect the PEP process. The PEP 
method was for the first time presented by Yanagida in 1997.132 In that work, 
they used the PEP in order to prepare the polypyrrole HTM and a PCE of 
~0.1% was obtained. The doping density of the polypyrrole by applying a 
bias potential on the dye/TiO2/polypyrrole film was discussed and the con-
clusion was that a high oxidation state of the polypyrrole is favorable for the 
charge transport in the devices. Later, Yanagida and co-workers used PEP to 
synthesize PEDOT as HTM in ssDSSCs, and investigated the importance of 
the additives (lithium salt and tert-butyl-pyridine) for the post-treatment after 
PEP.133 The same group compared the polymerized HTMs polypyrrole and 
PEDOT in ssDSSCs and achieved a PCE of 0.5% by using PEDOT with 
high transparency and high conductivity.134 It is noted that they all used Ru-
dyes in the PEP process.135 In a later publication, a PCE of 1.3% was report-
ed by using an amphiphilic Ru-dye Z907and the polymerized PEDOT as 
HTMs. It was found that the dye Z907 with long alkyl chains could suppress 
the electron back transfer to the PEDOT.136 Lithium salts with different ani-
ons (BF4

-, ClO4
-, CF3SO3

-, TFSI-) were used as the electrolyte in the PEP and 
the conductivity of the formed PEDOT was compared.137 A high PCE of 
2.8% was obtained by using LiTFSI as the doping agent in the PEP; the PCE 
increase is due to the high conductivity of the PEDOT with TFSI- as doping 
anions. Metal-free organic dye D149 was used in the PEP to synthesize PE-
DOT by Liu and co-workers and a high PCE of 6.1% was achieved. The 
large improvement of the photovoltaic performance was mainly attributed to 
high light absorption of the dye, the diminished interfacial electron recombi-
nation rate and the good penetration of PEDOT.138 A description of the de-
tailed development of the PEP method can be found in the review papers by 
Vlachopoulos et al. and Liu et al.139, 140 

 

 
Figure 11. Detailed charge-transfer pathways during the PEP process. 
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Figure 11 illustrates the detailed charge-transfer processes during the PEP 
with bis-EDOT as an example. After irradiation (~5% of sun light, intensity 
of 5 mWcm-2) on the dye-sensitized TiO2 film (working electrode), the elec-
trons are extracted under an applied bias potential of 0.2V (vs. reference 
electrode) at the photoanode. In contrast, the photogenerated holes are trans-
ferred to the PEP precursor in the electrolytic solution, driven by the electron 
energy (oxidation potential) difference between the dye and the precursor. 
Therefore, the energy level matching between the TiO2, dye, and the precur-
sor is very important to operate the PEP efficiently. 

 
Figure 12. The transient current curve in the PEP process by using chronoamperom-
etry (applied potential is 0.2V vs. reference) method. 

Figure 12 shows the typical transient current curve during the PEP process 
obtained by the chronoamperometry method. Since a fixed electrochemical 
potential was applied to the dye/TiO2 electrode, the recorded current can pro-
vide clear information on the kinetics of PEP. As shown in Figure 12, a very 
low dark current is recorded when light is off because (a) the TiO2 electron 
concentration in the dark is very low; (b) the applied potential of 0.2V vs. the 
reference electrode (0.4V vs. SHE) is not sufficient for the oxidation reaction 
of the precursor in the electrolyte; for example, the oxidation potential of bis-
EDOT in acetonitrile is 0.9V/SHE; (c) the compact TiO2 blocking layer is very 
resistive and blocking. In contrast, when the light is on, a high transient current 
is observed due to the sudden generation, by photoinjection from the dye, of a 
large amount of free electrons in TiO2. This transient current behavior demon-
strates a typical deposition according to a nucleation and growth mechanism. 
The increase of the photocurrent between 120 s to 300 s could indicate a grad-
ually faster polymerization occurring once the formation of an oligomer layer 
is initiated in the dye/TiO2 pores. Afterwards, the photocurrent gradually de-
creases (300s to 600s) to a virtually plateau. This decrease of the photocurrent 
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could be caused by (a) the diffusion limitation of the precursors through the 
porous structure after the formation of solid PEDOT; (b) faster electron re-
combination with the formed PEDOT which is in close contact with the dye 
molecules. The PEP process can be also conducted by using the method of 
chronopotentiometry by applying a fixed current (~20 µA/cm2) flowing in the 
system. An advantage of the constant current vs. constant potential PEP is that 
the rate of polymer formation is uniform and can be easily controlled by ad-
justing the applied current density. The electrode potential vs. the reference 
electrode is monitored in order to follow the kinetics of the PEP as well as to 
ensure that it does not shift to such positive values that the polymer can be 
irreversibly over-oxidized, with irretrievable loss of electronic conductivity. In 
that case, the rate of the polymerization reaction is controlled so as to obtain a 
uniform distribution of PEDOT in the TiO2 pores. Typically a PEP charge of 
30-40 mC/cm2 was applied to a 6 μm dye/TiO2 electrode, with a current densi-
ty of 10-20 μA/cm2, in order to get a good pore filling.  

The uniformity of the formed PEDOT in the TiO2 pores is very important 
for efficient dye regeneration vs. electron recombination as well as for fast 
hole transport. Figure 13 shows a top view of surface morphology of the elec-
trode before and after PEP. It can be seen that after PEP a layer of PEDOT 
covers the dye/TiO2 surface and that the PEDOT layer has a quite porous 
structure.  

 

 
 

 
Figure 13. The top view of the surface morphology of the TiO2/dye before PEP (a, 
c) and TiO2/dye/PEDOT after PEP (b, d). 

(a) (b) 

(d) (c) 
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2.5.2 Small Molecule HTMs  
Solution-processed organic molecular HTMs have been attracting great at-
tention due to their simple deposition by spin-coating, possibly for low cost 
and structural versatility. These properties are favorable for large-scale ap-
plication. State-of-the-art molecular HTM Spiro-OMeTAD (see Figure 14), 
of great importance for organic electronics applications such as organic 
light-emitting diodes and organic field-emitting transistors, is the mostly 
used HTM for ssDSSCs and recently for PSCs as well.   

 

 
Figure 14. Synthetic routes of Spiro-OMeTAD. 

However, the synthetic procedure for producing Spiro-OMeTAD is tedi-
ous, as shown in Figure 14. It includes five steps with a total yield of <50% 
and therefore the final product is expensive and difficult to obtain with high 
purity. In addition, Spiro-OMeTAD has a relatively low hole mobility and 
low conductivity, so that its applicability as fast and efficient hole trans-
porter in solar cells is limited for both ssDSSCs and PSCs. In this respect, 
many kinds of new molecular HTMs have been synthesized and applied in 
PSCs. The detailed published molecular structures and their performance can 
be found in the reviews by Ameen et al. and by Yu and Sun.56, 141 Besides, in 
order to improve the conductivity of the molecular HTMs, chemical doping 
of the HTMs by different compound has been reported, such as a cobalt 
complex Tris (2-(1H-pyrazol-1-yl)pyridine) cobalt (III) tri (hexafluorophos-
phate),142 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (TCNQ),143 
Lewis acid SnCl4,

144 LiTFSI,145 AgTFSI,146 and 1,1,2,2-Tetrachloroethane   
(TeCA).147  

In this thesis, different organic molecules with simple structures were de-
signed and synthesized by our close collaborators in KTH, Dr. Bo Xu and 
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Dr. Yong Hua.  We tested these HTMs for PSCs and investigated them by 
different characterization methods. The influences of the molecular struc-
tures on their photovoltaic performance were studied in details.  

        

 
                  

Figure 15. Molecular structures of the HTMs X2, X21, X22, X23, X25, H11, and 
H12. 
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3. Methods 

3.1. Device Fabrication  
The detailed preparation of ssDSSCs and PSCs can be found in the individu-
al papers. In this chapter the general procedures of ssDSSC and PSC fabrica-
tion are introduced.  

The fabrication of ssDSSCs includes several steps: (1) the conducting 
glass substrate, FTO glass, was cut into certain patterns as desired in solar 
cells. The substrates are then etched by using zinc powder and HCl solution 
(2.0 M in water), followed by careful cleaning using water, ethanol, and 
acetone separately; (2) a thin and compact TiO2 layer is coated on the FTO 
glass by spray pyrolysis of a titanium precursor solution (0.2M titanium 
isopropoxide, 2M acetylacetone in isopropanol); (3) a mesoporous TiO2 lay-
er is loaded on top of the TiO2 underlayer by doctor blading or spin coating 
of the diluted TiO2 paste so as to obtain the desired thickness; the obtained 
films are sintered in the oven under 500oC for 30 minutes (mins); (4) the 
sintered TiO2 film is dipped into an aqueous TiCl4 solution (40 mM) and 
kept in the oven (70oC) for 30 mins, followed by another sintering process 
(500oC for 30 mins); (5) the substrates are then dipped in the dye bath, i.e. 
0.2 mM LEG4 in a mixed solution of acetonitrile and tert-butanol (v:v=1:1) 
for 18h; (6) dye sensitized TiO2 films is covered by spin coating of a Spiro-
OMeTAD solution or the polymer HTMs prepared by PEP process, as 
shown in Figure 16; (7) a thin counter electrode layer of Ag (~200 nm) in 
ssDSSCs  or Au (80 nm) in PSCs, also serving as back contact, is deposited 
on top of the electrodes. 

