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solid-state photovoltaic devices”, Applied Physical Chemistry, School of Chemical 
Science and Engineering, KTH-Royal Institute of Technology, SE-10044 Stockholm, 
Sweden.  
 
Abstract 
State-of-art solid-state photovoltaic devices, such as solid-state dye sensitized 
solar cells (ssDSSCs) and perovskite solar cells have attracted significant 
attention due to their high efficiency and potential low-cost manufacture. 
However, there are still challenges that limit the application up-scaling..  
 
One important factor that limits the efficiency of ssDSSCs is associated with the 
sensitizers. In this thesis, we have developed several organic sensitizers for 
highly efficient and stable ssDSSCs. The compatibility between sensitizers and 
hole transport materials has also been investigated. Novel blue colored 
sensitizers have been studied with aesthetic applications in mind. By co-
sensitization using two complementary sensitizing dyes, the efficiency of 
ssDSSCs can be increased significantly..  
 
For both PSCs and ssDSSCs, the hole transport materials (HTMs) represent one 
of the crucial factors for efficient charge collection as well as future cost of 
manufacturing. Here, we have studied organic triphenylamine based oligomers 
as HTMs for both ssDSSCs and PSCs. The influence of the molecular structure 
of the HTM building blocks on the photovoltaic performance has been studied in 
detail. In order to minimizing the cost of fabrication of photovoltaic devices, we 
have also developed sulfur-based cross-linked polymers as HTMs to replace the 
well-known, expensive HTM Spiro-OMeTAD. The cross-linked polymeric 
sulfur material work well in both ssDSSCs and PSCs with efficiencies around 
2% and 10%, respectively. These results will provides important insights for the 
future design of inexpensive and efficient solid state photovoltaic devices. 
 
 
Keywords: organic sensitizers, ssDSCs, perovskite solar cell, hole transport materials, 
cross-linked polymeric sulfur 
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Svenska sammandrag 

Nya solceller på forskningsstadiet, såsom fasta färgämnessensiterade solceller 
(ssDSSC) och perovskitsolceller (PSC), har tilldragit sig stor uppmärksamhet 
pga hög effektivitet och potentiellt låg tillverkningskostnad. Dessa typer av 
solceller konfronteras dock med utmaningar vilka förhindrar uppskalning. 
 
En viktig begränsande faktor för omvandlingseffektiviteten från ssDDSC kan 
hänföras till de sensiterande färgämnena. I den här avhandlingen har vi utvecklat 
flera nya organiska färgämnen för effektiva och stabila ssDSSC. 
Kompatibiliteten mellan dessa färgämnen och hål-ledande material har också 
undersökts. Nya blå färgämnen har studerats med särskild avsikt att skapa 
förutsättningar för estetiskt tilltalande solceller. Genom samtidig sensitering med 
två olika och kompletterande färgämnen har solceller med högra effektivitet 
kunnat tillverkas. 
 
Hål-transportmaterial (HTM) till både ssDSSC och PSC utgör en viktig 
parameter för effektiv omvandling liksom en framtida tillverkningskostnad. In 
detta arbete har vi undersökt organiska, trifenylaminbaserade HTM till både 
ssDSSC och PSC. Effekter från den molekylära strukturen i de hål-ledande 
materialens byggstenar  har studerats i detalj. Med sikte på en framtida låg 
tillverkningskostnad av solceller av dessa typer, så har också korslänkade 
svavelbaserade HTM tagits fram för att ersätta det välkända och dyra materialet 
Spiro-OMeTAD. Dessa korslänkade och polymera svavelmaterial ger ssDSSC 
och PSC med höga omvandlingseffektiviteter, 2% respektive 10%. Resultaten i 
denna avhandling ger viktiga insikter för utveckling av framtida billiga och 
samtidigt effektiva fasta solceller. 
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Abbreviation

TiO2 

DFT  

DMF  

HTM  

LiTFSI  

LUMO  

HOMO  

ssDSSCs 

TeCA  

PSC 

PEC 

Spiro-OMeTAD  

 

TPA  

AM 1.5G 

AgTFSI 

CV 

NHE  

TBP  

titanium oxide  

density functional theory  

N,N-dimethylformamide  

hole transport material  

lithium bis(trifluoromethane)sulfonimide  

lowest unoccupied molecular orbital  

highest occupied molecular orbital   

solid state dye sensitized solar cell 

1,1,2,2-tetrachloroethane  

pervoskite solar cell 

power conversion efficiency  

2,2'7,7'-tetrakis(n, n-di-p-methoxy-phenylamine)-  

9,9'-spirobifluorene  

triphenylamine  

air mass 1.5 global 

silver bis(trifluoromethane)sulfonimide  

cyclic voltammetry  

normal hydrogen electrode  

4-tert-butylpyridine  
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XRD 

DIB 

SCLC 

 

 

X-ray Diffraction 

1,3-diisopropenyl benzene 

space-charge limited current  
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1.Introduction  

1.1 Global energy demand and solar energy.    
 
During the last decades, the terrestrial environment of earth has experienced significant 
changes due to the industrialization which has led to substantial improvements for 
human beings. Due to the large increase in the world population and the global 
economy, the energy demand has become one of the most challenging issues. Figure 
1.1 shows the increasing trend in energy consumption in the world during the last 
fifteen years. As a result, it is highly desirable to develop clean and renewable energy 
sources.  
 

 
Figure 1.1 Energy consumption of world between 2000 and 2015. Energy consumption 
unit is Mtoe as “Million Tonnes of Oil Equivalent”. (Source: 
https://yearbook.enerdata.net/#energy-consumption-data.html.) 
 
Energy from renewable sources, such as solar energy, wind, rain, waves, etc, is 
obtained through constantly replenished natural process. Among these, solar power is 
one of the most suitable candidate alternatives as an energy source due to its unique 
properties of being clean, abundant, and environment-friendly. The total energy of the 
light irradiation from sun to Earth is around 4×1024 W, while the practical energy on 
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the Earth’s surface is 600 TW (Data from NASA). Even if only 10% of solar energy 
can be used for our planet, the energy can be more than twice the energy demand in 
20501, 2.  The wavelength range of sunlight is from ultraviolet to the infrared. The 
standard spectrum of solar irradiation is shown in Figure 1.2.  
 
 

 
Figure 1.2 Standard spectrum of solar irradiance. (Source: 
http://www.pveducation.org/pvcdrom/appendices/standard-solar-spectra ). 
 
The photolvatic devices are one of the most promising technologies for solar energy 
conversion, converting solar energy into electricity. The electricity generated from 
solar energy can easily be integrated into the electronic grid systems. The history of 
development of the various kinds of efficient photovoltaic devices is shown in Figure 
1.3.  
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Figure 1.3 The word record efficiency chart (Source: 
https://www.nrel.gov/pv/assets/images/efficiency-chart.png). 
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1.2 Dye sensitized solar cells 
 

The concept of the sensitized solar cell (DSSC) was first introduced by the Grätzel 
group in the early 1990s3.  In the early research, a sun-to-electricity efficiency of ~7% 
was achieved using iodide/triiodide (I-1/I3

-1) as the redox shuttle, and a ruthenium 
complex as light absorber together with mesoporous TiO2 films. The classic structure 
of a DSSC is presented in Figure 1.4. In particular, the mesoporous (~20 nm) TiO2 
films (~10 µm) with a porosity of ~60% enable the dye molecules to absorb efficiently 
because of their large surface area. The sensitizers (dyes) absorbed onto the surface of 
the TiO2 films function as light absorbers. To date, the record power conversion 
efficiency of a DSSC is over 14%, achieved by co-sensitizations based on a liquid 
electrolyte4.  

 

 

 
Figure 1.4 : (a) working principle of a ssDSSC and (b) schematic picture of a typical 
ssDSSC device. The steps in working principle picture are discussed in the later 
paragraph.  
 
