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PREFACE 

Dye-sensitised solar cells (DSSC/DSC) are promising technology solutions for sustainable 

energy production owing to its low fabrication cost and relatively high power conversion 

efficiencies (PCE) at indoor as well as outdoor light conditions. Recent reports highlight 

the phenomenal performance of DSSC/DSC under various indoor lighting sources such as 

fluorescent lamps and light-emitting diodes (LEDs) compared to the other solar cell 

technologies. This has enabled them to be capable of powering wireless sensors and 

consumer electronics. Titanium dioxide (TiO2) is the most commonly used photoanode 

material in DSSC/DSCs owing to its larger band gap, high conduction band edge and high 

surface area for dye loading. To date the PCEs up to 14% are realised with such devices. 

Apart from TiO2, zinc oxide (ZnO) is also explored as a viable alternative due to its 

attributes like high bulk electron mobilities and ease of synthesising it in variety of 

morphologies. In the past few years, concerted efforts are pursued towards the 

improvement of power conversion efficiency in DSSC/DSCs by developing photoanode 

materials with superior features. The widely pursued strategies includes synthesising 

semiconductors with high surface area for high dye loading, employing  1D materials for 

fast electron transport, submicron sized particles for internal light scattering layer and 

deposition of blocking layer to reduce electron recombination etc.  

The photo anode in DSSC/DSC comprises of an active layer, blocking layer and scattering 

layer. Tuning of these layers play a remarkable role in enhancing the PCE in DSSC/DSC. 

The present thesis addresses the fabrication of scattering and blocking layers of 

DSSC/DSC using ZnO nanostructures. Insertion of scattering and blocking layers 

increases the light harvesting characteristics and reduces electron–hole recombination 

respectively in the photoanode architecture, thereby improving efficiency of cells. 

Scattering layers generally make use of submicron particles and layers thus fabricated 

are found to be opaque. Herein, we demonstrate a methodology to create surface 

roughness on TiO2 layer to impart light scattering in DSSC/DSC with ZnO hierarchical 

structures without much lose in transparency of the photoanode. Fine-tuned blocking 

layers generated through a wet chemical method is utilised as blocking layers. Dip 
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coating method was used to deposit blocking layers over FTO. The effect of blocking 

layer thickness on the photovoltaic properties of ZnO based DSSCs are investigated. 

Chapter 1 provides a general introduction to dye-sensitised solar cells, their architecture 

and examines the role of blocking and scattering layers on the overall power conversion 

efficiencies. A comprehensive review of the structural, compositional and morphological 

modifications in TiO2 and ZnO-based DSSCs is carried out to identify and define the 

problem. 

In chapter 2, the efficiency of a DSSC/DSC solar cell is manipulated by engineering 

the surface texture of the photoanode for improved light scattering in the active 

titania layer. Herein, surface roughness was introduced in the TiO2 layer by 

applying a sacrificial layer of ZnO micro flowers of 2-4 μm sizes during cell 

fabrication The ZnO aggregates deposited on TiO2 layers are selectively etched by 

the TiCl4 treatment. The voids as well as the surface roughness created scattering 

centres, thereby improving the photocurrent generation. A PCE improvement of 

12.9% in full sun and 84% in 100 lux compact fluorescent lamp (CFL) illumination 

was achieved by employing templated TiO2 surface created by the etching of ZnO 

micro flowers. As the electrode offers transparency, it can possibly serve as a 

potential candidate for bifacial DSSC in building-integrated photovoltaic (BIPV) 

sector. 

Chapter 3 deals with the surface roughness and pore engineering of the 

photoanode films to improve the light scattering inside the titania layer of 

DSSC/DSC by employing micron sized ZnO hierarchical structures (fibril and sheet 

aggregates) as fugitive inclusions. A bilayer photoanode was constructed with 

bare TiO2 as bottom layer and TiO2-ZnO mixture as top layer. The ZnO inclusions 

are etched selectively by TiCl4 leaving behind its voids in the TiO2 layer. Three 

different weight% of TiO2-ZnO mixture paste was fabricated to study the effect of 

voids in light scattering and dye loading in DSSC. It was observed that, for the 

optimum composition of TiO2-ZnO mixture, PCE values of 9.4% is obtained from 

the bilayer structured anode whereas monolayer TiO2 offered 6.3% under one sun 



xxiii 
 

condition. The PCE efficiency values under ambient light condition (1000 lux) 

showed an improvement from 12.33% to 17.85%.  

 

The effect of Zinc Oxide (ZnO) blocking layers (BLs) of different thickness, on the 

photovoltaic performance of ZnO based DSSC is investigated in chapter 4. The 

recombination of photo injected electrons is one of the major limiting parameters 

in the performance of DSSCs which occurs either through recombination from FTO 

with the oxidised dye molecules or with the electrolyte at the FTO/electrolyte 

interface. Devices with optimised ZnO blocking layer thickness (12 nm) lead to 

improved performance (2.57% PCE) in comparison to the devices fabricated using 

bare FTO (1.27% PCE) by suppressing interfacial recombination at the FTO/ZnO 

interface thereby enhancing the lifetime for better power conversion efficiencies. 

 

Chapter 5 provides a summary of the whole work that has been carried out in 

establishing the role of ZnO functional layers on TiO2 and ZnO based DSSCs. 

 



 
 

 
 

Chapter 1 

Introduction to Dye-sensitised solar cells and photoanode 

materials 

  

 

 

 

Dye-sensitised solar cells (DSSCs) are recognised as efficient, renewable and 

economic photovoltaic devices with potential for mass energy production. Recent 

reports highlight the phenomenal performance of DSSC/DSCs, compared to other 

solar cell technologies, under various indoor lighting sources such as fluorescent 

lamps and light-emitting diodes (LEDs) enabling them to be capable of powering 

wireless sensors and consumer electronics.  
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1.1 Introduction 

Energy is an essential requirement of human society and its consumption is rapidly 

increasing with the advancements in technologies. Non-renewable energy sources, such 

as fossil fuels comprising of oil, natural gas, and coal are currently dependent upon to 

meet our present day energy demand. However, the massive consumption of fossil fuels 

lead to its exhaustion and it is projected that the fossil fuels reserves of the world may 

last only 35 years for oil, 37 years for natural gas and 107 years for coal.1 Moreover, 

consumption of such fossil fuels are also identified with serious environmental hazards, 

for instance CO2 emission, global warming, and air pollution. Consequently there is an 

urgent need to reduce our dependence on non-renewable energy resources. Hydro, 

wind, solar, biomass, geothermal and nuclear are the various renewable energy sources 

that we are utilising today. Among these, solar energy is recognised to be the promising 

alternative for energy production as it is the most pure and abundant source of energy.2 

Annually sun provides about 1.5 x 1018 kW h of energy, whereas reserves of oil, coal, and 

gas are 1.75 x 1015 kW h, 1.4 x 1015 kW h, and 5.5 x 1015  kW h, respectively.3 Thus yearly 

sunlight can provide hundred times more energy than the world's entire known fossil 

fuel reserves. Enormous efforts are taken by researchers worldwide to enhance the 

exploitation of solar energy in an efficient and cost effective way. Photovoltaics is a 

viable option to directly convert sunlight into electricity. Even though sun provides 

copious, clean and green form of energy, harvesting it in an appropriate manner is 

challenging. Investigations and innovations are pursued by researchers to develop solar 

cells in a cost effective and highly efficient manner.  

Solar cells are photovoltaic devices that convert sunlight to electricity. In 1839 French 

physicist Becquerel has demonstrated photoelectrochemical effect which is the basic 

working principle behind the solar cell.4 According to the emergence of the different 

types of solar cells they are named as first generation, second generation and third 

generation. An overview of different types of solar cells particularly dye-sensitised solar 

cells (DSSC) and materials used for its fabrication is detailed in the following section. 
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1.1.1 Generations of solar cells 

1.1.1.1 First generation Solar cell 

The first generation of solar cells include silicon solar cell, is first developed in 1954 at 

Bell laboratories Ltd. by Chaplin, Fuller and Pearson.5 They utilised p-n junction silicon 

strips to fabricate the solar cell and achieved a power conversion efficiencies (PCE) of 

4%. The efficiency is further improved by bringing the p-n junction more close to the 

surface so that more photons can be utilised, and also by doping. Si solar cells make use 

of monocrystalline and polycrystalline silicon substrates. The highest efficiency reported 

for monocrystalline Si solar cell is 26.1% and for poly crystalline around 22.3% (Figure 

1.1). The less efficiency of poly crystalline Si solar cell compared to mono crystalline Si 

solar cell is due to the crystal defects in poly crystalline Si, that are acting as 

recombination centers. The low energy band gap of ~1.1 eV for Si makes it a perfect 

candidate for solar cell applications.2 They can absorb photons from both visible and IR 

region according to Planck’s equation and this is the one of the major reasons for the 

high efficiency of Si solar cells. 