In the PEP process, a three-electrode electrochemical setup was used to 
conduct the synthesis of the polymer, with a dye/TiO2/FTO as working pho-
toelectrode, an Ag/AgCl/Cl- reference electrode, and a stainless steel plate as 
counter electrode. The electrolyte solution containing the precursor was ei-
ther aqueous micellar or nonaqueous (acetonitrile-based). The supporting 
electrolyte is 0.1 M LiN(CF3SO2)2 (LiTFSI). In aqueous solution, 50 mM 
Trition X-100 as surfactant was added in the water solution in order to ena-
ble the dissolution of the sparingly soluble or insoluble PEP precursor. The 
light for PEP (~5 mWcm-2) was provided by a LED (ELFA Distrelec, 3 W, 
4.5 V, 700 mA, providing cold white light). 
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Figure 16. Device fabrication procedures for ssDSSCs with spin-coated Spiro-
OMeTAD (a) and the polymer HTM prepared from PEP (b). 

PEP was conducted by applying to the photoelectrode either a constant po-
tential (chronoamperometry) or a constant current (chronopotentiometry) for 
the time necessary to pass the required quantity of charge so as to obtain a 
polymer layer of the desired thickness. After the PEP process the electrode 
was carefully rinsed with water (aqueous PEP) or acetonitrile (organic PEP) 
to remove the residual precursors.  

 

 
Figure 17. Cross-sectional image of the ssDSSCs with the photopolymerized PE-
DOT as HTMs. 
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This post-treatment step was followed by spin coating a nonaqueous solu-
tion of LiTFSI and tert-butyl-pyridine on top of the dye electrodes. Finally, a 
200 nm Ag layer was evaporated on top of the electrode to complete the 
solar cell. Figure 17 shows the cross-sectional image of the complete 
ssDSSCs with the PEDOT HTM. It can be seen that the PEDOT is uniform-
ly distributed in the whole TiO2 layer.  

As regards the part of the present thesis devoted to the PCSs, the em-
ployed perovskite material is the mixed-ion perovskite (MAP-
bBr3)0.15(FAPbI3)0.85. The detailed fabrication procedures of the PSCs can be 
found in the published references.148 The steps of cutting and cleaning as 
well as that of the compact, blocking layer deposition were the same as for 
the case of the previously mentioned ssDSSCs. Afterwards, a thin layer 
(~150 nm) of mesoporous TiO2 (particle size=30 nm) was deposited on the 
substrate. Subsequently, a sintering heat treatment was applied under 500oC. 
The perovskite precursor solution was prepared by mixing MABr, PbBr2, 
FAI, and PbI2 with a molar ratio of 1:1:5.6:5.6. The perovskite solution was 
deposited on top of the TiO2 films by spin-coating, followed after 15s by the 
addition of some droplets of chlorobenzene. It should be noted that in the 
PSC the TiO2 layer is often much thinner than that for traditional ssDSSCs. 
The perovskite substrate was then sintered on a hotplate with a temperature 
of 100oC for 1 hour. The HTM solution (70 mM in chlorobenzene) was then 
deposited on the perovskite film by spin-coating. Finally, a layer (80 nm) of 
Au was evaporated on the substrate to complete the solar cells. Figure 18 
depicts the cross-sectional image of the PSCs with the device configuration 
glass/FTO/TiO2 blocking layer/mesoporous TiO2/perovskite/HTM/Au. 

 

    
Figure 18. Cross-sectional image of PSCs with Spiro-OMeTAD as HTMs. 
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3.2. Device Characterization 
3.2.1 Current-Voltage Measurement 
The current density vs. voltage (J-V) measurement is the basic characteriza-
tion step of a solar cell in order to obtain the essential photovoltaic parame-
ters, such as the short-circuit current density (Jsc), the open circuit voltage 
(Voc), the fill factor (FF), and the light-to-electricity power conversion effi-
ciency (η). The solar cell is measured at a controlled light intensity by using 
a solar simulator lamp which can provide a spectrum (light intensity=1000 
Wm-2) similar to the full-sun under AM1.5G illumination. The J-V curve 
(see Figure 19) is recorded by applying a linearly-varying voltage scan be-
tween photoelectrode and counter electrode, and monitoring the photocurrent 
change; the voltage range encompasses both 0 V (short-circuit condition) 
and Voc (open-circuit condition); the upper limit is usually slightly larger 
than Voc, the lower limit is 0 V or somewhat beyond 0 V in the reverse direc-
tion, i.e. with the photoelectrode more negative than the counter electrode; 
such an extension is necessary if the current under illumination is not poten-
tial-independent at the vicinity of 0 V.  

 
Figure 19. J-V curves of a device under light and in dark. 

For PSCs, the J-V curves are often highly dependent on the scan direction, 
which is called hysteresis behavior. The reasons for the hysteresis are still 
unclear. Therefore, the scan direction and the scan rate are important for 
obtaining reliable photovoltaic parameters so that the application of a trian-
gular scan, as in electrochemical 3-electrode cyclic voltammetry, is pre-
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ferred. J-V curves can also be measured under the dark condition, which can 
provide information on the electron-transfer reaction from the FTO side to 
the HTM. However, it should be noted that in several cases the recombina-
tion is faster under light than in the dark due to an increased electron concen-
tration in TiO2 as a result of photoexcitation. In efficient solar cells, the dark 
current should be minimized by increasing the shunt resistance in the devic-
es, in order to avoid the electron loss at the operation condition under light. 
In particular, the dark current at low bias potentials around 0 V should be 
virtually zero, otherwise such a dark-condition shunt may be deleterious to 
the cell performance, especially under low light intensity operation. 

The overall solar cell efficiency η is determined by the ratio of maximum 
power density (power per unit area, Pmax) of the device and the incident solar 
energy (Pin). The maximum power Pmax of the device is expressed in terms of 
Jsc, Voc, and FF according to the equation 
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where e0 is the elementary charge. 
The maximal Voc, namely Voc

*, may be estimated by the difference be-
tween the conduction band edge (Ecb) of TiO2 and the Fermi level, EF,redox-1, 
of the solid-state HTM (at the open-circuit condition, EF(CE)=EF,redox-1). 
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This may be useful for a first guess of the possibility for a HTM to be 
used in the solar cell. However, this is only a rough estimation of the possi-
ble voltage.  

Jsc is the maximum photocurrent extracted from the device, which is con-
trolled by the light harvesting efficiency of the light absorber and the charge-
transfer yield at the interfaces; normally the charge recombination rate is 
negligible under short circuit. Therefore, the optimization of the energy level 
matching between different components and the improvement of the absorp-
tion coefficient of the light absorber are critical for enhancing the Jsc. The FF 
of a device can be influenced by (a) the series resistance (resistance of the 
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component, such as the HTM, TiO2, Au counter electrode and especially, 
FTO); (b) the overpotential at the HTM/Au interface (corresponding to the 
deviation from equilibrium under current); (c) the shunt resistance, inter-
posed between photoelectrode and counter electrode, of the device; for ex-
ample a shunt is created if the gold layer penetrates the TiO2 pores and con-
tacts the FTO glass if the underlayer is defective; similarly, if the polymer 
hole conductor generated by PEP can contact the FTO through defects in the 
underlayer and create a shunt contact. On the other hand the resistance at the 
underlayer TiO2 and FTO contact is usually very low so that this contact is 
considered as ohmic. The shunt resistance may also result from recombina-
tion of the photogenerated charges, which can occur by many different reac-
tions for example directly in the dye molecule or in the perovskite layer. 