The working principle of a typical solid-state dye-sensitized solar cell is shown in 
Figure 1.4 (a). The basic architecture device consists of a conductive glass substrate 
(FTO glass), a compact TiO2 layer, a dye sensitized mesoporous TiO2 film, a hole 
transport material and a counter electrode (Ag). The general working principle is as 
follow1: 
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Electrons generated and injected into mesoporous TiO2 film: When exposed to 
light, the dye molecules become excited (Step 1) and inject electrons into the 
conduction band of the titanium dioxide (Step 2), leaving holes in the dye molecules. 
Electron migration: The injected electrons move through the TiO2 film and are 
collected at the counter electrode through the external circuit.(Step 3).  
Dye regeneration and the hole hopping process: The holes generated by photons in 
the sensitizers are transferred to the hole conductors and the sensitizers are then 
regenerated to the ground state (Step 4), and the holes in the hole transport materials 
migrate to the counter electrode through the hole-hopping mechanism (Step 5).  
Backward reactions: Besides all the desired process in the ssDSSCs, undesired events 
occur under real operating conditions and these jeopardize the efficiency of the device. 
The main problem is that the electrons in the TiO2 films recombine with holes in the 
oxidized dyes (Step 6) or in the hole transport materials (Step 7).  These recombination 
processes lead to a loss of electrons before the entire circuit is completed.  
 
 
 
 
 

1.3 Perovskite solar cells 
 

The Perovskite solar cell (PSC) has attracted lots of attentions due to its excellent 
power conversion efficiency and simple means of fabrications.  In 2009, Miyasaka et 
al, used hybride organic-inorganic perovskite CH3NH3PbI3 and CH3NH3PbBr3 as light-
absorber together with iodide-based liquid electrolytes and achieved efficiencies of 
3.8% and 2.6%, respectively5. Due to the corrosion problems associated with liquid 
electrolytes, the Grätzel group and the Snaith group introduced the CH3NH3PbI3 into 
the solid-state type of solar cell with Spiro-OMeTAD as the HTM, resulting in 
achieving an efficiency of over 6%6, 7. Inspired by these pioneer works, lots of efforts 
have been put into the perovksite solar cell devices and the efficiency has increased up 
to over 20%8-10.  The perovksite materials and solar cell device structure are shown in 
Figure 1.5.  
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Figure 1.5 (a) schematic picture of the crystal structure of MAPbI3; (b) schematic 
picture of a typical PSC device 
 
In general, the hybrid halide perovskite materials have the chemical formula ABX3, 
where A=+1 ions or molecules, B=Ge, Sn or Pb, and X=I, Br or Cl. The cation B 
should have six nearest neighbor anions X as shown in Figure 1.5. Ideally, to maintain 
the high-symmetry structure, the ionic radii of A, B and X can be described by a 
tolerance factor t:  
            

                                                      𝑡 = !!!!!
!(!!!!!)

                                                   (1.1) 

For a perfect cubic structures, 𝑡 should be close to 111, 12.  
 
The organic-inorganic perovskite materials have a high light absorption coefficient, 
long diffusion length and high charge carrier mobility13. Many studies have focused on 
modification of the perovskite composition for efficient solar cells, such as CsPbI3

14, 
CsPbBr3

15, CH(NH2)2PbI3
16, and (CH(NH2)2PbI3)x(CH3NH3PbBr3)1-x

17. Because of the 
toxicity of Pb, efforts have been put into exploring new lead-free perovskites, such as 
Sn-based and Bi-based materials, in spite of their low efficiencies18.  
 
The stability of the perovskite solar cell has been given lots of attention recently. The 
moisture sensitivity of the perovskite materials limits their outdoor and long-term 
applications. Research has been conducted to address such issues19-21.  
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1.4 Aim of the thesis 
 

The general target of this work has been to develop novel organic sensitizers and 
HTMs for efficient solid-state dye sensitized solar cells and perovskite solar cells, and 
the state-of-art D-π-A dyes for ssDSSCs have been investigated. Firstly, by 
modification of the donor part of the well-known LEG4 dye, we have reported a novel 
MKA253 dye with both a boarder higher absorption range and a greater efficiency of 
ssDSSCs devices. For aesthetic applications, the novel blue colored dyes have also 
been studied. By sensitization with D35 dyes, the efficiency of the devices has been 
boosted. The fundamental requirements of sensitizers for highly efficient ssDCCSs 
have also been discussed.  
The hole transport material is one of the most important and expensive components of 
both ssDSSCs and PSCs. Thus, we are also aiming to develop novel efficient, 
inexpensive hole transport materials for efficient photovoltaic devices. The effects of 
structure and properties of HTMs on the performance of solar cell devices have also 
been studied.  
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2. Organic dyes for solid state dye sensitized solar cells 
 

One of the most important components of solid-state dye sensitized solar cells is the 
organic dye, which functions as the light-harvesting material. Until now, various dyes 
have been reported and synthesized for the DSCs1, 22. In the early stage of development 
of sensitizers, metal-based dyes proved to be the most successful in liquid electrolyte 
DSCs. Organic dyes have attracted significant attention due to their high light-
harvesting ability and low raw material cost.  
 

2.1 Donor-linker-acceptor sensitizers 
 

The most commonly used organic sensitizers are so-called donor-π-acceptor (D-π-A) 
dyes with a high extinction coefficient and low raw material cost23-25. Typically, the 
donor part (D) is a unit that is readily excited by incoming light, the π part is the linker 
consisting of a conjugated system, and the acceptor part (A) can act both as an 
electron-withdrawing unit and as an anchoring site to the substrate. Figure 2.1 shows 
the typical structure of D-π-A dye (D5).  To design novel sensitizers with a broader 
absorption range and higher extinction coefficient is still a serious challenge for 
scientists all over the world. So far, the D-π-A dye of the LEG4 has been shown to be 
one of the most successful sensitizers for use in ssDSSCs26-28.  In this work, we have 
developed novel sensitizers MKA253 compared with LEG4 for highly efficient 
ssDSSCs.  
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Figure 2.1.  Molecular structure of D5.  
In addition, the aesthetic design of solar cells is a critical factor for public acceptance, 
especially for indoor applications. The development of novel blue sensitizers and their 
application in efficient DSCs has been in great demand. However, few blue sensitizers 
have been reported in highly efficient DSSCs, particularly not in ssDSSCs.29-31 In this 
work, we have development a series of novel blue-colored sensitizers (D.Blue and 
M16) for efficient ssDSSCs with high light-harvesting abilities.  
 

2.2 Donor-acceptor-linker-acceptor sensitizers 
 

In spite of the success of the D-π-A dyes, a new type of D-A-π-A dye has attracted 
attention. The basic strategy is to introduce an auxiliary electron-withdrawing unit into 
the conjugated linker unit, to facilitate intramolecular electron transfer from the donor 
to the acceptor, but this introduced auxiliary electron-deficient unit also decreases the 
blue-shift in some cases when a dye is anchored to a TiO2 surface. Recently, Zhu and 
Tian et al. synthesized a series of D-A-π-A dyes applied to liquid DSSCs,32-34 and it has 
been shown that the long alkyl group in the benzotriazole moiety significantly 
enhances the open-circuit photovoltage.35 Recently, Xiongwu Kang et al. studied the 
relationship between the structure of the D-A-π-A dye and the photovoltaic 
performance of the solar cell.36 In addition, the sensitization of D-A-π-A dyes has been 
investigated and pushed the conversion efficiencies has been increased to over 10% in 
liquid DSSCs.37 However, studies of D-A-π-A dyes in solid state dye-sensitized solar 
cells a rare. In the present work, two D-A-π-A dyes (W7 and W8) have been applied in 
solid state dye-sensitized solar cells with the WS2 dye as reference.  
The molecular structures of all the organic sensitizers used in thesis are showed in the 
Figure 2.2.  
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Figure 2.2  Molecule structure of the organic sensitizers studied.  
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3. Hole transport materials 
 

Hole transport materials (HTMs) are crucial component in solid state dye sensitized 
and perovskite solar cells for an efficient charge transport process. The main function 
of an HTM is to offer a channel for light-generated holes being migrating from the 
sensitizers or perovskite to the counter-electrode without recombined with the photo-
excited electrons. In general, HTMs can be divided into two types: organic or inorganic 
semiconductors.  