𝐸 =
ℎ𝑐

𝜆
                                                                         (1) 

Even though Si solar cells are capable of delivering high PCE, high cost of installations 

prompted the need for other. The large scale application of Si solar cells necessitates the 

need for huge amount of Si and the processing of it will increase the chemical hazards to 

the environment.  

1.1.1.2 Second generation Solar cell 

Second generation solar cells deals with thin film technologies. Thin film technologies 

employ small amount of materials which are grown deposited on substrates such as 

glass plastic etc. to thickness in micrometer regime. Semiconductor materials used for 

thin film technologies include cadmium telluride (CdTe),6 gallium arsenide (GaAs),7 

copper indium/gallium selenide (CIS/CIGS)8 etc. Thin films have superior photophysical 

properties that can improve the performance of solar cell compared to bulk materials. 

The semiconductor material consumption is less in thin film solar cell and also the 

expense of production of second generation solar cell is lower than that of crystalline Si 
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solar cells. However CdTe possess serious disposal problems. It is a highly toxic 

poisonous heavy metal and is environmentally hazardous.6 

1.1.1.3 Third generation Solar cell 

Thereafter third generation solar cells emerged with the aim to process materials at the 

nanoscale and scale up the same up to macroscopic areas. This generation is very 

different from the previous ones due to the use of wide band gap semiconductors. The 

various types of solar cells falls under this category include Dye-sensitised solar cells 

(DSSCs),9 quantum dot-sensitised solar cells (QDSSCs),10 Perovskite solar cells,11 

Polymer solar cells12 etc. The working mechanism and fabrication technology is 

extensively different from Si solar cells. The third generation solar cell offer remarkable 

cost effectiveness over first and second generation solar cells. Yet these entities have not 

touched the efficiency levels of Si solar cells still it opens up a new approach to perform 

well with the use of nanotechnology. The efficiency chart of photovoltaic cells (2019) 

from NREL  is presented in Figure 1.1.13 

 

 

Figure 1.1 Efficiency chart of photovoltaic cells (2019) by NREL, USA. 

(https://www.nrel.gov/pv/cell-efficiency.html) 

 

 

https://www.nrel.gov/pv/cell-efficiency.html
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1.2 Dye-sensitised solar cells (DSSCs) 

DSSCs are photovoltaic devices developed by Brain O’ Regan and Michael Gratzel in 

1991.14 DSSC emerged from the concept of natural photosynthesis. In DSSC organic dye 

molecules is utilised as light absorbing material. Detailed device structure and working 

principle of DSSC is discussed in the following sections. DSSC, by virtue of its properties 

like transparency, multi-colour options, ease of integration into building facades, 

environmental friendliness and low production cost are considered advantageous 

compared to conventional silicon solar cell. Even though the power conversion efficiency 

of DSSC is lower than that of Si solar cells, under indoor light conditions DSSCs perform 

incredibly good. This unique property makes them best alternative power source to 

wired and battery energy sources. 15 

1.2.1 Components of DSSC 

DSSC consists of five basic components (1) Transparent conductive substrate (2)  

mesoporous semiconductor layer (3) dye sensitizer adsorbed to the semiconductor (4) 

electrolyte and (5) counter electrode such as platinum or carbon (Figure 1.2). 

 

 

Figure 1.2 Schematic representations of main components of DSSC. 
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1.2.2 Transparent conductive substrate 

Transparent conductive glass fluorine doped tin oxide (FTO) or indium doped tin oxide 

(ITO) is used as substrates for fabricating DSSC. The substrate is a crucial part of DSSC as 

it controls the amount of sunlight penetrates into the cell and also it carries electrons to 

the external load. The conductive glass should be highly transparent to the visible, 

infrared and far-infrared regions, stable at high temperatures ~500 °C and chemically 

inert to avoid reaction with the chemicals in DSSC.2 

1.2.3 Semiconductor mesoporous film 

Wide band gap semiconductor materials such as TiO2,16 ZnO,17 SnO2,18 Nb2O5,
19 can be 

employed for mesoporous film fabrication. Ternary oxides like SrTiO3,20 BaSnO3,21 and 

Zn2SnO4
22 are also been explored as photoanode materials for DSSC. These materials are 

made into a paste and then doctor bladed over the conductive glass substrate. TiO2 is the 

most widely used semiconductor for DSSC and is reported to deliver highest PCE so far. 

Enormous efforts have been done to optimise the semiconductor properties inorder to 

improve the charge transport, dye loading, light scattering etc. in the solar cell.  

1.2.3.1 TiO2 based DSSC 

Titanium dioxide is the most widely used photoanode semiconductor material for DSSC 

due to the superior features such as wide band gap, high chemical stability, high surface 

area, mesoporosity, higher conduction band (CB) edge and less toxicity. TiO2 exists in 

three crystalline forms, termed as anatase, brookite and rutile. Out of these anatase and 

rutile are in tetragonal crystal structure whereas brookite belongs to orthorhombic 

crystal structure. Rutile phase is the most thermodynamically stable form. Anatase TiO2 

is an indirect band gap semiconductor where rutile and brookite are direct band gap 

semiconductors. Owing to the indirect band gap nature, direct transition of 

photogenerated electrons from the conduction band (CB) to valence band (VB) is not 

possible. As a result the life time of the photogenerated electron is higher in anatase 

compared to the other two forms. Apart from these the average effective mass of the 

photogenerated electrons of anatase phase is less than the other polymorphs. This will 

help in faster transport of the electrons and therefore less recombination rate.23-25 The 

maximum efficiency reported for anatase TiO2 based DSSC is 14%.26 

 



                                                            Chapter 1  
 

8 
 

1.2.3.2 ZnO based DSSC 

Zinc oxide (ZnO) is explored as a viable alternative to titania due to its attributes like 

high electron mobilities (2-3 orders of magnitude higher than TiO2), wide band gap (3.3 

eV), high exciton binding energy (60 meV) and the ease of synthesising it in a variety of 

nanostructures17, 27 (ie; nanosheets,28 nanowires,29 nanotrees,30 nanotubes,31 

nanotetrapods,32 nanorods,33 hierarchical aggregates34 etc.) compared to TiO2.17 

However the maximum PCE reported for ZnO-based DSSC is 8% and is significantly 

lower than the highest efficiency reported for TiO2.35 The main drawback associated with 

ZnO based DSSCs is the formation of dye-Zn2+ aggregates under acidic conditions which 

prevents efficient injection of electrons. The low injection leads to the relaxation of the 

excited dye molecule to the ground state affecting the efficiency of cells. ZnO possess 

very low surface area due to which poor dye loading, results in less light harvesting, and 

efficiency of device.17 

1.2.4 Dye-sensitiser 

Dye is one of the most vital part of DSSC. The dye molecules should satisfy the following 

essential characteristics2, 25 

i) It should be able to absorb the whole of visible region and a part of near IR 

region (panchromatic absorption) in the electromagnetic spectrum. 

ii) Dye molecule should possess anchoring groups such as –COOH, -H2PO4, -SO3H 

etc. in order to have strong bonding with the semiconductor for the efficient 

electron injection into the CB of semiconductor. 

iii) The lowest unoccupied molecular orbital (LUMO) of the dye molecule should 

be in high energy level than the CB edge of the semiconductor to offer efficient 

electron transfer process from the excited dye to the conduction band of the 

semiconductor. 

iv) The oxidised state of the dye must have more positive potential than the redox 

potential of the electrolyte. 

v) Dye molecules should be photo stable as well as electrochemically and 

thermally stable. Various types of dye molecules are employed so far, which 
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includes metal complexes, porphyrins, phthalocyanines, metal free organic 

dyes etc. Metal complexes especially ruthenium Ru (II) complexes are widely 

utilised for DSSC due to their broad absorption spectra. N719, N3, black dyes 

are commonly used ones ( Figure 1.3)  

 

Figure 1.3 Structure of commonly used dyes in DSSC. 

1.2.5 Electrolyte 

Electrolyte is meant to control the charge carrier transport between the electrodes and 

regeneration of dye molecules in DSSC. Majorly three types of electrolytes are used in 

DSSC, liquid electrolyte, quasi-solid-state electrolyte and solid-state transport materials. 

Iodide/triiodide (I-/I3
-) redox couple is well exploited in the liquid electrolyte category.  

Electrolyte has pronounced effect on the photovoltaic parametres such as current 

density (Jsc), photovoltage (Voc), fill factor (FF) etc. Voc is extremely affected by the redox 

potential of the electrolyte. Similarly Jsc is affected by the transport of the redox couple 

constituents in the electrolyte. Diffusion of charge carrier in electrolyte and the charge 

transfer resistance on the electrolyte-electrode interface was found to influence the FF of 

DSSC. Electrolytes must ensure fast diffusion of charge carriers and shall also be able to 

create better interfacial contacts with the semiconductor layer and counter electrode. 