3.2.2 Incident Photon-to-Current Conversion Efficiency 
The incident photon-to-current conversion efficiency (IPCE), also called 
external quantum efficiency, is very useful for determining the fraction of 
the incident photons converted to electrons flowing in the external circuit. 
The IPCE spectrum of the solar cell is usually measured by recording the 
generated short-circuit photocurrent by illuminating with tunable mono-
chromatic light; such light is usually generated by passing the output of a 
white-light source through a monochromator. However, the IPCE spectra 
can also be measured under a certain applied cell voltage, for example at the 
voltage where the solar cell generates highest power. It is also possible to 
superimpose a constant bias light to the tunable monochromatic light. The 
IPCE value depends on different parameters including the light harvesting 
efficiency (LHE), electron injection efficiency from the dye to TiO2 (φinj), 
and the charge collection efficiency (φcoll), as shown in the equation below: 

collinjLHEIPCE    

LHE is defined as the fraction of the incident light absorbed by the de-
vice. For monochromatic light, LHE(λ) is derived from the absorbance (A(λ)) 
of a dye sensitized TiO2 film, 

)(101)(  ALHE   

and φinj is defined as 

deactinj

inj
inj kk

k


  

where kinj is the rate constant of injection reaction D*→e-+D+ and, kdeact is 
the rate constant of deactivation D*→D. This deactivation can be radiative 
(fluorescence) or non-radiative (heat evolution). 
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If Rcoll is the rate of electron collection to the FTO contact, i.e. the rate of 
electron transport from TiO2 into the FTO contact, Rrec is the rate of electron 
recombination with the oxidized hole conductor and/or the oxidized dye and 
Rinj is the rate of electron injection from the excited dye into semiconductor,  

reccollinj RRR    

The collection efficiency is defined as, 

inj

rec

inj

coll

collrec

coll
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R
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 For ssDSSCs, in order to model the recombination kinetics it is normally 
assumed that the recombination reaction is first-order. In contrast, the re-
combination kinetics is presented with a different model in PSCs.149  In 
ssDSSCs, Rrec can be expressed in terms of the electron concentration (e-), 
the oxidized dye concentration (D+) and the oxidized HTM concentration 
(HTM+) as 
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   DekHTMekR DrecHTMrecrec  

It should be noted that the dye regeneration efficiency has been included 
in φcoll. In case of fast dye regeneration (D+) will be very low so that 
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Since the rate of electron injection is equal to the sum of the rates of elec-
tron collection and electron recombination, the collection efficiency is given 
as 
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On the basis of the IPCE spectrum, the photocurrent expected from the 

standard tabulated AM1.5 solar spectrum can be calculated. If )(JAM1.5
ph  is 

the photon flux distribution, i. e. the number of photons with wavelengths 
between   and  d  divided by d , the corresponding solar cell maxi-
mum photocurrent, e.g. at short circuit, will be  

 dFdJ sc  )(IPCE)(JAM1.5
ph

AM1.5  

where F is Faradaic constant, and the calculated integrated photocurrent 
AM1.5
scJ  between the limits min  and max of the solar spectrum 

 
max

min

)(IPCE)(JAM1.5
ph

AM1.5 


 dFJsc  

The calculated integrated short-circuit solar cell AM1.5 current, within 
good approximation, should in principle be the same current as that meas-
ured by exposing the cell to the output of a solar simulator. A prerequisite 
for this is that there is no diffusion limitation, i.e. that in a laboratory exper-
iment the photocurrent will be proportional to the light intensity in an exper-
iment where the latter is varied by interposing neutral density filters (e.g. 
5%, 10%, 50%) to the beam so that the reduced-intensity beam has a spec-
trum identical to that of the full beam. Figure 20 shows a typical IPCE spec-
trum of PSCs with Spiro-OMeTAD as HTM. 

 
Figure 20. The IPCE spectrum of PSC. 

3.2.3 Photocurrent and Photovoltage Decay Measurements 
Transient photocurrent and photovoltage decay measurements are commonly 
used to characterize the charge-transport and transfer processes occurring in 
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the complete solar cell devices under the operational conditions. Generally, a 
small modulation of the light intensity (∆I) is applied on top of a baseline 
light intensity I0 to the solar cell (see Figure 21a), 

III  0    

The I0 is controlled by applying different voltages to a white LED 
(Luxeon Star 1W). For example, a baseline light intensity of 100 mWcm-2 is 
attained by applying a voltage of 3.6 V to which a small light modulation is 
applied by introducing an additional voltage of 10-50 mV. Since both photo-
voltage and photocurrent are dependent on the light intensity, applying a 
light modulation is a straightforward way to induce a transient change of Jsc 
and Voc. The decay kinetics of the transient photocurrent or photovoltage 
caused by this small modulation of illumination can be monitored in order to 
study the charge recombination and charge transport properties in the devic-
es. The time constant can be derived by fitting of the transient decay by sin-
gle exponential function, as follows: 
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where V(t) and J(t) are the transient photovoltage and photocurrent. The Voc 
and Jsc are measured when a certain light intensity I0 is introduced. ∆V and 
∆J are the changes of voltage and current induced by the ∆I. The increased 
photovoltage and photocurrent will relax to a steady state after a while. This 
decay process is measured in order to investigate the kinetics of different 
processes.  
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Figure 21. (a) Photocurrent rise and decay by applying a small modulation on top of 
a baseline light intensity. (b) The normalized decay of the photocurrent.  

These measurements are instructive for the qualitative study of similar sys-
tems involving the comparison of different components, such as HTMs, alt-
hough the derived time constants may not provide sufficiently accurate and 
quantitative information for individual processes. In the example shown in 
Figure 21b the photocurrent decay measurements can be used to investigate 
the charge transport rate in the ETMs or HTMs in PSCs.  

3.2.4 Photoinduced Absorption Spectroscopy 
Photoinduced absorption (PIA) spectroscopy can be used to characterize the 
dye regeneration process in ssDSSCs. Usually a thin dye-sensitized TiO2 
electrode, which can allow the light to pass through, is used in a PIA meas-
urement. There is a pump-probe setup in the PIA system. A square-wave 
modulated monochromatic pump light beam (460 nm used in this thesis) is 
superimposed on a white probe beam supplied by a white light (20 W tung-
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sten-halogen lamp). The probe light can be partially absorbed by the species 
in the electrode, and the transmitted probe light can be collected on a mono-
chromator and then monitored by a silicon photodiode connected to a current 
amplifier and lock-in amplifier. The PIA spectrum consists of the difference 
∆A of the absorbance of the measured electrode before and after the illumi-
nation plotted vs. wavelength. 
 

 
Figure 22. PIA signals of LEG4-sensitized TiO2 films with and without HTM PE-
DOT. 

The PIA is often used to compare the dye/TiO2 electrodes with and without 
the charge-transport medium, such as a redox couple (liquid DSSCs) or a 
solid-state HTM (ssDSSCs). In the case of a bare dye/TiO2 electrode without 
HTM, the light absorption by the oxidized dye will be observed. As shown 
in Figure 22, a positive ∆A in the range of 700-850 nm for TiO2/LEG4 elec-
trode (black squares) is caused by the light absorption of oxidized LEG4. 
After the deposition of the HTM PEDOT, a decreased ∆A (black circles) is 
obtained for the LEG4/TiO2/PEDOT electrode. This lower ∆A results from 
the dye regeneration reaction:  LEG4++PEDOT→LEG4+PEDOT+. 

Therefore, the PIA is a reliable method to qualitatively study the dye re-
generation process in ssDSSCs. 

3.2.5 Hole Conductivity and Hole Mobility Measurements 
The electrical conductivity of the HTM is measured by using a two-probe 
setup. The device configuration glass/TiO2/HTM/Ag was used for this meas-
urement. The detailed preparation of TiO2 film and HTM layer can be found 
in the previous chapter. The measurement is carried out by applying a volt-
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age (-2 V to 2 V) between two Ag contacts and the flowing current is rec-
orded. The conductivity is calculated by using equation: 

dLR

W


  

where σ is conductivity of the HTM, W is the distance between two Ag elec-
trodes (W=2 mm in this thesis), L is the length of the Ag channel (L=10 mm 
in this thesis), d is the film thickness of the HTM, and R is the resistance 
which can be calculated from the recorded I-V curves. 

A high charge carrier mobility of the charge-transport medium is of key 
importance for obtaining a long charge diffusion length in the solar cell. 
Therefore, the hole mobility is one of the most important parameters for the 
HTM. The hole mobility is obtained by measuring the space-charge limited 
current (SCLC). The device configuration of ITO/PEDOT:PSS/HTM/Ag 
was employed during the SCLC measurement. The SCLC is recorded by 
applying a voltage on the device and measuring the current. Under the ap-
plied voltage, the injected charge carriers form the space charge layer which 
has an electric field of opposite direction from that of the applied bias volt-
age. This can induce a limited current at a high voltage, which is described 
as follows: 
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where J, µ, ε0, εr, V, d are the current density, hole mobility, vacuum permit-
tivity (8.85×10-12 F/M), dielectric constant (εr=3 in this thesis), applied volt-
age and film thickness. The hole mobility can be derived from the above 
equation and the measured I-V current. 

3.2.6 Photoluminesence 
In order to analyze the light emission of the perovskite film as well as to 
study the electron quenching at the interface between the perovskite and the 
HTM, photoluminescence (PL) was used in this thesis. Light of excitation 
wavelength of 500 nm was applied and the device configuration was 
glass/ZrO2/perovskite/HTM. A continuous incident light was directed on the 
substrate with an angle of 60o during the measurement. 