 

3.1 Organic semiconductors  
 

Organic semiconductors have been attracted widely attentions as HTMs due to their 
solution based deposition, relatively low cost, and structural versatility.  The most well-
known, state-of-the-art Spiro-OMeTAD has been used successfully in the ssDSSCs38 
and PSCs7.   
Organic hole transport materials have played an important role in the charge transfer 
between the oxidized-state light absorbers and counter-electrodes in both ssDSSCs and 
PSCs. In principle, an ideal HTM needs to possess several general properties:  
 
a) A suitable energy level: the oxidation potential of the HTM should be more negative 
than that of the light-harvesting material. So that, electron transfer can be energetically 
favorable in the interfaces;   
b) Excellent hole conductivity: high hole conductivity facilitates the charge separation;  
c) Good resistance to the environmental variablities: high thermal stability and 
resistance to moisture, water, etc; 
d) Stable amorphous state: the HTM should have a stable amorphous state, with a low 
tendency towards crystallization; 
e) Inexpensive synthesis and environment-friendly: the synthesis of the HTM should be 
easy and the HTM should be non-toxic and recyclable; � 
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However, due to the disadvantage of high cost, low conductivity and relatively poor 
infiltration into the metal-oxide film, much effort has been made to find alternatives to 
replace Spiro-OMeTAD39-42. The triphenylamine (TPA) based HTMs have been the 
most frequently investigated organic semiconductors26, 43, 44.  In a previous study, a 
small-molecule hole-transport material (MeO-TPD, X1) achieved 4.8% conversion 
efficiency after a 30 min light-soaking procedure45. In the present work, we have 
studied the effect of the molecular structure of TPA-based HTMs on the efficiency of 
ssDSSCs and PSCs.  In addition, chemical dopants, such as Tris (2-(1H-pyrazol-1-
yl)pyridine) cobalt (III) tri(hexafluorophos-phate)46, AgTFSI47, and TECA(1,1,2,2-
Tetrachloroethane)27 have been used to increase the conductivity of HTMs. The 
organic HTMs used in this work are shown in  Figure 3.1.  
 
 

 
Figure 3.1 Molecular structure of X1 and X14.  

 
 

 

3.2 Inorganic transport materials 
 

Inorganic p-type semiconductors have been studied as alternative HTMs for ssDSSCs 
and PSCs due to their high hole mobility, low production costs and good thermal 
stability. Copper-based p-type inorganic semiconductors (CuI, or CuSCN) have been 
reported as hole-transport materials for ssDSSCs48, 49 and PSCs50, 51. Nickel oxide 
(NiO), known as a wide-gap p-type semiconductor, has also been investigated and 
applied as a HTM in ssDSSCs52 and PSCs53, 54.  Recently, LixMgyNi1-x-yO ternary oxide 
has been implemented in PSCs as a hole transport material, achieving over 16% 
efficiency21. Until now, most of the inorganic hole transport materials for PSCs are 
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limited to metal-based p-type semiconductors, such as molybdenum oxide(MoO3)55, 
vanadium oxide (VOx)56, tungsten oxide (WOx)57, CuInS2

58 etc.  
 
So far, most commonly used HTMs are expensive; the typical commercial price for 
Spiro-OMeTAD is more than 450 thousand dollars per kilogram. We have therefore 
developed novel sulfur-based polymers as HTMs for ssDSSCs and PSCs. Sulfur is an 
abundant and inexpensive element about four orders of magnitude cheaper than Spiro-
OMeTAD, which makes it a promising candidate for scale-up production. Sulfur-based 
cross-linked polymers are also soluble in non-polar solvents, as shown in Figure 3.2.  
 

 
Figure 3.2 Cross-linked polymeric sulfur and selenium-doped sulfur dissolved in 
toluene solvent.   
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4. Experimental Techniques and Theoretical Methods  

 

4.1 Device Fabrication  
 
In this chapter, the general ways of fabricating ssDSSCs and PSCs are presented. More 
details of the preparation of the devices can be found in the individual papers.   
 
 

 
 
Figure 4.1. The fabrication of solid state dye sensitized solar cells.   
 
The fabrication of a ssDSSC can be divided into several steps as shown in Figure 4.1: 
(a) a fluorine-doped tin-oxide-coated conducting glass was cut into certain patterns as 
the basic substrates and the substrates were etched using a mixed solution (zinc powder 
in 2M HCl). Then the substrates was then carefully cleaned  using water, ethanol, and 
acetone separately; (b) a compact TiO2 blocking layer was prepared by spray pyrolysis 
using a titanium precursor solution (0.2M titanium isopropoxide, 2M acetylacetone in 
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isopropanol); (c) On top of the blocking layer, a mesoporous TiO2 was deposited by 
screen printing to the desired thickness. The mixtures for the screen printing contained 
TiO2 paste (Dyesol DSL 18NR-T), terpineol and cellulose in a weight ratio of 2:1:0.5. 
The desired films were then sintered at 500ºC for 30 minutes in the oven; (d) the 
sintered mesoporous TiO2 films were dipped into an aqueous TiCl4 solution at 70ºC for 
30 minutes, followed by a second sintering as above; (e) The films were immersed in a  
the solution for dye bath (0.2 mM LEG4 for example) in a mixed solvent of acetonitrile 
and tert-butanol (Volume ratio=1:1) for minimum 4 hours. The sensitized films were 
then rinsed with ethanol and dried in a flow of air. (f) an HTM layer was deposited 
using a spin-coating method. The solution of HTM contained additives such as tert-
butyl-pyridine, LiTFSI, etc. (f) Ag with a thickness of 200 nm was deposited on top of 
the HTM layer by thermal evaporation.    
 
 

 
 
Figure 4.2. The fabrication of perovskite solar cells.   
 
The fabrication of a perovskite solar cell is similar with that of a ssDSSCs, see Figure 
4.2. The mixed-ion perovskite (MAPbBr3)(FAPbI3) was used as a light-harvesting 
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material instead of an organic sensitizer. The precursor solution contains MABr, PbBr2, 
FAI, and PbI2 with the a molar ratio of 1:1:5.6:5.6. The perovskite film was spin-coated 
on the mesoporous TiO2 film at rate of 5000 rm for 30s. During the spin-coating 
process, the anti-solvent method was used by the addition of chlorobenzene. After spin-
coating, the film was placed directly on a hotplate at a temperature of 100ºC for 40 
minutes. After deposition of the HTM layer, Au with a thickness of 80 nm was 
evaporated onto the substrate as the counter electrode.  
 
 

4.2 Device and material characterization  

4.2.1 Current-Voltage Measurement 
The most fundamental characterization method is the measurement of current density 
vs voltage (J-V) for photovoltaic devices.  The parameters of solar cell performance are 
listed as the open circuit voltage, the short-circuit current density, the fill factor, and 
the light-to-electricity power conversion efficiency. A controlled light intensity is 
provided by a solar simulator lamp, which is similar to the full sun under AM1.5G 
illumination (1000 Wm-2). The J-V curve is recorded under a linearly-varying voltage 
scan between the photo-electrode and the counter electrode with the current being 
monitored at the same time (Figure 4.3).   
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Figure 4.3. The J-V curve of an ssDSSC using LEG4 and Spiro-OMeTAD. 

4.2.2 Incident Photon-to-Current Conversion Efficiency 
The incident photon-to-current conversion efficiency (IPCE), also known as the 
external quantum efficiency of the solar cell, describes how many of the incoming 
photons at a given wavelength are converted to electrons. The equations are shown 
below:  

                                 𝐼𝑃𝐶𝐸 𝜆 =  !"!#$%&'(!"# !
!!!"!#$!" !