They should possess high chemical, thermal and optical stability. As the electrolyte are 

coloured, they will absorb a part of visible light which in turn reduce the visible light 

available for the dye. Based on the physical state, composition and formation mechanism 
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electrolyte are classified into three different types liquid electrolyte, solid-state transport 

materials and quasi-solid-state electrolyte.36 

1.2.5.1 Liquid electrolyte 

Iodide/triiodide redox couple is the most widely used liquid electrolyte for DSSC. A 

suitable solvent with high dielectric constants, low viscosity and high volatility is used. 

For iodide/triiodide organic solvents like acetonitrile, propionitrile, methoxy acetonitrile 

etc. are used. Li+ ions are added to the liquid electrolyte to accord better performance. As 

the size of Li+ ion is small it can diffuse it into the dye loaded TiO2 mesoporous film and 

form Li+-e- ambipolar species in the CB of TiO2 which increases the transport speed of 

the electrons. This will improve the Jsc of the DSSC. 25, 36 

1.2.5.2 Quasi-solid-state electrolytes 

Quasi-solid-state is a particular state of a material between solid and liquid state, they 

can display both cohesive and diffusion properties. They possess long term stability than 

liquid electrolyte and shows high ionic conductivity and interfacial contact property. 

Thermosetting polymer electrolytes, thermoplastic polymer electrolytes, composite 

polymer electrolytes and ionic liquid electrolytes belong to this category. 37-39 

1.2.5.3 Solid state transport materials 

Quasi-solid-state electrolytes also possess certain stability issues as the electrolytes 

contain solvents which upon storage or air exposure solvent exudation occurs. In this 

context, solid state transport materials offer additional advantage over the other two 

categories, especially for large scale applications. Solid state transport materials includes 

ionic conductors, inorganic hole-transporting materials (HTM) (eg. CuI,40 CuSCN,41 

CsSnI3
42) and organic HTMs (eg. poly(3-hexylthiophene) (P3HT),43 poly(3-

octylthiophene) (P3OT),44 P3HT/PCBM (phenyl-C 61-butyricacid methyl ester 

(PCBM)),45 poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),46 

SpiroMeOTAD47). 

1.2.6 Counter electrodes 

The function of counter electrode is to collect electrons from the external load and to 

reduce the redox electrolyte, it can also perform collection of holes from HTM in the case 

of Solid-state DSSC. Counter electrodes are generally constructed by depositing a 

conducting film of metal such as platinum over FTO glass. As platinum is highly 
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expensive, cheap organic materials such as carbon,48 graphene,49 PEDOT,50 and inorganic 

materials like NiO,51 ZnO52 etc. are considered as commercial alternatives. 

1.3 Working principle of DSSC 

A schematic representation of working principle of DSSC is given in Figure 1.4 The most 

vital part of DSSC is the dye adsorbed mesoporous metal oxide semiconductor layer. The 

working of DSSC commences by the photoexcitation of dye molecules, followed by the 

electron injection into the conduction band of the metal oxide semiconductor. 

Regeneration of the dye molecule is performed by the redox electrolyte, which in turn 

gets regenerated at the counter electrode. The maximum voltage that can be drawn is 

VOC. It is the potential difference produced by the cell and is the measure of energy 

difference between the electrolyte chemical potential and the Fermi level of the 

semiconductor. Recombination reactions are common during the working of DSSC and 

therefore the recombination loss need to be subtracted from the potential difference 

obtained.     

 

Figure 1.4 Schematic illustration of working principle of DSSC. 

The different events in the photoelectrochemical processes in DSSC are described as 

follows2, 9, 25 

i) Optical excitation of dye molecule (process 1)   

Dye molecules will absorb photon of energy equal to or more than its energy gap to 

excite an electron from its HOMO to the LUMO.  

ii) Electron injection to the CB of the semiconductor (process 2) 



                                                            Chapter 1  
 

12 
 

The electrons in the LUMO which are loosely bound to the dye molecules will get injected 

to the conduction band of the semiconductor metal oxide through interfacial electron 

transfer. The holes generated by the optical excitation remains in the HOMO of the dye 

molecule. The collected electrons are then transported to the FTO or ITO glass to the 

counter electrode (process 3). 

iii) Reduction of electrolyte at the counter electrode (process 4) 

Triiodide is produced as a result of the oxidation of dye molecule. The triiodide then get 

reduced at the counter electrode to produce iodide and the circuit is completed by 

collecting the electron through external load. 

iv) Regeneration of dye by electrolytic reduction (process 8) 

The oxidised dye molecules after the electron injection into the CB of TiO2 is regenerated 

by the electron donor in the electrolyte. The regeneration efficiency of the dye molecule 

is defined as the probability of an oxidised dye regenerated by an electron donor in the 

electrolyte, by the recombination with an electron in the semiconductor. 

Electron recombination processes are commonly seen in DSSC and leads to the 

deterioration of the device performance. Process 5 indicates the recombination of 

excited photoelectron with the oxidised dye. Processes 6 and 7 show the recombination 

of the electrons in conduction band of the semiconductor with oxidised dyes and ions in 

the electrolyte respectively. Recombination electrons (back electron transfer) from the 

exposed surface of conductive glass to the electrolyte is also usually seen in DSSC, which 

will also affects the device performance adversely. 

1.4 Improvements in photoanodes of DSSC 

Enormous methods have been implemented to boost the performance of DSSCs by 

designing different types of dye molecules, semiconductors film, electrolyte and counter 

electrodes. As the thesis work focuses on the modification of semiconductor layer for 

DSSC, the following section will focus on the different approaches explored so far for the 

same. Major strategies to improve photoanodes of DSSC include utilisation of a variety of 

nano/micro structured semiconductors, composite materials, doping of semiconductors, 

inclusion of blocking layers, inclusion of scattering layers etc.   
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1.4.1 Nanostructured semiconductor metal oxides 

Tailoring of nanomaterials is essential to enhance its photophysical properties which can 

increase the PCE in DSSC. Typical DSSC uses ~ 20 nm particle with high surface for the 

fabrication of photoanode. However, in nanoparticles the electron transfer progress in a 

random manner and encountering several defects, surface states and grain boundaries in 

the film.9, 53 This will lead to electron recombination decreasing the PCE of device. 

Therefore, one dimensional (1D) nanomaterials are widely exploited in DSSC due to their 

fast charge transport and reduced charge recombination processes. Different types of 

nanostructures used in DSSC are detailed in the following section. Nanostructured TiO2 

and ZnO used in DSSC are summarised in the table1.1. 

1.4.2 Nanorods/wires 

Nanorods and nanowires are extensively used 1-D nano materials for DSSC. Rods and 

wires like structures posses high electrical conductivity due to their longer electron 

diffusion length than the nanoparticles. However, possess very less surface area, due to 

which the dye loading and thus the light harvesting efficiency are reduced. This has 

prompted researchers to improve the performance of DSSC by tuning the aspect ratio of 

1D nanostructures.  

Meclare et al. have synthesised monodisperse anatase nanorods with13-17 nm length 

via a surfactant free solvothermal method. The DSSC fabricated with such nanorods has 

displayed a PCE of 7.5% whereas standard cell fabricated with TiO2 P25 has shown only 

5.585 %.54 Jiu et al. fabricated single crystalline anatase TiO2 nanorods  with lengths of 

100-300 nm and 20-30 nm diameter by hydrothermal method using 

cetyltrimethylammonium bromide (CTAB) as surfactant. They were able to achieve a 

PCE of 7.29% in DSSC.55 Wu et al. fabricated vertically aligned multilayer anatase nano 

wires of length 15-55 µm on FTO glass. DSSC fabricated with ~ 47 µm long multi layered 

anatase TiO2 nanowire arrays offered a PCE of 9.4% which is very high when compared 

to TiO2 P25 nanoparticles (PCE of 7.33%). These nanowire arrays possess high internal 

surface area and promote light scattering.53 In another work, the same group has 

synthesised long TiO2 nanowire trunk with numerous short TiO2 nanorod branches on 

FTO glass via hydrothermal method and utilised as photoanode in DSSC. The 

photoelectrodes fabricated from this hierarchical architecture array of 18 µm length 
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showed a PCE of 7.34% owing its better specific surface area for dye loading and 

enhanced light scattering ability.56 Xu et al. developed a synthesis for multilayer 

assemblies of ZnO nanowire arrays. A PCE of 7% was obtained using four layers of ZnO 

nanowire arrays with a total thickness of 40 μm.57 

1.4.3 Nanotubes 

Nanotube arrays are intensively used in DSSCs owing to its unique morphology. 