In the case of bare perovskite film without HTM, a high PL signal result-
ing from the radiative recombination is usually observed. This PL intensity 
of the bare perovskite film is dependent on the quality of the perovskite film 
and, therefore, perovskite films of the same-quality are required in order to 
obtain a reliable comparison. When the HTM is deposited on the perovskite 
film, the PL signal is decreased due to the hole injection from the perovskite 
layer to the HTM. Therefore, the difference in the PL intensity for different 
HTMs could provide information on the yield of the interfacial hole transfer. 
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4. Results and Discussion 

4.1 Aqueous PEP versus Organic PEP (Paper I) 
For the PEP approach, the solvent acetonitrile was always used in the previ-
ously published work because the precursor, such as bis-EDOT, has a high 
solubility in it. However, acetonitrile is expensive and volatile. So we tried 
for the first time to develop aqueous PEP by using water as the solvent.150 In 
order to dissolve the employed precursor bis-EDOT in water, a supporting 
micellar medium, Triton X-100, was added in the water to improve its solu-
bility. We will name the PEP based on acetonitrile and water as “Organic 
PEP” and “Aqueous PEP” respectively, abbreviated as A-PEP and O-PEP 
respectively. The devices based on organic PEP and aqueous PEP were fab-
ricated by following the same procedures. The two types of dyes principally 
used for this project were organic metal-free and Ru-based dyes.  

Table 2. J-V parameters of ssDSSCs with organic PEP and aqueous PEP 

 

 Medium η / % Voc / V Jsc / mAcm-2 FF 

LEG4 
Organic 5.6 0.91 10.8 0.57 

Aqueous 5.2 0.84 10.9 0.56 

D35 
Organic 4.6 0.83 8.2 0.68 

Aqueous 3.8 0.78 8.6 0.56 

Z907 
Organic 1.5 0.51 4.5 0.66 

Aqueous 0.07 0.42 0.4 0.39 

 

Table 2 presents the photovoltaic parameters of the ssDSSCs based on or-
ganic PEP and aqueous PEP. The device based on aqueous PEP (5.2% for 
LEG4 dye) showed comparable PCE as the ones with organic PEP (5.6% for 
LEG4 dye). By comparing their photovoltaic parameters, we found that the 
devices based on organic PEP had a much higher Voc and a slightly lower 
photocurrent Jsc for both D35 and LEG4 dye. Therefore, it is very interesting 
to understand the difference between the organic PEP and aqueous PEP.  
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In order to study the reasons for the difference in Voc and Jsc observed for 
two types of PEP, transient photovoltage decay (electron lifetime) and PIA 
spectra were carried out, as shown in Figure 23. Electron lifetime measure-
ment can provide information on the rate of the photoinduced electron re-
combination in the devices. Electron lifetime significantly affects the elec-
tron concentration in the TiO2 and thus the Voc of the devices if it is assumed 
that the conduction band position of TiO2 is the same for the two types of 
devices. It is noted in Figure 23a that the device based on aqueous PEP and 
LEG4 (A-LEG4) showed a much shorter electron lifetime than that with 
organic PEP and LEG4 (O-LEG4). This result can indicate that the low Voc 
obtained in A-LEG4 is caused by fast electron recombination with holes in 
the formed PEDOT. For the difference in Jsc, we could exclude the influence 
of some factors such as light harvesting efficiency and electron injection 
efficiency because the same dye LEG4 is used and the electron injection is 
believed to be efficient. Therefore, the different Jsc could be caused by dif-
ferences in the dye regeneration process because the PEDOT could have 
different properties in the two cases. PIA measurements were carried out to 
study the dye regeneration process, as shown in Figure 23b. We observed 
that the A-LEG4 based device showed a more efficient dye regeneration than 
the O-LEG4 one, as evidenced by the decreased absorption of the oxidized 
LEG4 in the range of 700-800 nm. This could explain the slightly improved 
Jsc in A-LEG4 than O-LEG4. 

 

 
Figure 23. (a) Electron lifetime measurements, (b) PIA signals for A-LEG4 and O-
LEG4. 

In these two devices, the only difference lies in the details of the PEP pro-
cess for the formation of PEDOT, so we believe that the differences in the 
electron recombination rate and dye regeneration efficiency are related to the 
properties of PEDOT. In order to compare the PEDOT in the two cases, NIR 
absorption spectral measurements of D35/TiO2/PEDOT were performed, 
which are shown in Figure 24. The absorption spectra were recorded in the 
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range from 500 nm to 2000 nm. It should be noted that there is no contribu-
tion in light absorption from the dye molecules from 800 nm to 2000 nm 
(see the curve with triangles). However, for both substrates with PEDOT 
from organic and aqueous PEP considerable light absorption occurs in that 
range. The A-PEDOT presents relatively low absorption intensity in the 
whole wavelength range but with a broad absorption peak at 1200 nm. In 
contrast, the O-PEDOT exhibited a broad and gradually increasing absorp-
tion from 800 nm to 2000 nm. We assign this behavior to the different elec-
tronic properties of the formed PEDOT. A-PEDOT has a feature with main 
contribution from the polaron state, corresponding to a less delocalized elec-
tronic structure with shorter polymer chains. In contrast, O-PEDOT possess-
es bipolaron states, attributed to a highly delocalized electronic structure and 
longer polymer chains. This difference in the properties of obtained PEDOT 
could be due to the different polymerization mechanism. In the O-PEP case 
the high concentration of the precursor radicals and their fast diffusion 
through the TiO2 pores could favor fast polymerization and formation of 
longer chains. 

 

 
Figure 24.  NIR absorption spectra of the substrates TiO2/D35 with and without the 
HTM PEDOT. 

If we correlate the properties of the PEDOT and the obtained electron life-
time and PIA results, we could make a hypothesis: a relatively shorter poly-
mer obtained in A-PEDOT compared to that in O-PEDOT could result in a 
larger contact area between the PEDOT and the dye molecules, and thereby 
to more efficient dye regeneration by the HTM PEDOT. This agrees with the 
faster dye regeneration for A-PEDOT than O-PEDOT as evidenced by the 
PIA experiments (see Figure 23b). In addition, the larger contact area be-
tween PEDOT and dyes in A-PEDOT could also result in faster electron 
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recombination in the devices compared to that for O-PEDOT, which is con-
sistent with electron lifetime measurements (see Figure 23a).  

Therefore, the environmentally friendly aqueous PEP approach exhibited 
the advantages of fast dye regeneration due to the shorter polymer chains. 
This could be interesting for further optimization to enhance the PCE of 
ssDSSCs. 

4.2 New Precursors for PEP (Paper II and III) 
Bis-EDOT is the mostly used precursor in the PEP because the precursor bis-
EDOT has an appropriately low oxidation potential to conduct the PEP pro-
cess. However, it is difficult to synthesize, especially with high purity. There-
fore, it is highly desirable to develop simple and cheap precursors for the PEP 
process in ssDSSCs.  

EDOT is the monomer of PEDOT; it is cheap and widely commercially 
available due to its relatively simple synthesis. However, EDOT has not been 
successfully explored as the precursor in PEP due to its high oxidation poten-
tial (~1.6 V/SHE) in an acetonitrile-based solution, as shown in Figure 25. 
However, it is noteworthy (in paper I) that the oxidation potential of the pre-
cursor bis-EDOT is decreased from 0.9 V/SHE in organic solvent to 0.6 
V/SHE in water-based solution. Generally, the lower oxidation potential of the 
precursor facilitates the PEP to proceed because the driving force for the PEP 
process is defined by the energy level difference between the dye and the pre-
cursor in the electrolyte solution. Inspired by this, we measured the onset oxi-
dation potential of the EDOT in organic and aqueous solution, as shown in 
Figure 25. 
 

 
Figure 25. Cyclic voltammetry curves of EDOT in acetonitrile and water-based 
solution. 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0

5.0x10-2

1.0x10-1

1.5x10-1

2.0x10-1

2.5x10-1

3.0x10-1

3.5x10-1

4.0x10-1

 

I /
 m

A

Voltage / V
/SHE

 EDOT / organic

 EDOT / aqueous



 55

It is noted that the onset oxidation potential of EDOT is decreased to 0.9 
V/SHE in aqueous solution from 1.6 V/SHE in acetonitrile.151 Therefore, in 
the case of aqueous PEP, it is possible from the energy level point of view to 
polymerize the EDOT by photoexcitation of the metal-free organic dyes.  

Table 3. Photovoltaic parameters of the devices based on the PEDOT and D35. 