= !!
!

 × !!"(!)
!×!!"(!)

                           (4.1) 

where the  value of  !!
!

 can be summarized as 1240 V mmiv. 

The IPCE spectrum can usually be measured by monitoring the photocurrent under 
controlled monochromatic light. The measurement can be made both under short-
circuit conditions and with an applied potential. The typical IPCE curve is shown in 
Figure 4.4.  
The magnitude of the IPCE depends on the light-harvesting efficiency (LHE), the 
electron injection efficiency (Φinj) and the charge collection efficiency (Φcoll) as in the 
equation; 
 
                                                𝐼𝑃𝐶𝐸 = 𝐿𝐻𝐸×Φ!"#×Φ!"##                                 (4.2)            
In the case of monochromatic light,  LHE is given by: 
 
                                                   𝐿𝐻𝐸 𝜆 = 1 − 10!!(!)                                    (4.3) 
 
where A(𝜆) is the absorbance of the photo-electrodes.   
The Absorbed photon-to-current conversion efficiency is a measure of how the 
absorbed photons convert to electrical current:  
                                                 𝐴𝑃𝐶𝐸 = !"#$

!"#
= Φ!"#×Φ!"##                              (4.4)             
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Figure 4.4. The IPCE curve of device with LEG4 and Spiro-OMeTAD.  
 
 
 

4.2.3 Raman spectroscopy 
 

Raman Spectroscopy is used to observe various frequency models in the system, based 
on the inelastic interaction of light with molecular vibrations. The samples are 
illuminated by radiation from a strong light source, and a detector collects the scattered 
light. The frequencies of scattered light are different from that of the incident light, 
giving a Raman spectrum. The unit for Raman spectra is the reciprocal centimeters 
(cm-1). The equation is :       

                                                    Δ𝜔 = !
!!
− !

!!
                                                  (4.5) 

where Δ𝜔 is the Raman shift, λ0 is the excitation wavelength, and λ1 is the Raman 
spectrum wavelength.  
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There are three different types of Raman spectra. When the energy of the scattered 
light is less than that of the incident light, it is called Stokes Raman scattering, and 
when the energy of the scattered light is greater than that of the incident light, it is 
called as anti-Stokes Raman scattering. The stokes peaks are normally recorded since 
they are more intense due to the larger populations in the ground state. The anti-strokes 
peaks can be of special help when fluorescence is a problem. The Figure 4.5 shows the 
different Raman shifts spectra. 

 

Figure 4.5 Energy level diagram showing the states involving in the Raman spectra. 
(Source: https://en.wikipedia.org/wiki/Raman_spectroscopy)  

 

In this work, a nitrogen-cooled Ge detector was used, with a BioRad FTS 6000 
spectrometer and a quartz beam-splitter. The resolution of the measurements was 4 cm-

1. Prior to the measurements, the samples were prepared as a fine powder well packed 
in a tubular sample holder.  
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4.3 Physical property characterization  

4.3.1 Photo-induced Absorption Spectroscopy  
 

Photo-induced absorption (PIA) spectroscopy is commonly used to characterize the dye 
regeneration process in ssDSSCs. In a PIA system, the difference in absorption with 
and without a pump light can be measured as a function of modulation frequency and 
probe wavelength. A pump-probe setup was used for the PIA system and a 20 W 
tungsten-halogen lamp giving white light was focused on the solar cell device.  The 
pump light used was a square-wave modulated monochromatic source with a 
wavelength of 480 nm. The probe light is partially absorbed by the substrate. And, the 
transmitted probe light is collected on a mono- chromator followed by a silicon 
photodiode, connected to a current amplifier and lock-in amplifier.  
In this case, the PIA was used to measure the difference in absorbance of 
TiO2/sensitizer substrates with and without the hole transport material. In the absence 
of HTMs, the signal from the oxidized dyes can be observed.  In the present of the 
HTM, the absorption peaks of the oxidized dye are quenched and the efficiency of the 
dye regeneration can be estimated. A typical PIA curve can be found in Figure 4.6  
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Figure 4.6 Photo-induced absorption of ssDSSCs with and without HTMs.  
 

4.3.2 Hole conductivity measurements  
 

The hole conductivity of the HTM and the sensitizer layers was measured via a two-
probe setup. The device configuration for this measurement was glass/TiO2/HTMs 
(sensitizers)/Ag. The TiO2 films were prepared by spin-coating without post-treatment. 
The layers of HTMs or sensitizers were prepared as described in the previous chapter. 
Measurements were made with a voltage applied between two Ag contacts and the 
responding current was recorded. The conductivity (𝜎) calculation was calculated 
according to the equation: 
                                                               𝜎 = !

!×!×!
                                               (4.6) 

where L is the channel length (distance between two Ag electrodes, here L=2 mm), R 
is the resistance, which can be calculated from the corresponding I-V curve, W is the 
length of the Ag channel (W=10mm), and d is the film thickness.  
 
 

4.3.3 Steady state (UV-visible) absorption spectroscopy and fluorescence 
spectroscopy 

  
The UV-visible absorption spectra were recorded using a Lambda 750 UV-Vis 
spectrophotometer. The substrate or solution can be used to provide the background 
calibration. The absorbance A was calculated as:   
                                                             𝐴 = −𝑙𝑜𝑔!"𝑇                                                (4.7) 
where T is the transmittance. The loss of transmission due to reflectance was ignored.  
Steady state fluorescence spectroscopy can measure the photons emitted by excitation 
of the samples as a function of wavelength. The photoluminescence (steady-state 
fluorescence) spectra of the desired thin films were recorded on a Cary Eclipse 
fluorescence spectrophotometer with excitation at certain wavelengths. The 
photoluminescence yield reflects the efficiency of quenching of the excited state of the 
perovskite films.  
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4.4 Quantum chemistry and molecular dynamic calculations.  
 

The electronic and optical properties of functional materials have here been studied 
used an ab initio quantum chemical method. The ground-state properties were studied 
with DFT and the excited state properties using TD-DFT.  

4.4.1 Density functional theory  
 

The density functional theory is an efficient way to solve the many-body problems of 
the electron correlation. The whole system is described by the electron density instead 
of independent electrons. Therefore, the Hamiltonian is only dependent on the nuclei 
and the total number of electrons. The total energy of the system is expressed as a 
function of electron density 𝜌(𝑟): 
 
                                 𝐸 𝜌 𝑟 = 𝑇 𝜌 𝑟 + 𝐸!" 𝜌 𝑟 + 𝐸!![𝜌(𝑟)]                          (4.8) 
 
where E is the total energy of the system, T is the total kinetic energy, 𝐸!" is the 
nuclear-electron attraction, and the 𝐸!! is the electron-electron repulsion.  
Kohn and Sham introduced a single-particle non-interacting system to replace the 
many-body problem. Thus, the total energy functional can be written as : 

                             𝜀!𝜑! 𝑟 = [− ∇!

!
+ 𝑉!"# 𝑟 + ! !

!!!!
𝑑𝑣! + 𝑉!"]𝜑! 𝑟                    (4.9) 

where 𝜑! 𝑟  are the Kohn-Sham orbitals (KS-orbitals) which have no physical 
interpretation. The KS-orbitals can also be solved by a Self-Consistent-Field (SCF) 
methodology and they are used to calculate the electron density:  
                                                          𝜌 = 𝜑! !!

!                                                    (4.10) 
where 𝑉!" is the exchange-correlation potential : 

                                                            𝑉!" =
!!!"
!"

                                                      (4.11) 

where  𝐸!" is the energy of exchange and correlation functional.  
 
The time-dependent DFT (TD-DFT) is an extension of classic DFT which can deal 
with the electronic excited state. To calculate the excited state, the system is subjected 
to an external time-dependent electric field, which can be treated as a small 
perturbation in a linear response. Here the perturbation can be light.  
The excitation energies can be simply determined by poles of response function:  
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                                           𝛼 𝜔 = !!
(!!!!!)!!!!