Vertically grown nanotubes can adsorb dyes on its outer walls as well as inner walls and 

hence can provide high surface area than any other 1D nanomaterial. The first TiO2 

nanotube based DSSC was fabricated in 2005 by Schmuki et al. but the efficiency was 

found to be very poor (0.036%), which is lower than that of nanoparticle based DSSC.58 

Chen et al. reported synthesis of double-wall TiO2 nanotubes (DWTNTs) by two-step 

anodization method. DSSC fabricated with DWTNTs on the flexible Ti substrate offered a 

PCE of 6.90%, where single-wall TiO2 nanotubes (SWTNTs) showed a PCE of 4.66% by 

back side illumination. This increment for DWTNTs was attributed to the increase in the 

Jsc caused by the higher surface area for dye adsorption.59 Elzarka et al. grown anodic 

TiO2 nanotube layer with average diameter of 550 nm and length ~ 12 μm. They have 

decorated the tubes with TiO2 nanoparticles to form hierarchical structures inorder to 

increase the surface area. Thin insulating layers of SiO2 and Al2O3 were used as blocking 

layers. The blocking layers are meant to reduce the recombination between the 

photogenerated electrons and oxidised species in the electrolyte. The fabricated DSSC 

under back side illumination has shown a PCE of 2.7% for the bare tubes, 5.8% for the 

hierarchical structures, 6.3% and 6.7% for blocking layer deposited ones.60 As TiO2 

nanotubes are usually grown on Ti metal substrates, due to the opacity of the substrate, 

the efficiency measurements are done by back side illumination (counter electrode side). 

To tackle this issue researchers have developed a method to deposit the TiO2 nanotubes 

on FTO glass with the aid of TiO2 nanoparticles. Lamberti et al. have attempted a similar 

method and obtained a PCE of 6.26 % which is further increased to 7.56% by TiCl4 

treatment with front side illumination.61 Wang et al. have also fabricated DSSC with TiO2 

nanotube arrays of 33 μm length utilising a similar deposition strategy. They were able 

to realize a PCE of 9.02%. The arrays were treated with TiO2 sol to deposit TiO2 

nanoparticles with ~20 nm size and the PCE was found to be increased to 9.86%.62, 63  
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1.4.4 Hierarchical structures 

Hierarchical structures have gained much attention in the field of photovoltaics due to 

their superior properties like high surface area, higher diffusion of electrolyte, light 

scattering effect etc. Hierarchical spheres, beads and aggregates of TiO2 and ZnO are 

utilised in the fabrication of photoanodes in DSSC as these materials are porous in nature 

with high surface area. Sauvage et al. synthesised TiO2 mesoporous beads and applied as 

photoanode in DSSC. The synthesised beads possess surface area of 89 m2/g and an 

average pore size of 23 nm due to which the dye absorption as well as light scattering 

properties were enhanced compared to P25 particles. A PCE of 10.6% was achieved in 

TiO2 bead based DSSC whereas, P25 delivered only 8.5%.64 Zhang et al. synthesised ZnO 

hierarchical spheres with diameters of 100 and 500 nm (which are aggregates of ZnO 

nano particles having ~ 15 nm) sizes to act as effective light scatterering points. The 

maximum PCE obtained was 5.4% and was much more than that obtained for ZnO nano 

particles (2.4%).65 Hollow spheres with single and multi-shells were developed for DSSC 

by Hwang et al.. These materials provided high surface area, easy electron transport and 

better light scattering as the incident light get reflected by the shells present in the 

material. For optimised multi shelled TiO2 hollow nano particle based DSSC, a PCE of 

9.4% was obtained. On the other hand single shell counterpart offered only 8%.66 Attafi 

et al. reported hierarchically structured TiO2 aggregates via one step solvothermal 

method. The synthesised structures were of 700 nm and 300 nm in diameter and was 

composed of 8.5 and 105 nm TiO2 crystals, with surface area of 138 and 106 m2/g 

respectively. Due to the larger sizes they imparted good light scattering effects.  The 

device fabricated with these structures delivered a PCE of 9.1% and 8.2% compared to 

the standard cell efficiency of 7.4%. 67 

Table 1.1 Efficiency improvements in DSSC by nanoarchitectures 

Control 

sample 

Material used for 

improvement 

 

η of control 

sample (%) 

η of modified 

sample (%) 

Reference 

TiO2 

nanoparticles 

TiO2 nanotubes & 

nanoparticles 

3.84 8.80 68 
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TiO2 

nanoparticles 

TiO2 nanotubes 3.66 5.61 69 

TiO2 

nanotubes 

TiO2 nanotubes 

with TiO2 

nanoparticles 

4.76 9.86 63 

P25 TiO2 nanorods 6.59 7.91 70 

P25 TiO2 nanowires 7.23 9.40 53  

- ZnO caterpillar-

like nanowires 

- 5.20 71 

Short ZnO 

nanowires 

Long ZnO 

nanowires 

2.1 7.0 57 

ZnO 

nanoparticles 

ZnO hierarchical 

film 

6.58 7.5 34 

P25 TiO2 hierarchical 

beads 

7.1 10.6 64 

P25 TiO2 hierarchical 

spheres 

6.49 10.57 72 

TiO2 

nanoparticles 

Hierarchical TiO2 

nanofibers 

4.98 7.86 73 

 

1.4.5 Composites 

In order to improve the features of the photoanode, the semiconductors are mixed with 

second phase inclusions like graphene, carbon nanotubes, metals like Au and Ag, metal 

oxide like SnO2 etc.9 Carbon based materials like carbon nanotubes and graphene are 

generally used in DSSC owing to their excellent attributes like electron mobility, high 

surface area and mechanical properties. 

Graphene can reduce the charge recombination and resistance at electrolyte-photoanode 

interface and can also improve the electron transport through the semi conducting film 

to FTO substrate. Graphene is found to be a better candidate than carbon nanotubes in 

DSSC because of its 2D structure. TiO2 can be easily anchored to the 2D bridge of 
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graphene and photogenerated electrons can be transported by graphene. In the case of 

1D carbon nanotube composites, the intermolecular forces are less so that the contact 

between TiO2 and the carbon nanotube results in large barrier for electron transfer 

leading to recombinations.74 The quantity of the graphene and carbon nanotubes 

incorporated in the photoanode film should be carefully tuned as higher amounts of such 

inclusions will reduce the visible light required for the dye absorption. The number of 

photogenerated electrons are reduced and hence the device performance will also be 

lowered.9 

Au and Ag are used in photoanodes of DSSC due to their property of plasmon reasonance 

effect.75, 76 Plasmon resonance can improve the spectral absorption and therefore 

mixing/decorating TiO2 with Au or Ag in DSSC will increase the photocurrent of the 

device.  Additionally, Au and Ag can improve the charge transfer processes in DSSCs, and 

reduce the electron recombination by increasing the energy levels of TiO2. Li et al. 

decorated TiO2 with 2 nm-sized Au nanoparticles and utilised as photoanode for DSSC. 

The local-field optical enhancement at the TiO2 surface triggered by plasma resonance of 

Au nanoparticles increased the dye absorption and hence the photocurrent of the device 

was increased. A PCE of 10.1% was achieved which is very high, compared to device with 

pure TiO2 photoanode (5.5%)77 

Inclusion of other metal oxides into TiO2 or ZnO is another strategy to enhance the 

device performance. Generally metal oxides with low dimensional structures are used so 

as to  provide straight electron transfer to reduce the recombination.78 For example, ZnO 

nanowires were grown within TiO2 nanoparticle film, to increase the light scattering and 

reduce the resistance of the photoanode.79 TiO2 nanofibers were incorporated within 

ZnO film by Li et al., the Jsc of the device was found to increase than that of pure ZnO 

based device.80 Bilayer photoanode with SnO2 nanoparticle bottom layer and ZnO 

nanorod as overlayer were fabricated by Huu et al. and achieved considerable 

enhancement of electron transport and lifetime of the device compared to those with 

bare SnO2 film.81 

1.4.6 Doping 

Doping is done in a semiconductor oxide of photoanodes in DSSC inorder to improve the 

device performance. Oxygen deficiency present in the semiconductor can generate 
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electron hole pair in DSSC. It can react with dye molecules resulting in the destruction of 

the dye or it can be surrounded by the ions present in the electrolyte which inturn 

decrease the life time of the device.82 Nitrogen doping is a widely pursed method in 

which nitrogen atom can replace the oxygen deficiency in the TiO2 and convert it into 

visible light active TiO2.83 Guo et al. doped nitrogen in TiO2 by using different nitrogen 

precursors such as ammonia, urea and triethyl amine through wet chemical method. The 

N doped electrodes offered a PCE of 8.3% where as standard P25 offered 5.76% and 

pure anatase TiO2 gave 7.14%. They have also suggested that nitrogen doped from 

ammonia is the most efficient one than the other two precursors. An improved 

photocurrent of ~ 36% is observed for N doped systems due to the combined effects 

high dye loading and better electron transport.84 Mahamood et al. fabricated up right 

standing boron doped ZnO porous nanosheets and applied as photoanode in DSSC. The 

incident to photon current onversion efficiency (IPCE) values of boron doped zinc oxide 

showed remarkable improvement in light harvesting particularly in the visible region. 