Devices Light intensity 
(mWcm-2) ŋ (%) Voc (V) Jsc 

(mA cm-2) 
FF 

D35 
O-PEDOT 100 0.04 0.62 0.3 0.25 

D35 
A-PEDOT 

100 3.02 0.82 6.2 0.60 

46 3.41 0.73 3.3 0.65 

11.4 3.04 0.66 0.8 0.61 

The devices were fabricated by using EDOT as the precursor in both organic 
PEP and aqueous PEP, and the photovoltaic parameters are shown in Table 
3. It is noted that the PCE is significantly improved from 0.04% (organic 
PEP of EDOT) to 3.0% (aqueous PEP of EDOT) in the devices with D35 
dye. This further illustrates that the oxidation potential matching between the 
dye and the precursor is of key importance for performing PEP efficiently. 
Therefore, the aqueous PEP paves the way for the potential use of low-cost 
EDOT as the precursor in PEP for ssDSSCs.  

An EDOT analogue, 3, 4-ethylenedioxpyrole (EDOP) is another precur-
sor which is commercially available.  EDOP has combined two advantages: 
low cost due to the simple chemical structure, as that of EDOT, as well as 
the low onset oxidation potential in acetonitrile like bis-EDOT. The PEP of 
EDOP was previously tested at a Ru-dye electrode; the corresponding 
ssDSSCs with the thus generated polymer, PEDOP, as HTM had a low effi-
ciency of 0.01% due to the fast electron recombination of the formed PE-
DOP and the employed Ru-dye.152 In this work we tried to perform the PEP 
of EDOP with the organic metal-free dyes D35 and D21L6.153  

Table 4. Photovoltaic parameters of ssDSSCs with dyes D35, D21L6 and Ru-Z907. 

Devices Light intensity 
(mWcm-2) ŋ (%) Voc (mV) Jsc 

(mA cm-2) 
FF 

D35 100 4.34 825 8.0 0.66 
 

D21L6 
46 4.53 785 3.9 0.67 

100 3.05 645 7.9 0.59 
46 3.38 630 4.1 0.61 

Ru-Z907 100 0.46 440 2.0 0.53 
46 0.46 395 1.0 0.53 
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It can be seen from Table 4 that a high PCE of 4.34% was achieved for 
D35-based ssDSSCs with PEDOP as HTM, compared to a low PCE of 0.46% 
for the devices with Ru-Z907 dye. The device with D21L6 showed a PCE of 
3.05%. By comparing their photovoltaic parameters, we can conclude that (a) 
the devices with metal-free organic dyes presented much higher Jsc than that 
for Ru-Z907; (b) the D35-based device showed a much higher Voc (825 mV) 
than these based on D21L6 (645 mV) and Ru-Z907 (440 mV); (c) Organic 
dye D35 sensitized devices exhibited a higher FF (66%) than these sensitized 
by D21L6 (59%). The respective J-V curves are shown in Figure 26.  
 

 
Figure 26. J-V curves of ssDSSCs with dyes D35 (circle), D21L6 (square) and Ru-
Z907 (up-triangle). 

From the J-V curves, we can see that the lower FF in the D21L6-based de-
vices compared to the D35-based ssDSSCs was mainly caused by the lower 
shunt resistance which can be observed by the fast decrease of the photocur-
rent when applying low bias voltages (0 V-0.5 V). This could be because of 
the fast electron recombination with the oxidized D21L6 or the PEDOT 
HTM. For D35-based devices, the obtained higher Voc and FF could be 
mainly due to the bulky molecular structure of the dye which acts as a block-
ing layer to retard the electron recombination with the formed PEDOP. Simi-
larly to the previous report, the Ru-Z907-based ssDSSCs showed a poor 
photovoltaic performance with low Voc, Jsc and PCE. The low photovoltaic 
parameters could be due to (a) the low extinction coefficient of Ru-Z907; (b) 
the poor blocking effect between the e- (TiO2) and h+ (PEDOP) and thus the 
fast charge recombination. The electron loss due to the recombination be-
tween e- (FTO) and h+ (PEDOP) can be investigated by recording the dark 
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current (see Figure 26). It can be seen that D35-based devices showed much 
lower dark current compared to these based on D21L6 and Ru-Z907, 
demonstrating that D35 has a much better recombination blocking effects 
than the others. Therefore, the bulky chemical structure of the dye is critical 
indeed for retarding the charge recombination in ssDSSCs. 

 
Figure 27.  (a) UV-Vis absorption of TiO2/dye films. (b) Electron lifetime meas-
urements of the ssDSSCs with PEDOP and dyes D35, D21L6 and Ru-Z907. 

In order to further justify the origins of the differences in Jsc and Voc values 
for various dyes, measurements of the UV-Vis spectra of dye/TiO2 and the 
electron lifetime were performed, as shown in Figure 27.   

From the UV-Vis spectra of three dyes on TiO2 films (see Figure 27a), it 
is evident that the metal-free organic dyes D35 and D21L6 possess a much 
higher light harvesting ability than Ru-Z907, and this could be the main rea-
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measurements. We can see that the devices with D35 showed a much longer 
electron lifetime than that for D21L6 and Ru-Z907. This longer electron 
lifetime in D35-based ssDSSCs contributed to a higher Fermi level of TiO2 
and thus a higher Voc value than those for D21L6 and Ru-Z907. This can 
well explain the Voc difference in the three types of devices. Therefore, the 
dye molecular structures play important roles for ssDSSCs in terms of both 
light harvesting and interfacial electron recombination. So it would be very 
important to fundamentally investigate the effects of dye structures on the 
PEP process and the photovoltaic performance of the ssDSSCs.  

4.3 Effects of Dye Molecular Structures (Paper IV) 
In this paper, the influences of the dye molecule structures on the PEP and 
photovoltaic performance of the ssDSSCs were systematically studied.154 A 
series of metal-free organic dyes (C218, MK253, and LEG4) and two Ru-
dyes (Z907 and B11) were chosen for PEP. It should be noted that (a) three 
metal-free organic dyes have different donor or linker parts, which affect 
their energy levels and light harvesting ability; (b) the difference in the bulky 
structure for three metal-free organic dyes could influence the electron re-
combination time; (c) the two Ru-dyes showed significantly different extinc-
tion coefficients. The detailed optoelectronic parameters can be found in 
Table 1. 

Firstly, the effect of the dyes on the PEP process was studied by monitor-
ing the transient current during the PEP process by the chronoamperometry 
(0.4 V/SHE) method, as shown in Figure 28. The PEP current can provide 
information on the rate of the PEP. 
   

 
Figure 28. Photocurrent variation with time during the PEP process by applying a 
potential of 0.4 V/SHE for different dyes under the same light intensity. 
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It can be seen that a very low current was obtained when the light is off. 
In contrast, after irradiation a high transient photocurrent was observed for 
all dyes due to the sudden photoexcitation of the dyes followed by the charge 
separation. After a while, the photocurrent is different for various dyes. Spe-
cifically, the Ru-Z907 electrode showed a relatively low photocurrent com-
pared to B11 due to its low light absorption coefficient and possibly the fast 
interfacial electron recombination for the former. For metal-free organic 
dyes, the LEG4-based electrode showed a much higher photocurrent than the 
C218- and MK253-based ones. This can be attributed to (a) the higher ex-
tinction coefficient of LEG4 than C218; (b) more positive oxidation poten-
tial of LEG4 compared to MK253, facilitating an efficient PEP process; (c) 
the more bulky structure of LEG4 than C218 retards the interfacial recombi-
nation more effectively. Overall, in order to conduct the PEP efficiently the 
dye molecule should have a high extinction coefficient, a bulky molecular 
structure and an appropriate energy level in relative to the precursor of PEP.   

Table 5. Photovoltaic parameters of the ssDSSCs obtained at light intensity of 100 
mWcm-2 with different dyes.  

Parameter/Dye LEG4 C218 MK253 Ru-B11 Ru-Z907 

Jsc / mAcm-2 13.4 9.2 10.9 11.9 4.4 
Voc/ mV 830 710 680 605 515 

FF 0.64 0.63 0.50 0.56 0.58 
η / % 7.11 4.12 3.75 4.05 1.01 

The photovoltaic parameters of ssDSSCs based on various dyes and PEDOT 
are shown in Table 5. The device with LEG4 dye gave a high PCE of 7.11% 
with a Jsc=13.4 mAcm-2, Voc=830 mV and FF=0.64. In contract, metal-free 
organic dyes C218 and MK253 showed a lower performance with PCE of 
4.12% and 3.75%, respectively. In addition, the device with Ru-B11 exhibit-
ed a much higher PCE of 4.05% than 1.01% for Ru-Z907.  The main obser-
vation in the photovoltaic parameters for different dyes is the variation of the 
Voc although the same HTM PEDOT was employed. As discussed in the 
previous chapter, the Voc of the ssDSSC is primarily determined by the ener-
gy difference between the energy levels of TiO2 and the HTM. Additionally, 
the electron recombination at the TiO2/dye/PEDOT interfaces is a critical 
factor affecting the Voc of the device. In order to study the interfacial charge 
recombination, the transient photovoltage decay was recorded; the derived 
electron lifetime is shown in Figure 29. Among the three organic dye-
sensitized solar cells considered, the LEG4-based device showed a much 
longer electron lifetime than these based on C218 and MK253. This agrees 
well with the Voc difference presented in Table 5. Similarly Ru-B11-based 
device presented a longer electron lifetime than that with Ru-Z907. The dif-
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ference in the electron lifetime can be attributed to the dye molecular struc-
ture and PEDOT properties.  