!"#$%&'(%)%&*
!                                  (4.12) 

where 𝐸! is the excitation energy, 𝐸! is the ground state energy and 𝑓! is the associated 
oscillator strength: 
                                                 𝑓! =

!
!
(𝐸! − 𝐸!) 𝜓! 𝑟 𝜓! !                                   (4.13) 

The TDDFT can give a good estimation of the photo-excitation. For a deeper 
understanding of the TD-DFT method, more information can be found in the 
literature59, 60.  
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5. Results and Discussion 

 

5.1 Relationship between State-of-art D-π-A dye and HTMs for efficient ssDSSCs 
 

The natural properties of organic sensitizers have been one of the most important 
factors that affect the performance of solid-state dye sensitized solar cells. Here, we 
have studied two different D-π-A dyes to understand how they affect the performance 
of ssDSSCs.  

5.1.1 Characterization of D-π-A dyes 
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Figure 5.1 (a) molecular structures of LEG4 and MKA253 dye. (b) UV-vis absorption 
spectra of different dyes. 
 
Figure 5.1a shows the molecular structures of LEG4 and MKA253. The MKA253 dye 
has the same linker and acceptor parts but a fluorine-based donor compared to the well-
known LEG4 dyes. Figure 5.1b shows the UV-vis absorbance spectra of LEG4 and 
MKA253, both in ethanol solutions and on the TiO2 films. In general, the MKA253 
showed a much broader absorption range than the LEG4 dyes. In addition, A blue-
shifted absorption peaks was observed when adsorbed on the surface of mesoporous 
TiO2 films for both dyes. The deprotonation of the terminal carboxylic group61, 62 was 
found to be the reason for such blue shift through the previous study. The MKA253 
with a broader absorption range suggests a better light-harvesting ability, which is 
beneficial for the performance of the devices.  

 

5.1.2 the performance of ssDSSCs based on LEG4 and MKA253 
 
 
 

 
 

Figure 5.2 (a) J-V curve of ssDSSCs based on different dyes and HTMs, (b) IPCE 
curves of ssDSSCs devices.   
 
The J-V characteristics of ssDSSC based on the LEG4 and MKA253 sensitizers) under 
standard global AM 1.5G conditions are shown in Figure 5.2a. The corresponding 
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photovoltaic parameters are summarized in Table 5.1. For devices made with LEG4, 
the best efficiency of 5.2% was achieved by using Spiro-OMeTAD as HTM. Similarly 
in the case of MKA253, an excellent efficiency of 6.1% with high current of 12.4 mA 
was obtained with devices using Spiro-OMeTAD. For devices based on X1 and X11, 
the performance of MKA253 was less efficient than that of LEG4.  

The IPCE data shown in Figure 5.2b are in good agreement with the photocurrent. The 
devices using MAK253 and Spiro-OMeTAD showed a much boader absorption range 
and the highest IPCE value among all of the ssDSSCs. The boarder IPCE absorption 
range can be assigned to the excellent optical properties of MAK253. In case of the 
ssDSSCs based on X1 and X11, the MKA253 did not show a higher IPCE than LEG4. 
In those cases, the driving force would be the factor which affected the dye 
regeneration.  

 

Table 5.1. Photovoltaic parameters of devices based on different sensitizers and 
hole-transport materials studied at a light intensity of 100mW cm-2 (AM 1.5G). 
 
 

 
Jsc 

[mA/cm2] 
Voc 

[mV] 
FF PEC 

     
LEG4/Spiro-OMeTAD 8.8 935 0.63 5.2% 

     
MKA253/Spiro-

OMeTAD 
12.4 780 0.63 6.1% 

     
LEG4/X1 8.8 720 0.67 4.3% 

     
MKA253/X1 5.8 680 0.58 2.3% 

     
LEG/X11 8.2 655 0.55 3.0% 

     

MKA253/X11 4.7 580 0.62 
1.7% 
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5.1.3 Fundamental studies on ssDSSC devices  

 
Figure 5.3 (a) Toolbox measurement and (b) PIA measurement on various ssDSSC 
devices.  

 
As the charge recombination affects the performance of ssDSSCs, the electron 
lifetimes of different devices are plotted versus Voc in Figure 5.3a. In general, the 
LEG4 dye with Spiro-OMeTAD showed the longest electron lifetime, corresponding to 
its highest Voc. The more bulky donor part of the LEG4 dye was found to suppress the 
recombination more efficiently. The smaller HTM, X1 and X11, the devices showed a 
shorter electron lifetime indicating fast recombination.  

Photo-induced absorption spectroscopy has also been used to study the charge transfer 
in the interfaces (Figure 5.3b). The absorption range between 700 and 800 nm can be 
assigned to the oxidized state of LEG4. In the present of HTMs, the decrease in 
intensity of the absorption peaks indicated a dye regeneration process. In general, the 
TiO2/LEG4/X11 and TiO2/LEG4/X1 devices showed a more efficient dye regeneration 
process than that of TiO2/LEG4/Spiro, according to the PIA curve.  However, in the 
case of MKA253, the conclusion is the opposite, the reason being extremely low 
driving force for dye regeneration in MKA253 based devices in spite of the smaller 
size of X1 and X11. The energy driving force and molecular size are therefore factors 
that affect the dye regenerations process in ssDSSCs.  
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Finally, our studies showed a successful strategy to design efficient sensitizers for the 
ssDSSCs. According to our results, the compatibility of HTM and sensitizers affects 
the efficiency of ssDSSCs in various ways.  
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5.2 Novel blue-colored organic dyes and co-sentization for efficient ssDSSCs 
 

The aesthetic design of solar cells is one of the most critical factors for public 
acceptance and indoor applications. Recently, several studies of novel blue sensitizers 
and their application in efficient ssDSSCs have been reported29-31. In this chapter, two 
different of blue dyes and their applications in ssDSSCs are discussed.  

 

5.2.1 Characterization of blue dyes  
 

 
 

Figure 5.4  Molecular structures of sensitizers and their UV-vis and photoluminescence 
spectra.  
 
The molecular structures and absorbance properties of two different sensitizers, 
Dyenamo Blue (DBlue) and M16, are shown in Figure 5.4. M16 shows a red shift with 
a maximum absorption peak at 601 nm compared to DBlue with a maximum 
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absorption peak at 566 nm. As discussed in the previous chapter, the broader the 
absorption range of a sensitiser indicates a better light-harvesting ability, which can 
enhance the performance of the solar cell device. The electrochemical experimental 
data are summarised in Table 1. Accordingly, both dyes are energy favourable for dye 
regeneration due to their suitable energy alignment.  

 

Table 5.2 Summary of optic and electrochemical data for dyenamo blue and M16.   

 

 
 Experimental data 

 λmax 

(nm) 

Eo-o
c  

(eV) 

LUMOd 

(eV) 

HOMOe 

(eV) 

Dyenamo 

Blue 

568 1.97 -3.56 -5.53 

M16  601 1.88 -3.49 -5.37 

 

5.2.2 Characterization of ssDSSCs based on mono-sensitization and co-
sensitization 
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Figure 5.5 (a) J-V curves of ssDSSCs with different dye combinations. (b) IPCE curve 
of ssDSSCs.  
 