The highest PCE of 6.75% is achieved by using the vertically grown boron doped zinc 

oxide nanosheets.85 

Metals are also recognised to be effective candidate for doping. Transition metals and 

rare earth metals are used for this purpose. Transition metals used in DSSC include Cr,86 

Mg,87 W,88 Nb,89 Sn,90, 91 Ta,92 Zn93, Ni94 and that of rare earth metals include Y, Eu, Tm 

and Yb.9 Durrant et al. synthesised mixed oxides by doping Zr in TiO2 by thermal 

hydrolysis method. The band gap of the mixed oxide was found to be increased by 0.2 eV 

and the shift in the CB band resulted in high Voc. Undoped TiO2 offered a PCE of 7% 

where as the best device with doped TiO2 showed a PCE of 8. 1%.95 Duan et al. studied 

the effect of Sn doping in TiO2 film for DSSC. The highest PCE displayed was 8.3% with 

0.5 mol% Sn doped TiO2. The Voc and Jsc of the device is improved due to the negative 

shift in the flat band and fast electron transport respectively.90 

1.4.7 Light scattering layer 

Inclusion of light scattering layer is a widely accepted method in DSSC to enhance light 

scattering inside the device. Owing to the transparency of the nanoparticles in the 

photoanode most of the incident light will pass through it reducing the amount of 



                                                            Chapter 1  
 

19 
 

photons for the dye molecule for absorption. Inorder to tackle this issue, scattering 

layers employing submicron particles are used in DSSC. These particles scatter the 

incident light and reflect back into the active layer so that the average path length of light 

is increased, enhancing the probability of it being absorbed by the dye molecules and 

increasing the performance of the device.96, 97 

1.4.7.1 Theories of light scattering 

When light is incident on an object, it can propagate either in forward direction or in 

backward direction. Propagation of light in forward direction is termed as refraction and 

absorption, and in backward direction is called as reflection. But when the size of the 

object is comparable to the wavelength of incident light, the incident light can reflect in 

all directions and this phenomenon is called as light scattering. The two major theories 

proposed for light scattering for spherical particles are Rayleigh scattering theory and 

Mie scattering theory. These theories rely upon the size of the scatters and the 

wavelength of the incident light. Rayleigh scattering theory is applied to non-absorbing 

spherical particles with small size. The condition for Rayleigh scattering are α << 1 and 

|m| α << 1, Where α = 2πr/λ, r is the radius of the particle, λ is the wavelength of the 

incident light, m is the refractive index of the particle. According to this condition 

Rayleigh theory is applicable for the particle which possess dimensions smaller than the 

incident wavelength.  

The other type of scattering is Mie scattering and it can be applied to the spherical 

particles that are absorbing or non-absorbing. The effective scattering occurs when the 

size of the particle are comparable to the wavelength of the incident light. Mie scattering 

efficiency is calculated by the expression 

𝑄𝑠𝑐𝑎𝑡,𝑀𝑖𝑒 =
𝜎𝑠𝑐𝑎𝑡,𝑀𝑖𝑒

𝜋𝑟2 
                                               (2) 

Where σscat is the cross section of Mie scattering. With the above mentioned equation one 

can calculate the efficiency of Mie scattering from the particle size and incident 

wavelength. For example, a particle with size 200 nm can scatter the incident light in 

400-650 nm wavelength range. This fact gives a rough idea regarding the particle size 
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need to be used for the fabrication of effective light scattering layer aimed to enhance the 

optical absorption in DSSC. It should be noted that in DSSC, due to the presence of 

electrolyte, change in refractive index with respect to air is expected resulting in a shift 

for the effective range of the particle sizes.96, 97 

Generally in DSSC light scattering is achieved by two methods: fabricating a double 

layer/bilayer structured photoanode and mixture structured photoanode (Figure 1.5). 

The double layer structured photoanode consists of a top layer made up of submicron 

sized particles to offer light scattering over a layer of nanocrystalline particle. Mixture 

structure photoanode comprises of a single layer with larger particles as well as 

nanoparticles mixed together. Nanoparticles used in both cases are of size ~20 nm to 

offer sufficient dye loading and larger particles are of sizes ranging from 200-500 nm to 

impart light scattering. Both designs possess certain drawbacks. The larger particles 

incorporated in both structure will reduce the internal surface area of the photoanode 

thereby reducing the dye adsoption. This will adversely affect the optical absorption and 

thus the current density of the device. In the case of double layer structured photoanode, 

the internal resistance of the device is increased which obstructs the charge transport of 

the device. 

 

Figure 1.5 Double layer and mixture structure of light scattering materials used in DSSC. 
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It is inferred that the surface roughness can also induce the light scattering effects. In a 

study done by Yang et al. rough TiO2 spheres  with ~275 nm diameter had shown more 

diffuse reflectance than a film with smooth TiO2 spheres. Nevertheless, the effect of 

rough surface on light scattering still remains unclear. Theoretical studies showed that 

light scattering due to surface roughness depends upon multiple factors like, particle 

size, particle surface structure, wavelength of incident light etc. Besides the 

improvement in light scattering, an added advantage is that rougher surface can enhance 

the dye loading compared to smoother surface.98, 99  

Theoretical works done for the optimisation of DSSC structure with light scattering 

layers are also available. Ferber et al. investigated the size and concentration of the 

particles required for the effective light scattering in DSSC through computer 

simulations.100 Akira usami et al. theoretically studied about the multilayer scattering 

happening in DSSC by Monte carlo simulations.101  

Several morphologies have been investigated to encourage light scattering in DSSC. It 

includes nanorods, submicroprisms, nanospindles, nanoplates, nanofibres, nano belt, 

spheres etc.97 Huang et al. synthesised ~830 nm mesoporous TiO2 beads and employed 

as scattering layer on the top of the nanocrystalline TiO2 film. Here, the mesoporous TiO2 

beads provided high surface area ~ 89 m2/g for good dye loading and also sufficient light 

scattering. A PCE of 8.84% was achieved with this structure compared to PCE of 7.87% 

in the device with scattering layer of 400 nm particle.102 Wang et al. studied the effect of 

light scattering in different categories of photoanodes (monolayer, bilayer and 

multilayer) by utilising various size of TiO2 nanoparticles (23, 50 and 100 nm). When 23 

nm sized particle was mixed with 100 nm TiO2 particle a PCE of 8.4% was obtained while 

the photoanode prepared with ~ 23 nm particles yielded a PCE of 7.6%.103 Guo et al. 

synthesised 1D hierarchical TiO2 sub micron rods and mixed with P25 nanoparticles. The 

composite photoanode offered a PCE of 8.09% whereas the standard P25 nanoparticle 

based DSSC delivered only 5.37%. The increment in PCE is ascribed to the multifunctions 

imparted by TiO2 sub micron rods; such as high specific surface area, high light 

scattering and improved electron transport.104 Mahmood et al. fabricated a double 

layered boron doped ZnO (DL-BZO) light scattering layer, the top layer is made up of 
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submicrometer-sized boron-doped ZnO (BZO) sphere arrays and the DSSC thus 

fabricated exhibited a PCE of 7.2%. The top layer was able to provide fast electron 

transport as well as light scattering effects. This PCE was much higher than the double 

layered undoped ZnO (4.1%) and was found to be even better than 2.1% obtained for the 

monolayer BZO films.105 

Hybrid composites of ZnO nanoparticles and submicron sized SiO2 nano spheres were 

employed in DSSC by Banik et al. They varied the SiO2 content with respect to ZnO 

nanoparticles. 1 wt.% composite of silica yielded high PCE (3.08%) compared to pure 

ZnO nanoparticle based photoanode (2.53%). SiO2 nanospheres helped to reduce the 

back electron transfer at photoanode/electrolyte interface, improving the efficiency of 

the device.106 

 Core shell particles are also used to improve the light scattering in DSSC. Son et al. 

synthesised SiO2/TiO2 core shell nanoparticles with different diameters (110, 240 and 

530 nm) to study the effect of size, refractive index and light scattering in DSSC. It was 

observed that SiO2/TiO2 core shell delivered the highest PCE compared to that 

employing SiO2 (6.8%) or TiO2 (7.4%). The highest PCE obtained for core/shell particles 

is 7.9%.107 

Inclusion of spherical voids/rough surface in photoanode is also identified to be good 

light scatters.  Pu et al. treated TiO2 photoanodes with laser to introduce pore and cracks 

over the film. After the laser treatment, the photoanodes become less transparent 

indicating the high light scattering owing to the rougher surface. The PCE is increased by 

4.49% to 5.59% for cells with and without laser irradiation respectively.108 In another 

paper, the same group has also investigated the effect of laser power density on the 

phase transition of TiO2 photoanode. As the laser power density increases the anatase 

TiO2 is transformed to rutile TiO2 after the laser treatment and it is also noticed that the 

quantity of rutile phase increases with laser power density. The photovoltaic 

performance for the devices is also detailed and suggested that the enhancement in 

efficiency of the device is mainly due to the increase in the short circuit current 

density.109 
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Yang et al. prepared photoanodes from composites of TiO2 and carbon spheres with 

different sizes. The voids left after annealing act as light scatters in the photoanode. The 

device with photoanode fabricated from the composite of 500 nm carbon spheres (15 wt. 