                
Figure 29. Electron lifetime measurement for the ssDSSCs with different metal-free 
organic dyes (a) and metal-complex dyes (b). 

4.4 New Molecular HTMs for PSCs (Paper V, VI, VII) 
The HTM layer is an essential part in PSCs which has different functionali-
ties, such as (a) extracting the holes from the perovskite layer; (b) conduct-
ing the holes through the HTM layer; (3) preventing the recombination 
caused by the direct contact between the Au electrode and the perovskite 
layer; (4) isolating the perovskite layer from the moisture in the atmosphere. 
So far the most commonly used HTM is Spiro-OMeTAD. However, as men-
tioned above Spiro-OMeTAD has disadvantages of high cost and relatively 
low conductivity. Therefore, designing new alternative HTMs for PSCs, and 
understanding the relationship between molecular structure and performance 
are required for the future application of the HTMs in PSCs. In this chapter, 
we will discuss how the molecular structures of the HTMs affect the optoe-
lectronic properties in the PSCs devices. The molecular structures of the 
HTMs to be discussed are shown in Figure 15.  
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Firstly, we investigated the influence of the alkyl chains on the triphenyl-
amine-based HTMs by grafting the alkyl chains with different length and 
positions on the reference HTM X2.148 

Table 6. Optoelectronic parameters of the HTMs. 

The redox potentials and the maximum absorption peaks for different HTMs 
are listed in Table 6. It is noted that X2 and X23 exhibited higher Eredox-1 than 
X21 and X22. The less positive Eredox-1 for the HTMs X21 and X22 could be 
attributed to the more planar bifluorene groups due to the fluorene structure. 
In addition, X21 and X22 showed a ~40 nm red shift compared to those of 
X2 and X23 in the maximum absorption peak. This can illustrate again that a 
more delocalized electron configuration in X21 and X22 is due to the fluo-
rene structure compared with X2 and X23. The less positive Eredox-1 level for 
X21 and X21 could be favorable for the hole transfer from the perovskite to 
the HTMs. Besides, the planar structure and delocalized electron distribution 
in X21 and X22 could provide good charge transport properties. 

 
Figure 30. (a) Device structure, (b) charge transport pathways, (c) I-V curves and 
(d) IPCE of the PSCs with different HTMs. 
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In order to study the effects of the alkyl chains on the performance of the 
HTMs in PSCs, the perovskite devices were fabricated by following the de-
vice configuration shown in Figure 30a. The details of the device fabrication 
can also be found in chapter 3. Figure 30c shows the J-V curves and the pho-
tovoltaic parameters of the PSCs with different HTMs. It shows that for X21 
a highest PCE of 17.33% is obtained compared to 14.6%, 15.45% and 
12.31% for X22, X2 and X23. By comparison of the photovoltaic parameters 
it is found that relatively lower Voc values were obtained for X21 and X22 
compared to X2 and X23. This could be caused by the less positive redox 
potential Eredox-1 (higher HOMO) of the X21 and X22 in relative to that for 
X2 and X23. In addition, X21-based devices showed a higher Jsc and thus 
the higher PCE than that for X22. In order to investigate the causes of the 
different photovoltaic performance for these HTMs, we studied different 
charge transport pathways occurred in PSCs, as exhibited in Figure 30b. We 
performed photoluminescene (PL) measurements in order to investigate the 
hole-transfer process between the perovskite and various HTMs and, addi-
tionally, transient photocurrent decay measurements in order to study the 
charge transport in HTMs.  

 
Figure 31. (a) PL signal of the device glass/ZrO2/perovskite with and without 
HTMs. (b) Transient photocurrent decay of the PSCs with different HTMs. 
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On the basis of the PL measurements in Figure 31a it can be seen that for 
X21 and X23 the hole transfer from the perovskite to the HTMs is more 
efficient than for X2 and X22. This can explain the lower Jsc obtained for 
X22-based PSCs than that for X21-based ones. According to the data of 
Figure 31b HTM X21 and X22 have much more efficient hole transport than 
that for X2 and X23. Therefore, the fluorene structure with a good planarity 
is favorable for the hole transport in the HTMs. This could explain the supe-
rior photovoltaic performance obtained for X21-based PSCs.  

In a following development, X2 was used as the reference HTM once 
more; a similar HTM X25 was developed by simply linking the phenyl 
groups by a carbon-carbon single bond. The chemical structures of X2 and 
X25 can be found in chapter 2.155  

From the electrochemical and optoelectronic characterization, it can be 
seen that X25 showed a more positive Eredox-1 and a higher conductivity than 
X2, as shown in Table 7. These two parameters are very important to 
achieve high Voc and Jsc in PSCs.  

Table 7. Optoelectronic parameters of the HTMs 

Figure 32 depicts the photovoltaic properties of the PSCs with X2 and X25; 
according to Figures 32a and 32b , X25-based devices showed a much high-
er PCE (17.4%) with a higher Voc (1100 mV) and Jsc (22.64 mAcm-2), com-
pared to those based on X2 (PCE=14.6%, Voc=1055 mV, Jsc=21.73 mAcm-2).  
Figures 32c and Figure 32d show the IPCE and the PCE histogram of the 
devices with X2 and X25.  

To further understand the influence of the molecular structures on their 
photovoltaic performance, PL and transient photovoltage/photocurrent decay 
measurements were performed as shown in Figure 33. The PL signals of the 
devices with X2 and X25 shown in Figure 33a demonstrate that for X2 the 
hole transfer from the perovskite to the HTM is slightly more efficient. This 
is probably due to the less positive Eredox-1 for X2 than X25, corresponding to 
a larger driving force for the interfacial charge transfer. 
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X2 370  430 0.69 3.05 -5.09 -2.04 1.3×10-4 

X25 335  420 0.76 3.20 -5.16 -1.96 2.8×10-4 

a EHOMO is calculated by EHOMO=-4.4 eV-Eredox-1
35  

b ELUMO value calculated by ELUMO=EHOMO+E0-0
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Figure 32. (a) and (b) J-V curves of the PSCs with HTM X2 and X25. (c) and (d) 
IPCE curves of the PSCs with X2 and X25. Inset diagram: efficiency statistics. 

 
Figure 33. (a) PL signal of the perovskite film with and without HTMs. (b) Transi-
ent photovoltage decay. (c) Transient photocurrent decay. (d) Electron lifetime of 
the PSCs with HTM X2 and X25. 
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From the photovoltage decay measurements as shown in Figure 33b it is 
deduced that the PSCs with X2 and X25 showed very similar decay kinetics. 
PSCs with X2 and X25 can be demonstrated to have similar electron recom-
bination kinetics in the devices. Therefore, the higher Voc for X25 than X2 is 
mainly attributed to the lower Eredox-1 of X25 compared to that of X2. The 
transient photocurrent decay measurement at 100 mWcm-2 (see Figure 33c) 
and the derived photocurrent decay time at different light intensities (see 
Figure 33d) showed a clear difference in the charge transport behavior for 
X2 and X25. Specifically, X25-based PSCs had a much faster charge 
transport ability compared to that for X2-based PSCs. This could be mainly 
due to the higher conductivity of X25 than that of X2, as shown in Table 7. 
The faster hole transport in X25 leads to a higher Jsc compared to that for X2.  

In addition, two Spiro-OMeTAD analogues, H11 and H12, were devel-
oped. Their chemical structures and the synthetic procedures can be found 
below. 156 

 

 
Figure 34. Synthetic process of H11 and H12. 

Figure 34 shows two-step procedures for preparing H11 and H12 with a higher 
yield (>75%).  The simple synthetic steps could make them easily available 
for the future large scale application. An additional advantage is that the solu-
bility of H11 and H12 is higher than Spiro-OMeTAD in chlorobenzene, which 
is a common solvent used for preparation of the HTM solution.  

The PSCs with H11 and H12 were tested in comparison with Spiro-
OMeTAD. The photovoltaic parameters of the PSCs with H11, H12 and 
Spiro-OMeTAD are shown in Table 8. Compared with Spiro-OMeTAD-
based devices (PCE=18.9%), the H11-based devices showed a slightly im-
proved performance with a PCE of 19.8%, but the PSCs with H11 exhibited 
a lower PCE of 16.6%. The main difference for these three HTMs lies in the 
different Jsc although a slightly higher Voc is obtained for H11-based PSCs 
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the previous case. Therefore, transient photocurrent decay and PL experi-
ments were carried out to study these two processes, as shown in Figure 35. 

Table 8. Photovoltaic parameters of the PSCs with different HTMs. 