The performances of the ssDSSC based on mono-sensitization and co-sensitization 
studied with 1 sun illumination are shown in Figure 5.5. The corresponding 
photovoltaic parameters are summarized in Table 3. In this work, two different 
combinations have been considered for co-sensitization: D35/DBlue and D35/M16. In 
the case of mono-sensitization, the M16-based ssDSSCs showed the best performance 
with an efficiency of 5.8%, followed by 5.6% for DBlue and 5.2% for D35. Both the 
blue-based dye (dyenamo blue and M16) based devices showed higher currents, 
leading to an overall better performance, which can be explained by the better light 
harvesting abilities of blue dyes.  
In general, all the co-sensitized ssDSSCs displayed much higher efficiencies than those 
recorded for mono-sensitized devices (Table 3). In particular, the combination of M16 
and D35 showed the best PCE of 7.5%, and an excellent short-circuit current Jsc of 
12.85 mA cm-2, which is comparable with the record efficiency of 8% with Spiro-
OMeTAD.63  
 
 
The IPCE data are shown in Figure 5.5b, which shows a significant improvement upon 
co-sensitization compared with mono-sensitization. All the co-sensitized ssDSSCs 
show much broader and uniform IPCE spectra with an absorption range up to 750 nm. 
The IPCE values at 460 nm (mostly contributed from D35) are almost constant, which 
may be explained by an invariant D35 dye load (Table 3). On the other hand, the IPCE 
values at 600 nm to some extent depend on the combinations. The one with highest 
M16 dye load (1.4×10-8 mol cm-2) showed the highest IPCE of ca. 60%.  
 
 
 
Table 5.3  Photovoltaic parameters of devices based on different sensitizers studied 
at a light intensity of 100mW cm-2 (AM 1.5G). 
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 Jsc 

[mA cm-

2]  
 

Voc 
[mV]  
 

FF  
 

PCE  
 

D35 dye 
loading  

[10-8 mol 

cm-2 ]  
 

Blue dye 
loading  

[10-8 mol 

cm-2]  
 

M16 10.02 840 0.70 5.8%  2.9 

Dyenamo Blue 9.10  860  0.71 5.6%  2.7 

D35 8.25  850  0.74 5.2% 3.5  
D35:M16 
(1:0.5) 

11.86 855 0.68 6.9% 1.9 0.6 

D35:M16 
(1:1) 

12.85 850 0.69 7.5% 1.8 1.4 

D35:M16 
(1:2) 

12.17 845 0.69 7.1% 2.1 0.8 

D35:Dyenamo 
Blue (1:0.5) 

10.58 875 0.67 6.2% 1.9 0.5 

D35:Dyenamo 
Blue (1:1) 

12.41  880  0.67 7.3% 1.9 1.1 

D35:Dyenamo 
Blue (1:2) 

10.88 840 0.7 6.4% 2.2 0.7 

 
 

5.2.3 Physical properties and stability test on ssDSSCs  
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Figure 5.6. Top: electron lifetime data. Middle: PIA spectra.  Bottom: Aging of 
ssDSSCs.  
 
The open-circuit voltage of a ssDSSC can also be affected by the energy driving force 
and recombination rate. Thus, a lower recombination loss rate of the photogenerated 
charges usually leads to a higher Voc. The electron lifetimes of different solid-state dye-
sensitized devices are shown in Figure 5.6 Top. In general, the devices based on 
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DBlue/D35 show the longest electron lifetime of all devices. It should also be noted 
that all the co-sensitized devices exhibited longer electron lifetimes than those 
sensitized by D35 alone. These results indicate that co-sensitization may be an efficient 
strategy for improving the Voc of ssDSSCs.  
 
In order to study the dye generation process, a study based on photo-induced 
absorption (PIA) spectroscopy was performed. According to a previous study, the wide 
absorption range from 600 to 1100 nm arises from the radical cation (oxidized form) of 
D35 (Figure 8a).64, 65 Therefore, a decrease in absorption in the range between 750 and 
1100 nm can be attributed to a dye regeneration process. Thus, it is clear that the 
regeneration process is efficient in D35-based ssDSSCs. Similar results can be found in 
the case of Blue dyes (D.Blue and M16). In addition, the dye regeneration process can 
be regarded as very efficient for D35/M16 due to the clear reduction in absorption in 
the 800-1100 nm range. The bleaching in the 600-700 nm range can be attributed to a 
Stark effect and ground-state bleaching.66, 67 Similar results were found in the co-
sensitized systems. 
 
The long-term stability of solid state photovoltaic devices has been also investigated. 
All the devices were stored in the dark with a humidity of ca. 20%. In general, all the 
devices remained for a period of one week. Co-sensitized cells appeared to be slightly 
more stable over this test period. 
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5.3 Molecular engineering of novel D-A-π-A dyes for efficient ssDSSCs 

5.3.1 Characterization of D-A-π-A dyes  

 
 

Figure 5.7 Top: molecular structures of W7, W8 and WS2 with corresponding energy 
alignment of materials applied in the ssDSSCs. Bottom: Absorption curves of W7 and 
W8 in (a) solution (a) and (b) on the film. 
 
The molecular structures of sensitizers and their energy alignment are shown at the top 
of Figure 5.7. Compared with the well-known WS2, the donor parts of W7 and W8 
were designed to be triphenylamine units. From an energetic point of view, all the 
HOMO levels of the sensitizers were more positive than that of Spiro-OMeTAD (on 
the NHE scale), suggesting a sufficient driving force for the necessary charge-transfer 
process of dye reduction. At the bottom of Figure 5.7, the absorption spectra of W7 and 
W8 in different conditions are shown. In solution, the absorption peak of W7 showed a 
slight red-shift compared with that of W8. On the surface of the TiO2 film, the 
absorption peaks are slightly blue-shifted compared to the absorption peaks in solution, 
which likely caused by the deprotonation of the terminal carboxylic group upon 
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adsorption. In addition, the absorption peaks showed a greater red-shift for both the W7 
and W8 sensitizers when the additive was involved. Most likely reason causing this 
effect can be attributed to the polarizing effect of the Li-ion salts64, 68.  
 

5.3.2 Solar cell performance and electron lifetime measurement  
 

 
Figure 5.8 (a) J-V curves of ssDSSCs based on different dyes. (b) IPCE of ssDSSCs 
based on W7, W8 and WS2 dye (c) electron lifetimes of ssDSSC devices.  
 
The performances of the ssDSSCs based on different sensitizers studied under 1 sun 
illumination and standard global AM 1.5G conditions are shown in Figure 5.8a. All the 
devices used the Spiro-OMeTAD as the hole transport material. The devices using W7 
as sensitizer yielded the highest PEC of 6.9%, with a Voc of 880 mV, a Jsc of 10.51 
mA cm-2, and a FF of 0.74. Similar results were abtained for the W8-based devices. An 
efficiency of 5.2%, a photocurrent of 9.55 mA cm-2, a photovoltage of 870 mV, and a 
fill factor of 0.62 were recorded for W8. On the other hand, a low efficiency of 2.3% 
was abtained for the WS2 with an Voc of 672 mV, and a Jsc of 7.04 mA/cm2. From 
these results above, it was concluded that the triphenylamine (TPA) as the donor part 
would offer a better Jsc, than with indoline-based donor. In addition, the IPCE data 
were recorded and were in good agreement with the photocurrent. In particular, the 
WS2 showed the lowest IPCE value of 40% (550 nm) of all the three sensitizers.  
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Electron lifetime measurements were performed (Figure 5.8c) in order to study the 
electron recombination process in the ssDSSCs. In general, the triphenylamine-based 
sensitizers (W7 and W8) showed longer electron lifetimes than the indoline-based dye 
WS2. The steric properties and size of the donor moiety in the sensitizers may suppress 
the recombination of the electron-hole pairs at the interface of the photoelectrodes23, 69, 

70. 

 

5.3.3 Interface charge transfer and morphology  
 
 

 
 

Figure 5.9  Left: PIA curves of different ssDSSCs. Right: SEM image of cross-sections 
of ssDSSC devices: (d) WS2-based devices, (e) W7-based devices, and (f) W8-based 
devices. 
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Photoinduced absorption (PIA) measurements were made to investigate the dye 
regeneration process in the solid-state dye-sensitized solar cells. The dynamics of light 
absorption by the oxidized sensitizers can be investigated via PIA measurements. In the 
present of HTMs, the quenching by the absorption of oxidized dye can be assigned to 
the process of photo-generated holes transferred into the HTMs, if the transfer is 
efficient. Based on the PIA results, inefficient regeneration process for WS2 was 
observed due to the slight decrease in the absorption by the oxidized WS2. In contrast, 
the W7 and W8 dyes were efficiently regenerated, as a significant reduction in the 
absorption peaks was observed.   