% of TiO2 nanoparticles) showcased the best performance of 7.2% while DSSCs 

fabricated with pure TiO2 is observed to be 5.5%.110 Hore et al. documented the 

incorporation of spherical voids as scattering centres in TiO2 film by employing carboxyl 

stabilised polystyrene spheres anchored onto the TiO2 surface. These scattering voids 

increased the current density as well as fill factor, leading to an overall improvement in 

PCE by 25% under one sun condition.111 

Quasi-inverse opal (QIO) layers with imperfect periodicity of voids were investigated as 

scattering layers in DSSC by Han et al.. Anatase nanocrystals synthesised via sol gel 

method were mixed with aqueous solution containing monodisperse carboxylated 

polystyrene (PS) particles (420 nm and 970 nm) for the fabrication of QIO layer. These 

highly porous layers exhibited superior dye loading and effective light scattering. It was 

observed that the photocurrent of DSSC based on the 420 nm-QIO layer was significantly 

improved, offering a PCE of 5.7%.112  

1.4.8 Interfacial engineering  

Back electron (electron recombination) reactions in DSSC play significant role in 

reducing the PCE of DSSCs. These reactions occur primarily at the FTO/electrolyte 

interface and the mesoporous semiconductor/electrolyte interface. This in turn reduces 

the open circuit voltage and current density of DSSC. Interfacial engineering at 

FTO/mesoporous semiconductor layer is therefore a widely accepted method to tackle 

this issue. This is usually achieved by depositing a thin compact layer of TiO2/ZnO over 

the FTO glass substrate which is termed as pre-blocking layer (figure 1.6a). Pre-

blocking layer helps to reduce the exposure of bare FTO surface which is uncovered by 

mesoporous semiconductor layer, and minimizes the contact of electrolyte with the 

surface of FTO.113, 114 Post-blocking layer deposition is another strategy to passivate the 

recombination at mesoporous semiconductor/electrolyte interface (figure 1.6b). Here, 

an extra thin layer of TiO2 is deposited by soaking it into moderate concentration (~ 40 
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mM) of TiCl4 solution at 70 °C which is then subjected to annealing to obtain the TiO2 

deposited mesoporous semiconductor film. Many reasons are suggested to explain the 

effect of post TiCl4 treatment which includes, increased charge transport, improved 

surface area of the mesoporous film and increased light scattering effects.9, 115, 116 

Therefore the enhancement of efficiency of DSSC due to TiCl4 treatment is still under 

discussion. Apart from these, coatings of insulating materials like Al2O3,117 ZrO2,118 

Ga2O3,
119 SiO2

120 over semiconductor are also attempted to create a barrier for electron 

recombination.121  

 

Figure 1.6 (a) Mechanism of pre-blocking layer on FTO glass in DSSC (b) post-blocking 

layer on TiO2 particles in DSSC. 

1.4.8.1 Pre-blocking layer 

Several methods are attempted to fabricate compact TiO2/ZnO blocking layers, which 

include spray pyrolysis,122 spin coating,123 sputtering,124 atomic layer deposition 

(ALD),125 electrochemical deposition,126 sol-gel method127 etc. Kavan et al. fabricated 

compact TiO2 layers on FTO by thermal oxidation, electrochemical deposition, spray 

pyrolysis and atomic layer deposition. All these methods allowed the fabrication of 

<0.1% pin hole free blocking layers with better blocking effect. The methods of ALD and 

electro deposition are found to be good for the fabrication of the compact TiO2 layer, but 

the blocking effect is decreased after annealing at 500 °C and hence these methods are 
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suggested only for the photoanodes where post calcination is not required. Even though 

blocking behavior of spray pyrolysed films were found to be less good, they were less 

sensitive towards calcination. The thermally oxidised Ti displayed good blocking effect 

as well as good stability towards calcination. But these films are not transparent and 

therefore cannot be utilised in DSSC were optical transparency of cathode is required.126 

Goes et al. studied the effect of dense TiO2 layer between FTO and mesoporous TiO2 

layer. Approximately 25% improvement in PCE is obtained with respect to standard cell 

devoid of these layers. This is due to decrease in electron-hole recombination at 

FTO/electrolyte interface and improvements in electronic contact between mesoporous 

TiO2 and FTO.128 Gurupreet sigh et al. investigated the photovoltaic properties of DSSCs 

as a function of the thickness of BL in two morphologically diverse ZnO active layers of 

hierarchically self-assembled nanoparticles and microcubes. The BLs were deposited 

through spray pyrolysis method. The studies suggested that regardless of the 

morphology of the active layer, deposition of the BL leads to significant increase in the 

current density. They were able to fabricate solar cells with PCE of 5.6%, incorporating a 

BL thickness of 800 nm in ZnO nanoparticle based DSSC. A PCE of 2.6% was found for 

such devices without BL. In the case of ZnO microcube based DSSC the efficiency was 

found to be increased from 2.7% to 3.8% with the deposition of BL.129 Yeoh et al. had 

investigated the effect of ZnO and TiO2 blocking layers in TiO2 based DSSCs. ZnO and TiO2 

were synthesised via sol gel method and deposited by spin coating technique over the 

FTO glass. By the deposition of 120 nm thick ZnO blocking layer, the PCE was found to be 

improved from 3.86% to 4.34% which was even enhanced to 4.36% by the replacement 

of ZnO with TiO2 blocking layers.123 

1.4.8.2 Post-blocking layer 

Sang et al. studied the effect of TiCl4 treatment on TiO2 film with concentration ranging 

from 5 to 500 mM on the film topology, charge carrier dynamics and photovoltaic 

performance in DSSC. The surface area of the TiO2 film is observed to increase when the 

concentration of  TiCl4 solution is in the range of 15 to 50 mM, resulting in improved light 

harvesting and PCE. At higher TiO2 concentrations (500mM) the light scattering is 

increased but the pore size of the film is decreased resulting in slower electron transport 
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as well as reduced device performance.116 Sommeling et al. studied the effect of post 

TiCl4 treatment on TiO2 films in DSSC. Their results suggested that the increased photo 

current in DSSC is due to the downward shift in the band edge of TiO2 which 

consequently leads to large quantum efficiency of electron injection.115 

1.5 Indoor light Dye-sensitised solar cells 

 The capability of DSSC to harvest energy in low light/diffused light is well known since it 

was invented. An efficiency of 12% in diffused light condition was already demonstrated 

by Gratzel et al. in a seminal report.14 Researchers didn’t find any interest to explore the 

low light capabilities of DSSC, for want of enough applications.  In recent years energy 

harvesting under indoor conditions or diffused light conditions has attracted substantial 

attention due to the unique requirements of the Internet of Things (IoT). Focusing on 

indoor light harvesting Hagfeldt et al. judiciously designed sensitizers D35 and XY1 with 

Cu redox shuttle and achieved remarkable efficiency of 28.9% at 1000 lux under warm 

white florescent tube. In the study they compared DSSC with GaAs solar cells and DSSC 

outperformed GaAs in indoor light conditions.15 The same year Chen-Yu Yeh et al. 

reported an efficiency of 28.56% at 6000 lux (under CFL) using TY6 dye along with 

Iodine electrolyte.130 In yet another breakthrough, Gratzel et al. reported the record 

efficiency of 32% under fluorescent tube at 1000 lux utilising mesoporous TiO2 electrode 

and the poly(3,4- ethylenedioxythiophene)(PEDOT) counter electrode were directly 

sandwiched without any spacer.131 

Light emitting diodes (LED), compact fluorescence lights (CFL) are commonly used light 

sources to study the performance of DSSC under indoor light conditions. Change in the 

source light means, change in intensity of light as well as the spectra of the incident light. 