Transient photocurrent decay measurements for H11 and H12 are depicted in 
Figure 35a. For H11 the photocurrent decay is somehow faster than Spiro-
OMeTAD and much faster than H12, demonstrating faster charge transport 
ability in the order H12 < Spiro-OMeTAD < H11. Besides, from the PL 
measurements, we see that H11- and H12-based PSCs showed more efficient 
hole transfer at the interface, which could be attributed to the good electronic 
contact between the HTM and the perovskite layer. Therefore, the fast 
charge transport in the HTM as well as the efficient hole transfer at the 
HTM-perovskite interface for H11 contribute to a higher Jsc compared to 
Spiro-OMeTAD and H12.  

 
Figure 35. (a) Transient photocurrent decay and (b) PL measurement of the PSCs 
with different HTMs. 
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Therefore, we conclude that, in relation to good photovoltaic perfor-
mance, several important parameters for HTMs need to be taken into ac-
count when designing new and efficient HTMs for PSCs, such as (a) the 
Eredox-1 level of the HTM, appropriately positioned with respect to the va-
lence band of perovskite, for optimizing the interface hole transfer and for 
obtaining higher Voc; (b) the solubility of the HTM, crucial for forming a 
uniform HTM capping layer; and (c) the hole conductivity, important for 
efficient charge extraction from the photoexcited perovskite to the counter 
electrode.  
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5. Conclusions and Outlook 

Solid-state dye-sensitized solar cells (ssDSSCs) and perovskite solar cells 
(PSCs) have been developed as a newer generation of photovoltaics (PVs) 
due to their advantages of low cost and simple fabrication. However, one of 
the main limitations for the relatively low power conversion efficiency 
(PCE) of ssDSSCs is the poor pore filling caused by the spin-coating method 
which is usually employed for the deposition of the molecular hole transport 
material (HTM). The low pore infiltration by the HTM can affect the dye 
regeneration, the conductivity of the HTM and thus the photocurrent in the 
ssDSSCs. In contrast, the thin-film type perovskite solar cells do not have 
the pore-filling issue for the HTM but it is necessary to deposit the HTM 
layer on top of the perovskite capping layer in order to efficiently extract the 
charges at the interfaces and also to protect the perovskite film from the hu-
midity in the atmosphere.  

In ssDSSCs, in order to improve the pore filling, we have employed in-
situ photoelectrochemical polymerization (PEP) to synthesize the conducting 
polymer HTM into the mesoporous TiO2. Compared to small molecule 
HTM, the prepared polymer HTMs have high conductivities resulting from 
the electrochemically doping during the PEP process. There are several im-
portant factors involved to the efficient operation of the PEP process, such as 
the light source, dyes, precursors, TiO2 underlayer and electrolytic solution. 
In the previous publications, the organic solvent acetonitrile was always used 
in PEP because the precursors have good solubility in it. Firstly, we have for 
the first time explored the water-based electrolyte solution for the PEP in 
consideration of the fact that water-based solution is low-cost and environ-
mentally friendly. By performing the aqueous PEP of PEDOT with the or-
ganic dye LEG4, a power conversion efficiency (PCE) of 5.2% was achieved 
for aqueous PEP comparable to a PCE of 5.6% for organic PEP with the 
same dye. As regards the essential photovoltaic parameters, a slightly higher 
short-circuit current (Jsc) in conjunction to a low open-circuit voltage (Voc) 
was observed for the ssDSSCs in the case of aqueous PEP compared to that 
of organic PEP. We have systematically investigated the origins of the dif-
ferences in Jsc and Voc. By measuring the electron lifetime and the dye regen-
eration yield, we found that faster dye regeneration as well as faster interfa-
cial charge recombination occurred in the device prepared with aqueous PEP 
compared to that prepared with organic PEP. These results could consistent-
ly explain the differences in Jsc and Voc as mentioned above. From the differ-
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ent NIR absorption spectra of the PEDOT obtained from organic and aque-
ous PEP, we suggest that shorter polymer chains with less delocalized elec-
tronic structure were formed in aqueous PEP compared to these in organic 
PEP. The shorter polymer chains from aqueous PEP could provide a larger 
contact area between the dyes and PEDOT while on the one hand facilitating 
an efficient dye regeneration process; on the other hand it will accelerate 
interfacial charge recombination. Therefore, we believe that further optimi-
zation of aqueous PEP is interesting to tune the polymer structures and thus 
enhance the PCE of ssDSSCs.  

The precursor bis-EDOT is mostly used and studied in the PEP because it 
has a relatively low oxidation potential of 0.9V/SHE in organic solution so 
that PEP can be initiated by hole injection from oxidized dye into the precur-
sor. But it is expensive and difficult to synthesize. In contrast, monomer 
EDOT, less costly and of simpler structure has not been successfully used in 
PEP because EDOT has a very high oxidation potential of 1.6V/SHE in or-
ganic solution. The higher oxidation potential of the precursor than that of 
the dye molecule makes the PEP process inefficient. Inspired by the finding 
that the oxidation potential of the precursor bis-EDOT is significantly lower 
in aqueous solution, we have for the first time employed EDOT as precursor 
in the PEP. The oxidation potential of EDOT was 0.9V/SHE in aqueous 
solution, which makes it possible to conduct efficient PEP. By effective 
combination of the aqueous PEP of EDOT and organic dye D35, a promising 
PCE of 3.0% was achieved in ssDSSCs compared to a low PCE of <0.1 for 
the case of organic PEP. Therefore, we concluded that the matching of the 
oxidation potentials of the dye and the precursor plays indeed an important 
role in the operation of PEP. Moreover, one of EDOT analogues, EDOP, 
was used as alternative precursor for PEP towards generating PEDOP, a 
polymer analogous to PEDOT with –NH replacing –S in the polymer chain. 
A PCE of 4.3% was obtained for organic dye D35-based ssDSSCs compared 
to a low PCE of 0.5% for the device with Ru-Z907 dye. The detailed charac-
terization demonstrated that the device with metal-free organic dyes signifi-
cantly retard the interfacial charge recombination and promote a high Voc. 
The high light harvesting ability of organic dye also contributed to a high Jsc. 
Following this work, we have systematically studied the effects of the dye 
molecules on the photovoltaic performance by comparing a series of dye 
molecules. The highest PCE of 7.1% was obtained by using the organic dye 
LEG4 with PEDOT. From the detailed characterization of the devices based 
on different dyes, we concluded that (a) the bulky structure of the dye mole-
cule is crucial for retarding the electron recombination with the HTM, and 
achieving high Voc value; (b) the redox potential of the dye should be more 
positive than that of the precursor in order to conduct the PEP efficiently; (c) 
with respect to the light absorption the extinction coefficient of the dye mol-
ecule can affect the kinetics of the PEP and also the Jsc of the devices. 
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For the future work, the interfacial functionalization of the 
TiO2/dye/HTM interfaces is interesting in order to enhance the charge col-
lection efficiency of ssDSSCs by retarding the electron recombination. Be-
sides, developing new dyes with high extinction coefficient and efficient 
recombination-blocking effect are needed to further improve the PCE of 
ssDSSCs. 

For perovskite solar cells (PSCs), the operation of which is similar in sev-
eral aspects to that of ssDSSCs, developing low-cost and efficient small 
molecule HTM to replace the state-of-the-art Spiro-OMeTAD is highly re-
quired. In this respect, we have characterized a series of recently designed 
triphenylamine-based HTMs for PSCs in order to fundamentally investigate 
the effects of the alkyl chains, energy levels, and molecular morphology on 
their photovoltaic performance. Firstly, by grafting alkyl chains with differ-
ent length at different positions on the triphenylamine core, we found that (a) 
the solubility of the HTM is enhanced by grafting alkyl chains, which pro-
moted a high uniformity of the HTM capping layer; (b) the alkyl chains 
showed a large effect on the electronic contact with the perovskite layer, 
demonstrated by the different photoluminescence properties. In addition, we 
studied two newly developed similar molecules, X2 and X25, with minor 
structure difference but different energy levels. It was found that the relative 
lower HOMO level in X25 than X2 could provide a higher Voc in PSCs. Fur-
thermore, we studied the influences of the molecular geometry of the HTM 
by changing the central Spiro connection in Spiro-OMeTAD with carbon-
carbon single bond (H11) and carbon-carbon double bond (H12). By com-
bining the mixed-ion perovskite with the HTM H11, a high PCE of 19.8% 
was obtained compared to a PCE of 18.9% for the standard device with Spi-
ro-OMeTAD. Besides, the synthesis of H11 is simpler as compared to that of 
Spiro-OMeTAD. Therefore, we believe that H11 holds promise to be an 
alternative HTM for the future application of the PSCs. The high perfor-
mance for H11 is mainly attributed to a relatively low HOMO level, high 
uniformity of the capping layer, and high conductivity. For the HTMs we 
could therefore conclude that it is important for the HTM to have good solu-
bility, high uniformity of the capping layer, high conductivity, and appropri-
ate energy levels in order to ensure efficient operation in PSCs.  
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Sammanfattning på svenska 