In order to further investigate the inner structure of the solar cell devices, scanning 
electron microscopy (SEM) was employed Figure 5.9 as well. No obvious presence of 
a capping layer of HTM was observed in either W7 or W8, but a thin HTM layer was 
seen in WS2. A cape layer of HTMs was believed to indicate the inefficient penetration 
of the HTM into the TiO2/Dye layers. The inefficient pore filling of WS2 could limit 
the interface charge transfer, resulting in a less efficient performance of the device. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.4 TPA-based organic semiconductors for efficient ssDSSCs and PSCs.  
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Triphenylamine (TPA) derivatives have been widely used in electronic devices due to 
their thermal stability, high charge mobility, and amorphous morphology of thin 
films71. In this work, we introduce two TPA-based hole transport materials for highly 
efficient ssDSSCs and PSCs, designated X1 and X14.   
 
 

5.4.1 Materials characterization 
 

 
Figure 5.10 Molecular structures of X1 and X14; UV-vis absorption spectra of  X1 and 

X14.  
 
The molecular structures and absorption spectra of X1 and X14 are shown in 
Figure 5.9. In general, X1 and X14 have absorption peaks centered at 380 and 
364 nm, respectively. Having a greater in π-conjugation, the spectrum of X14 
shows a blue shift compared to X1. In addition, DFT calculations were performed 
to study the electronic properties of the HTMs. As shown in Figure 5.10, the HOMO 
orbitals are mainly delocalized through out the entire molecules for both X1 and X14. 
In contrast, the LUMO orbitals are mainly localized on the centre biphenyl part in X1, 
but they are delocalized over the whole X14 molecule due to the enhanced π-
conjugated effect. The conductivities of X1 and X14 under different conditions have 
also been measured (Table 5.4), and the conductivity is higher for the X14 films.  

 
 
 

Table 5.4 Hole conductivities of different molecules (S cm−1). 
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 Without doping With AgTFSI  With LiTFSI   
X1 4.95*10-7 1.78*10-4 1.53*10-4 
X14 5.01*10-7 4.01*10-4 3.23*10-4 

 
 
 
 
 
 

HTMs X1 X14 

LUMO 

  

 

HOMO 

  

 
Figure 5.11 Frontier orbitals of the X1 and X14 HTMs. (isosurface=0.025) 
 

5.4.2 Characterization of solar cell devices 
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Figure 5.12 J-V curves and IPCE spectra of ssDSSC and PSC devices. 
  
Figure 5.12 shows the J–V curves of the solid-state solar cell devices based on the X1 
and X14 HTMs. The corresponding performance parameters are tabulated in Table 5.5. 
The reference cell with spiro-OMeTAD as HTM was fabricated under the same 
fabrications. The X14 based ssDSSCs solar cell showed the best PCE of 5.8%, 
followed by 5.9% for the cell based on sprio-OMeTAD, and 5.8% for the X1-based 
devices. A similar trend was found in the performance of PSC. The PSC with the X14 
HTM yielded the best photovoltaic performance with a PCE of 16.4% of the three 
HTMs (14.4% for X1, 15.6% for Spiro-OMeTAD). For both ssDSSCs and PSCs, the 
corresponding IPCE spectra show similar values for all three HTM based devices, 
which agrees well with the measured Jsc.  
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Table 5.5: Performance of devices with different HTMs. AgTFSI was used as a dopant 
to increase the conductivity of the HTMs.  
 

 Jsc Voc FF PEC 
ssDSSCs 

X1 9.44 0.88 0.69 5.8% 
X14 9.71 0.91 0.71 6.1% 

Spiro-OMeTAD 9.41 0.89 0.7 5.9% 
PSC 

X1 20.81 1.06 0.65 14.4% 
X14 22.59 1.09 0.67 16.4% 

Spiro-OMeTAD 22.14 1.08 0.65 15.6% 
     
 
 

5.4.3. Fundamental studies on interfaces.  
 

 
Figure 5.13 (a) Electron lifetime and (b) PIA values for ssDSSCs  
 
In order to investigate fundamental aspects of the devices, the electron lifetime was 
measured (Figure 5.13a). The ssDSSCs based on X14 showed a longer electron 
lifetime, indicating a low electron recombination rate. The photo-induced absorption 
spectra were also recorded to investigate the charge-transfer properties between the 
electrodes. The oxidized LEG4 can give positive values between 650 and 850 nm, 
presented in the PIA spectra67. After deposition of the hole transport material, a 
significant reduction in the oxidized dye absorption can be observed indicating an 
efficient dye regeneration in the corresponding ssDSSCs (Figure 5.13b).  
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Figure 5.14.  (a) EIS curves and (c) PL curves for the PSCs.  
 
The electrochemical impedance spectroscopy (Figure 5.14a) was performed to study 
the properties of the interfaces in the PSCs. The PSCs containing X14 showed a slower 
recombination rate than those containing X1. Photoluminescence spectra were recorded 
and these are shown in Figure 5.14b. The pristine perovskite film alone showed a 
strong PL signal, but after deposition of the HTMs, an efficient quenching of the 
photogenerated charges was observed with both X14 and X1, which can lead to fast 
interface charge separation.  

 

Our work has therefore reported two π-conjugated hole-transport materials for solid 
state ssDSSCs and PSCS. An increase in molecular π-conjugation improves both 
conductivity and charge delocalization of the HTMs, resulting in a better 
performance of the solar cell devices. Our work has provided instructive 
suggestions for the future design of novel and efficient hole transport materials.  
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5.5 Sulfur-based polymeric materials as hole transport materials.  
 

This chapter describes the development of a series of sulfur-based cross-linked 
polymers as hole transport materials for solid-state dye sensitized solar cells and 
perovskite solar cells. The inorganic hole transport materials for solid state 
photovoltaic devices have also been studied in a attempt to overcome the disadvantages 
of organic hole conductors. Sulfur is an abundant and inexpensive material which also 
possesses unique electrochemical properties, and the sulfur or polysulfides have 
become widely used in efficient lithium batteries72-75 and in thin-film photovoltaic 
devices76-78. Here we have used the “inverse-vulcanized” method to synthesize sulfur-
based cross-linked polymers for ssDSSCs and PSCs.  

 

5.5.1 Polymeric sulfur as hole transport material 
 

 
Figure 5.15 (a) UV-vis absorption spectra and (b) Raman spectra of polymeric sulfur 
and elemental sulfur.  
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To characterize cross-linked polymeric sulfur, UV-vis absorption spectra have been 
obtained in chlorobenzene and adsorbed onto a mesoporous TiO2 film, Figure 5.15a. In 
the solution, the absorption peak at 430 nm and the weak peak at 644 nm can be 
assigned to different orders of polymeric sulfur anions79-81. When the polymeric sulfur 
was deposited onto a TiO2 film, the absorption peaks were almost the same, indicating 
the good stability of the polymeric sulfur material. The Raman spectra in Figure 5.15b 
show broad bands between 600 and 800 cm-1, which can be assigned to the C-S stretch 
modes of the cross-linker-sulfur interaction82, 83. This shows that the sulfur has been co-
polymerized with the assistance of the cross-linker. The peaks located between 2800 
and 3100 cm-1 can be assigned to the C-H stretch modes of the cross-linker84, 85. All 
this shows that, as intended, the cross-linker has been incorporated into the polymeric 
sulfur material.  

 
 
 

 
 

Figure 5.16 (a) J-V curve and (b) IPCE of ssDSSCs using polymeric sulfur as HTM. 
LEG4 was used as sensitizer.  
 