The emission spectrum of LED and CFL lies within 400 to 800 nm wavelength region 

where as AM 1.5G lies at 400 nm to 2000 nm.132 Figure 1.7 shows the emission spectra 

of LED and CFL. Efficient light harvesting occurs when absorption spectra of solar cell 

matches with the emission spectra of the light source. The efficiencies of dye-sensitised 

cells (DSC, as it does not involves sun light intensity) under indoor light sources are 

recongnised to be very high when compared to one Sun conditions. The reason behind is 

still not known clearly. One of the suggested reasons for this is the spectral over lap of 

the absorption spectra of dyes with the emission spectra of the CFL/LED lamps as the 
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absorption of dye molecule ies between 400 nm to 700 nm. This superior spectral 

overlap is believed to afford a good light-harvesting property and enhanced device 

performance under low light environments.130 

 

 

Figure1.7 Emission spectra of LED and CFL 

1.6 Zinc Oxide 

Zinc oxide (ZnO) is a well-recognised material with enormous applications because of  its 

unique physical and chemical properties. ZnO is categorised as a group II-VI 

semiconductor whose ionicity lies between the covalent and the ionic semiconductor.134   

It has a wide band gap of 3.3 eV, high exciton binding energy of 60 meV and possess high 

thermal and mechanical stability.27, 135 Even though ZnO is extensively studied for a 

variety of applications, it still continues to receive a great deal of interest in many fields 

like optoelectronics (photodetectors,136 solar cells,17 light emitting diode137), sensors,138, 

139 catalysis140 and biomedical fields.141 ZnO is also considered as a versatile material due 

to the ease of synthesis of nano/micro structures having diverse morphologies and sizes. 

1D structures of rods, wires, tubes, needles, helixes, ribbon, rings etc., 2D structures of 

plates, sheets, pellets etc. and 3D structures like flowers, urchins, snowflakes, dandelions 

etc.135  
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1.6.1 Crystal structure of ZnO 

ZnO crystalises in three forms, Wurtzite (hexagonal), Zinc blend (cubic) and Rock salt 

(cubic) as shown in Figure 1.8. Out of these the ambient and thermodynamically stable 

form is wurtzite. Wurtzite structure possess hexagonal unit cell with lattice Parameters  

 

Figure 1.8 ZnO crystal structures: Rock salt (cubic), Zinc blende (cubic) and Wurtzite 

(hexagonal). Gray and black spheres denote Zn and O atoms, respectively.134 

of a=0.325 nm and c= 0.521 nm. The structure consists of alternating planes with 

tetrahedrally coordinated O2- and Zn2+ ions packed alternatively along c axis resulting in 

a non centrosymmetric structure. Another significant characteristic of ZnO is its polar 

surfaces. The most common polar surface is the basal plane (0001) and this pane is 

responsible for the 1D growth of ZnO along [0001] direction.  

The positively charged Zn (0001) and negatively charged oxygen (0001̅) surface results 

in a dipole moment and spontaneous polarization along the c axis. The versatility of ZnO 

in generating wide range of exotic structures with fascinating properties is ascribed to its 

growth along the directions (0001), (01̅10) and (21̅10) along with polar surfaces (0001). 

Among these the most common and fastest growth direction is [0001].134, 142 

Physical properties of ZnO are summarised in the table1.2 given below. 
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Table1.2 Properties of ZnO 

Chemical formula ZnO 

Molar mass 81.38 g/mol 

Density 5.1 g/cm3 

Stable phase at 300 K Wurtzite (Hexagonal) 

Lattice parameter a = 0.325 nm, c = 0.521nm 

Space group P63mc or C4
6V 

Density 5.1 g/cm3 

Band gap 3.3 eV (direct) 

Refractive index 2.013, 2.029 

Exciton binding energy  60 meV 

Static dielectric constant 8.656 

Thermal conductivity 0.6, 1-1.2 Wm-1K-1 

Heat capacity, Cp 9.6 cal mol-1 K-1 

 

The properties of ZnO and some of the related applications is discussed in the following 

sections 

i) Wide and direct band gap material 

Being a wide band gap (3.3 eV) material ZnO exhibits UV light absorption in the 

wavelength region of 200-350 nm and emission in UV and visible region from 500-600 

nm.27 This qualifies it as a suitable material of optoelectronic devices like light emitting 

diode (LED), photodector, laser light etc.143 ZnO is also used as a potential candidate in 
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solar cells due its favourable band gap and conduction band edge position. Doping is 

done usually to tune the band gap of ZnO and this has helped to improve the 

performance of ZnO in various fields like photocatalysis, solar cells etc.17, 140 It possess 

high bulk electron mobility, one order magnitude greater than anatase TiO2 due to which 

it is widely employed for solar cell applications. 

ii) Electrical properties 

ZnO is an intrinsic n-type semiconductor due to the presence of native defects such as O 

vacancies and Zn interstials.144 It possess high bulk electron mobility, one order 

magnitude greater than anatase TiO2 due to which it is widely employed for solar cell 

applications.17 

iii) Richest in morphologies 

ZnO offers a wide variety of morphologies which can be generated through simple 

synthetic strategies due to its polar surfaces and anisotropic crystal structure. By careful 

tuning of synthesis parameters various kinds of morphology ranging from macron to 

nano size can be produced. This includes 1D, 2D and 3D materials. 1D materials receive 

special attention due to its unique electrical property than the bulk counterparts. 27 

iv) Piezoelectric and pyroelectric property 

The lack of centre of symmetry and anisotropic crystalline nature of wurtzite ZnO 

contributes to the piezo and pyro-electricity properties. With the application of 

mechanical stress or temperature, the tetrahedral structure gets deformed leading to the 

separation of positive and negative charges inducing a dipole moment. And this property 

can be utilised for device applications such as transducers and sensors. 27, 145, 146 

v) Photoluminescence property 

The photoluminescence property of ZnO is attributed to the crystallite size, defects in the 

crystal, and temperature.147 The Zn vacancies present in the crystal act as acceptors and 

leads to n-type conductivity. ZnO thus finds use in field emission display (FED). 148It 
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shows strong luminenscence in green-white region of the electromagnetic spectrum and 

are hence used for phosphor applications.149 

vi) Photo catalytic property 

ZnO is recognised as a UV active photocatayst. Upon irradiation of light, electron-hole 

pairs are generated and which reacts with atmospheric moisture to produce strong 

reactive oxygen species like peroxide, superoxide and hydroxyl free radicals. These 

radicals are strong enough to degrade the organic pollutants present in the waste water. 

Even though ZnO is not found as efficient as TiO2, its photocataytic activity can be 

improved by making it visible light active through the incorporation of other 

components.140 

vii) Biomedical applications 

Owing to the ability of ZnO to absorb UV radiation, it is used in sun creams. It is used in 

several medicines due to its disinfecting as well as antibacterial property.135, 141  

viii) Thermal conductivity 

Thermal conductivity is an important property of a semiconductor when it comes to high 

temperature application. ZnO has very high thermal conductivity and is therefore used 

as a filler in rubber to improve the thermal conductivity. Even the addition of a small 

amount of nano filler can impart high thermal conductivity.150 

1.6.2 Synthesis of ZnO 

Various strategies are attempted to synthesis diverse variety of ZnO structures. The 

synthesis techniques used for ZnO can be categorised into two; solution phase growth 

process and vapor phase growth process.  Solution phase growth process includes 

precipitation method, hydrothermal synthesis, sol gel synthesis etc. and vapour phase 

growth process includes chemical vapour deposition, thermal evaporation, pulse laser 

deposition etc.  
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1.6.2.1 Solution phase growth methods 

1.6.2.1.1 Precipitation method 

Precipitation is a commonly used method to synthesise ZnO, which involves reduction of 

zinc salt by a reducing agent followed by thermal treatment. The morphology and size of 

the particles is controlled by parameters such as concentration of the precursor, pH, 

temperature and reaction time. During the reaction, the product get supersaturated, the 

nucleation starts and the particles grows into various structures depending upon 

reaction conditions. Li et al. synthesised micron sized ZnO of different morphologies 

(nuts, rods and rice grains) using Zn(NO3)2·6H2O, NaOH in sodium dodecyl sulfate and 

triethanolamine as surfactant.151 Lanje et al. precipitated ZnO of size ~40 nm using 

Zn(NO3)2·6H2O and NaOH as precursors. This simple cost effective method yielded good 

amount of product and hence can hence be used for large scale production of ZnO.152 

Wang et al. synthesised ~50 nm sized particles from zinc chloride and ammonium 

carbonate solution using CTAB as surfactant. The products formed were crystalline 

wurtzite ZnO.153 

1.6.2.1.2 Sol-gel method 

Sol–gel method is a very simple and cost effective method to generate products with high 

crystallanity and uniform size. The sol-gel process involves the conversion of a precursor 

solution into an inorganic solid by hydrolysis followed by condensation reaction. The 

colloidal suspension that obtained by hydrolysis is termed as sol, which is then 

condensed to form gel which is particles are aggregated. The calcination of gel will give 

the final product. This method offer particles with nano size. Benhebal et al. synthesised 

ZnO by sol-gel method from zinc acetate dehydrate and oxalic acid in ethanol medium. 