Solenergi 
Tillgången på energi är en av de viktigaste frågorna för framtiden. De si-
nande tillgångarna på olja och ökade föroreningar från fossila bränslen har 
bidragit till problem såsom klimatförändringar, energikris och medföljande 
säkerhetsproblem. Därför är förnyelsebara energikällor viktiga för att möta 
energibehovet och stävja miljöproblemen. Bland förnyelsebara energikällor 
är solenergi den som betraktas som den med störst kapacitet, om man ser till 
mängden solljus som når jorden. Apparater som kan omvandla solljuset till 
elektricitet kallas solceller. Olika typer av solceller har utvecklats och den så 
kallade första generationens solceller är baserade på kisel som det aktiva 
materialet som absorberar solljuset. Kiselsolceller har en verkningsgrad på 
över 25% för omvandlingen av solljus till elektrisk effekt, och är stabila för 
en lång tid. Kiselsolceller dominerar idag solcellsmarknaden och ca 90% av 
solcellerna på marknaden är gjorda av kisel. Tyvärr är kostnaden för att till-
verka kiselsolcellerna ganska hög, vilket gör det svårt för kiselsolceller att 
konkurera med andra energikällor. Därför behövs utveckling av nya typer av 
solceller med lägre material- och tillverkningskostnader. I den här avhand-
lingen fokuseras på två typer av solceller med lägre kostnader, solida färg-
ämnessolceller och perovskit solceller. 

Solida färgämnessolceller och perovskitsolceller 
Solida färgämnessolceller (ssDSSC) och perovskitsolceller (PSC) har lik-
nande uppbyggnad och funktion. Kortfattat så absorberas ljus i ett lager med 
färgämnesmolekyler i ena fallet och i ett kristallint perovskitlager i andra 
fallet. Då ljuset absorberas exciteras en elektron och ett exciterat tillstånd 
uppstår. Från detta exciterade tillstånd dissocierar en negativ laddning 
(elektron) och en positiv laddning (hål). Materialen på båda sidor om färg-
ämnesmolekylerna eller perovskiten transporterar antingen elektroner eller 
hål från färgämnet och perovskiten. Dessa material på de olika sidorna kallas 
därför elektrontransportmaterial (ETM) eller håltransportmaterial (HTM) 
beroende på vilken typ av laddning de transporterar. Kontakten vid gränsy-
torna mellan de olika materialen är väsentlig för laddningssepareringen av 
elektroner och hål och för insamlandet av dessa laddningar till kontakterna 
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och därför också för verkningsgraden hos solcellen. Den mest effektiva 
HTM för ssDSSC och PSC är en molekyl som kallas Spiro-OMeTAD, se 
Figur 1 nedan. De mest effektiva ssDSSC och PSC med Spiro-OMeTAD har 
en verkningsgrad på >7% respektive >22%. Tyvärr är Spiro-OMeTAD svår 
att tillverka och kostnaden för molekylen är ungefär samma som för guld. 
Den höga kostnaden för Spiro-OMeTAD är därför en stor begränsning för 
storskalig produktion av ssDSSC och PSC.   
  

 
Figur 1. Kemisk struktur för Spiro-OMeTAD.  

Håltransportmaterial (HTM)  
I den här avhandlingen är huvudfokus att utveckla nya HTM för att ersätta 
Spiro-OMeTAD. Dessutom försöker vi hitta de fundamentala kraven för 
HTM i solceller.  

I ssDSSC används vanligtvis spin-coating för att deponera HTM på sol-
cellerna, vilket ger en ganska dålig fyllning av porerna i solcellen. Den då-
liga fyllningen av porerna resulterar i (a) dålig laddningsöverföring från fär-
gämnet till HTM, (b) en begränsning av tjockleken av det aktiva färg-
ämne/TiO2 lagret, och därmed en begränsning av ljusabsorptionen i solcell-
en. På grund av detta har vi utvecklat in-situ fotoelektropolymerisering 
(PEP) för att syntetisera polymera HTM. Mekanismen för PEP är beskriven i 
Figur 2. Då PEP används kan den ledande polymeren som används som 
HTM genereras som ett jämt lager inuti en tjock färgämne/TiO2 elektrod. 
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Figur 2. Fotoelektropolymerisering (PEP) med bis-EDOT som monomer. 

I PEP finns flera komponenter som är kritiska för bildandet av den ledande 
polymeren, såsom: monomeren, elektrolytlösningen och färgämnesmoleky-
lerna. Därför har vi undersökt hur dessa olika delar påverkar PEP och solcel-
lerna gjorda med denna metod. Till exempel har vi för första gången använt 
en vattenbaserad elektrolyt istället för det vanliga lösningsmedlet acetonitril. 
Med den vattenbaserade metoden fick vi solceller med en verkningsgrad på 
5,2% för omvandling av solljus till elektricitet, och med metoden baserad på 
acetonitril fick vi 5,6% verkningsgrad. Vi kunde också se att lösningsmedlet 
påverkade egenskaperna hos den polymer (PEDOT) som bildades. För sol-
cellen gjord med den vattenbaserade metoden kunde vi se att hålen snabbt 
transporterades till polymeren, men också att hålen snabbt rekombinerade 
med elektronerna igen. Därför behövs vidare optimering av PEP i vatten för 
att öka verkningsgraden hos solcellerna.   

Utöver detta gjordes också experiment med en annan monomer (EDOT) 
som startmaterial. För EDOT som startmaterial och med en vattenbaserad 
elektrolyt erhölls en verkningsgrad på 3% för solcellerna, vilket jämfördes 
med EDOT i acetonitril, vilket gav en verkningsgrad på <0,1%. Detta förkla-
rade vi med att EDOT har en annan oxidationspotential i vatten jämfört med 
i acetonitril så att PEP är möjlig i vatten men inte i acetonitril. En annan 
monomer, EDOP, användes också med PEP vilket gav solceller med 4% 
verkningsgrad tillsammans med organiska färgämnen men <0,5% tillsam-
mans med ruteniumbaserade färgämnen. Den stora skillnaden i effektivitet 
för solcellerna med organiska- respektive ruteniumfärgämnen förklarades av 
skillnader i rekombinationshastighet mellan de fotogenererade elektronerna 
och hålen. För de organiska färgämnena var rekombinationshastigheten be-
tydligt lägre, varvid en högre effektivitet kunde erhållas.  

Eftersom en så stor effekt kunde ses för olika färgämnen studerade vi 
närmare hur en serie av olika organiska och ruteniumfärgämnen påverkade 
PEP och solcellernas effektivitet. Från karakteriseringen och jämförelse mel-
lan de olika systemen kunde vi fastslå att (a) strukturen hos färgämnet är 
viktig för att blockera rekombination av de fotogenererade laddningarna, (b) 
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energiskillnaden (skillnaden i oxidationspotential) mellan färgämnet och 
monomeren bestämmer hastigheten på polymeriseringen i PEP, (c) ljus-
absorptionen hos färgämnena har stor inverkan på PEP processen och verk-
ningsgraden hos solcellerna. Dessa faktorer måste därför beaktas när nya 
färgämnen eller monomerer utvecklas. 

Perovskit baserade solceller (PSC) är oftast tunnare och porerna är fyllda 
med perovskit och behöver inte fyllas av HTM, vilket medför mindre pro-
blem med molekylära HTM. Men pga. den höga kostnaden för Spiro-
OMeTAD, är det ändå väsentligt att försöka hitta andra molekyler som HTM 
som är effektiva, men kan tillverkas till låg kostnad. Vi har designat en serie 
med triarylamin-baserade HTM för PSC för att förstå hur strukturen för en 
HTM påverkar effektiviteten för PSC. Genom att jämföra olika molekylära 
HTM fann vi att (a) lösligheten för HTM är viktig vid bildandet av ett jämnt 
HTM lager på solcellen, vilket ger en mer effektiv och stabil solcell, (b) 
passande energinivåer hos HTM är viktigt för att nå en hög spänning hos 
solcellen och samtidigt en effektiv laddningsöverföring.          

            

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.005

0.000

0.005

0.010

0.015

0.020

0.025

HTM H11 
PCE / % 19.8
Voc / mV 1150
Jsc / mAcm-2 24.2 
FF 0.71 

 

 

J 
/ A

cm
-2

Voltage / V

H11

 
Figur 3. Ström och spännings-mätning för en perovskitsolcell med HTM H11. 

Ett av HTM (H11) kunde i en perovskitsolcell ge en hög verkningsgrad 
19,8%, vilket var högre än en likadan perovskitsolcell med Spiro-OMeTAD 
(18,9%). H11 var dessutom ganska enkel att syntetisera och är därför ett 
lovande alternativ för en HTM med låg kostnad som samtidigt ger en hög 
effektivitet i en perovskitsolcell. 
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