Figure 5.16 shows the performance of ssDSSCs using cross-linked polymeric sulfur as 
hole-transport material with different TiO2 film thicknesses. With the thinner TiO2 film, 
the Jsc of the devices was significantly increased from 1.17 to 4.1 mA/cm2, resulting in 
an the efficiency increase from 0.4% to 1.5%. The Voc of the devices was also 
improved, from 655 mV to 700 mV. The improved performance can be attributed to 
better pore filling, and thus to a potentially larger light-harvesting volume, with the 
thinner mesoporous substrate86. According to the IPCE data, a maximum 
monochromatic conversion efficiency of 40% for the 500 nm TiO2 film, and 20% for 



     
     
 
 
 

 60 (71) 
 

the 2µm TiO2 film was observed at ca. 500 nm, which is in good agreement with the 
Jsc of the devices.  

 

5.5.2 Selenium-doped polymeric sulfur as hole transport material  
To further improve the efficiency of the solar cell devices, we introduced selenium into 
the polymeric sulfur.  
 
 

 
 

 
 

Figure 5.17 (a) UV-vis absorption and (b) conductivity measurement of polymeric 
sulfur with and without Se doping.  
 
The UV-Vis absorption spectra of polymeric sulfur and Se-doped polymeric sulfur in 
toluene are shown in Figure 5.17. As stated above, the peaks between 430 nm and 620 
nm can be assigned to different polymeric sulfur radicals79, 80. With Se dopant, the 
range of the polymer absorption extends to ~700 nm, indicating doping with selenium 
would reduce the band gap of polymer. The broader absorption peaks between 450 nm 
and 650 nm for SeS2:S:DIB can be assigned to the presence of direct Se-Se bonding87. 
Figure 5.17b shows a Tafel plot of the polymeric S and SeS doped with 120 mM 
LiTFSI. As showed in a previous paper 88, the conductivity of the polymeric sulfur was 
10–100 lower than that of the so far best performing hole-transport material, doped 
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Spiro-OMeTAD70. With a higher concentration of LiTFSI, the conductivity of 
polymeric sulfur can be increased to 6.13×10-5 S/cm. With selenium doping of the 
polymeric sulfur, the conductivity can be increased to 2.24×10-4 S/cm.  The next step 
was to study the polymeric sulfur and Se-doped sulfur as HTM for perovskite solar cell.  

 
 
 

 
 

Figure 5.18 (a) J-V curve and  (b) IPCE spectra of PSCs containing polymeric sulfur (S) 
and Se-doped sulfur (SeS); (c) Photoluminescence of perovskite films with and without 
HTMs.  
 
Figure 5.18a shows J–V curves of PSCs containing polymeric sulfur and SeS hole 
transport materials with different scan directions. For the forward direction (from Voc 
to Jsc), the PSCs based on polymeric SeS showed an efficiency of 10.21% (a Voc of 
870 mV, a Jsc of 22.79 mA cm-2, and a fill factor (FF) of 0.51) compared with 7.32% 
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for those based on polymeric S (21.78 mA cm-2 for Jsc, 800 mV for Voc, 0.43 for FF). 
For the reverse direction (from Jsc to Voc), the efficiency for the device containing 
polymeric SeS was 8.61%, with a Voc of 880 mV, a Jsc of 22.07 mA cm-2 and a FF of 
0.43%, while the polymeric S yielded an efficiency of 5.66% (21.97 mA cm-2 for Jsc, 
778 mV for Voc, 0.33 for FF). In all cases, both the polymeric S and SeS worked well 
as hole transport materials, although with a slight hysteresis. The reason for the 
hysteresis phenomenon can be non-optimized perovskite solar cells. These results show 
the promising potential of using inorganic sulfur as hole transport material. The 
maximum incident photon-to-current conversion efficiency (IPCE) (Figure 5.18b) was 
75% for SeS-based devices and 70% for S-based devices at ca. 480 nm, with a slight 
decrease before 750 nm. The range of the IPCE curves is in good agreement with the 
absorption spectra of mixed-ion perovskite solar cells.  

In order to obtain further insight into the charge transfer properties at the interface of 
the perovskite/HTM, steady-state photoluminescence was recorded (Figure 5.18c). 
Compared to the pristine perovskite film, the photoluminescence of the 
HTM/perovskite/glass films was efficiently quenched within the 760-780 nm range. 
This result confirms efficient hole extraction and transfer from the perovskite film into 
the HTLs. 
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6. Concluding remarks 
 

Solid-state dye sensitized solar cells and perovskite solar cells have attracted much 
attention because of their low cost, high efficiency and ease of fabrication. However, 
there are many challenges remaining for these state-of-art photovoltaics. The research 
reported in this thesis has been aimed to develop novel materials for efficient, stable, 
and low-cost solid state solar cells.  

For ssDSSCs, there is a great demand for novel sensitizers with a wide absorption 
range and high molar extinction coefficients. In this work, novel organic sensitizers 
have been developed for the efficient devices. Firstly, we designed a novel D-π-A type 
of organic sensitizer MKA253 and compared it with the well-known LEG4 dye. Using 
a fluorene based-donor, the absorption range of MKA253 was much broader than that 
of LEG4. With higher light-harvesting abilities, the MKA253-based devices showed as 
excellent efficiency of 6.1%. In addition, the compatibility of dyes and HTMs has been 
shown to be en essential factor for the efficiency of the device. Novel blue organic dyes 
M16 and D.Blue have also been studied to meet the aesthetic requirement in real 
applications. Upon 1 sun illumination, the device using M16 achieved 5.8% efficiency 
and that using D.Blue dye achieved 5.6% efficiency. Co-sensitized with yellow D35 
dye, the efficiency has been proved over 7%. The strategy of co-sensitization also 
improved the stability of the ssDSSC devices. Besides the D-π-A dye, D-A-π-A dyes 
have also been studied due to their excellent optical properties. Two novel D-A-π-A 
dyes W7 and W8 have been applied in the ssDSSCs. By introducing a TPA-based 
donor, the efficiencies have been improved to over 5% compared with the well-known 
D-A-π-A dye WS2.  

 

Hole transport materials are an important factor in the performance of solar cell 
devices. The easily synthesized organic molecule X14 has been applied to both 
ssDSSCs and PSCs, and efficiencies of 6.1% for ssDSSCs and 16.4% for PSCs have 
been achieved. In addition, the extension of π conjugation increases the conductivity of 
the molecule, benefiting the performance of the devices. Inorganic hole conductors 
have also been investigated, and the sulfur-based polymers have been developed and 
used in both the ssDSSCs and PSCs. The best efficiency using polymeric sulfur was 
1.5% for ssDSSCs. By introducing a Se dopant into the polymeric sulfur, the 
conductivity was increased, and an efficiency of ca. 10% for PSC using Se-S polymers 
has been achieved.  

  

 



     
     
 
 
 

 64 (71) 
 

7. Future outlook  

The developments of ssDSSCs and PSCs have shown potential ways of replacing 
conventional silicon-based photovoltaic devices in the near future due to their unique 
properties. In spite of remarkable progress in the past, some challenges still remain.  

Although an extraordinary efficiency has been achieved for PSC, the water-sensitivity 
problem and environmental hazard problem limit their large-scale application. The 
ssDSSCs have a great potential to be commercialized due to their environment-
friendly, low-cost and simple means of fabrication. However, the relatively low 
efficiency still needs to be improved. Thus, novel, cheap and stable sensitizers with a 
high molar extinction coefficient and a broader absorption range are in great demand in 
the future.  

 

Hole transport materials are one of most important features of the structure of solid-
state dye sensitized solar cells and perovskite solar cells. Organic arylamine-based 
small molecules have been shown to be successful in both ssDSSCs and PSCs. 
However, the organic molecules suffer from low conductivity and poor stability. Future 
work will focus on the development of inexpensive, stable and efficient hole 
conductors, especially sulfur-based polymeric hole conductors.  
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