The synthesised product has a hexagonal wurtzite structure with spherical morphology 

and surface area of 10 m2/g.154 Ristić et al. reported sol-gel synthesis of ZnO 

nanoparticles by adding tetramethylammonium hydroxide to zinc 2-ethylhexanoate in 

propanol which results in the formation of particles with 20-50 nm size.155 

 



                                                            Chapter 1  
 

33 
 

1.6.2.1.3 Solvothermal and Hydrothermal synthesis 

As the name says, hydrothermal synthesis indicates the reaction done using water as 

solvent under temperature. The reaction is run usually in an autoclave where the 

reaction mixture is heated to a temperature range of 100-300 °C. Due to heating and 

cooling crystal nuclei are generated which grow into nanoparticle. By this method one 

can achieve narrow particle size distributions. Here, wide range of chemical 

compositions can be tried with the expense of lower energy for a shorter time through a 

single step process.  One can attain variety of morphologies by this method by careful 

tuning of the reaction compositions, temperature and pressure. The products obtained 

are observed to be highly crystalline and phase pure. Solvothermal synthesis makes use 

of solvents other than water. 

Chen et al. demonstrated the synthesis of aligned ZnO micro or nano tube arrays on zinc 

foil by simple hydrothermal method. These micro or nanotubes possessed diameters in 

the range of 100–700 nm. Using zinc acetate and equal amount of 

hexamethylenetetramine (HMT) in water as precursors and ammonia was added into 

the above solution. When zinc acetate was used as precursor flower-like ZnO as formed 

on the zinc foil. Each flower had the diameter of around 1 µm and was composed of 

numerous small ZnO nanowires.156 Ying Zhou et al. synthesised ZnO nano rod arrays on 

glass substrates coated with ZnO seed layer via hydrothermal technique in the presence 

of polyethylene imine (PEI). The zinc nitrate hexahydrate and HMTA was used to grow 

nanorods.156 

1.6.2.1.4 Chemical  bath deposition(CBD) 

Chemical bath deposition (CBD) is a synthesis method that can be employed for the 

fabrication of one- dimensional ZnO nanostructures. The main advantage of CBD method 

is the low growth temperature which provides the possibility of using cheap substrates 

such as glass. Generally in chemical bath deposition method thin films and nano-

materials can be simply deposited on a substrate. This method involves the nucleation 

and growth steps based on the formation of a solid phase from a solution. During this 

two-step process many parameters can affect the structure and morphology of the 
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products. Lin et al. have grown ZnO nanosheets by depositing layered hydroxide zinc 

carbonate on FTO glass followed by pyrolysis at 300 °C. Zinc nitrate and urea were used 

as the precursors. The ZnO sheet like structures obtained was composed of ZnO 

nanoparticles of 5-20 nm.28  

1.6.2.2 Vapour phase growth methods 

In vapour phase methods the crystals are grown by depositing vapour or gaseous phase 

of materials. The different types of vapour phase growth methods like pulsed-laser 

deposition (PLD), chemical vapour deposition (CVD) and thermal evaporation are 

defined below. 

1.6.2.2.1 Pulsed-Laser Deposition (PLD) 

Pulsed-Laser Deposition is a technique where the target material is vapourised by using 

pulse lasers inside a vacuum chamber. The vapoursed material is then deposited as a 

thin film on the substrate which is placed opposite to the target. The method is carried 

out under ultrahigh vacuum condition or in the presence of oxygen gas, which is 

generally employed for depositing oxides to completely oxygenate the film. High quality 

ZnO films were deposited by PLD in the temperature range of 200-800 °C. Wei et al. 

synthesised a thin film of ZnO by pulse vapour deposition from two different sources; 

ZnO powder and ceramic ZnO under 1.3 pa pressure and oxygen atmosphere. ZnO film 

from ZnO powder is obtained at 700 °C and from ceramic ZnO at 400 °C.157 Matsubra et 

al. deposited Al, B and Ga doped ZnO by plus laser deposition technique, on glass 

substrate at 200 °C and used then for solar cell applications. 158 

1.6.2.2.2 Chemical Vapour Deposition (CVD) 

Chemical vapour deposition employs vacuum deposition of solid films with high quality 

and can be used for large scale fabrication. Here, the reactants are vapourised at high 

temperatures and transported with carrier gas (eg; nitrogen) where it react with the 

substrate surface to produce thin films. If metal-organics or alkoxides are used as 

precursors then the method is termed as metal-organic chemical vapour deposition 

method (MOCVD). Wang et al. grown ZnO on siicon by MOCVD by using diethylzinc and 
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oxygen as precursor. Nitrogen is used as the carrier gas. The ZnO films formed found to 

be c-oriented.159 Wan et al. grown ZnO nano wires over Si substrate using pure Zn and 

also a mixture of graphite powder and ZnO.   In the case of Zn powder, the growth on the 

Si substrate was self-catalysed, whereas in ZnO-graphite mixture the formation of ZnO 

nanowires is controlled by using  gold particles as catalyst.160 

1.6.2.2.3 Thermal evaporation 

In thermal evaporation solid material is heated at high temperature inside a vacuum 

chamber. The evapourated material get deposited over the substrate as film. Usually the 

source materials are heated upto the melting point and it is kept at the bottom of the 

chamber. The vapour rises above from the source and gets deposited over the substrate 

which is fixed inverted at the top of the chamber. Lee et al. synthesised ZnO with 

different morphology (nanobelts, nanorods and nanowires) at various substrate 

temperatures by the evaporation of ball miled ZnO at 1380 °C. By changing the substrate 

temperature the width/diameter of the products are found to be changed.161 Zheng et al. 

synthesised flowers ike ZnO nanorods by thermal evaporation of ZnO/graphite on Si 

substrate. The products formed were highly crstalline and pure.162 

1.7 Definition of the problem  

The photoanode in DSSC comprises of the three layers of blocking layer, active layer and 

scattering layer. Tuning the microstructural features of these layers play a remarkable 

role in enhancing the power conversion efficiency in DSSC. Light scattering layers are 

meant to increase the light harvesting characteristics of the device whereas blocking 

layers are incorporated to reduces the electron–hole recombination at FTO electrolyte 

interface of the device.  

Light scattering effect in photoanodes of DSSCs is usually achieved by fabricating bi- 

layer structured or mixture structured films. However, in the case of bilayer structured 

photoanode, the internal resistance of the solar cell is increased impeding the charge 

transport and in mixture structured film, submicron sized particles often reduce the 

active surface area for dye loading in the film resulting in low optical absorption. 
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Moreover, owing to the larger size of scattering particles, the fabricated photoanodes are 

opaque in nature and hence cannot be utilised for building integrated photovoltaic 

(BIPV) applications. The present work attempts to address the above issues through the 

use of fugitive ZnO hierarchical structures to impart surface roughness/voids in TiO2 

active layer. This method allows improved light scattering, creating a photoanode 

without sacrificing its surface area and transparency.  

The power conversion efficiency of ZnO based DSSC is observed to be lesser than that of 

TiO2 based DSSC and efforts have been made in ZnO based DSSC for the development of 

photoelectrodes to improve the performance of the device. Deposition of pre-Blocking 

layers (BL) are one of the methods employed to reduce the electron recombination at the 

FTO electrolyte interface. These are usually generated via atomic layer deposition (ALD), 

spray pyrolysis, sputtering, sol-gel methods etc. Some of these methods are very 

expensive and cannot be suggested for large scale applications. In the present thesis 

work ZnO nanoparticles are generated through a simple solution processed method and 

fine-tuned ZnO BLs of few nanometers thickness were deposited by dip coating method 

over FTO glass. The effect of blocking layer thickness on the photovoltaic properties of 

ZnO based DSSCs are investigated in detail. 

1.8 Experimental and analytical techniques 

1.8.1 Fabrication of DSSC   

Fabrication of DSSC includes three major steps say, fabrication of anode, cathode and 

assembling of the device. The fabrication of DSSC that have done for the thesis work is 

discussed in this section. A schematic representation of the steps involved is provided in 

Figure 1.9. 

1.8.1.1 Fabrication of anode 

The anode as well as cathode is constructed over the conductive glass like FTO or ITO. 

The fabrication commences with the cleaning of FTO substrates. Cleaning is done by 

systematically sonicating the substrates in soap solution, deionised water, acetone and 

isopropanol. It is subjected to annealing at 500 °C in a furnace in order to remove trace of 
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organic substances present if any. The substrates are then subjected for pre-blocking 

layer deposition. This is achieved by immersing the substrates in aqueous 40 mM TiCl4 

solution for 30 minutes at 70 °C over a hot plate. Substrates are thoroughly washed with 

deionised water and ethanol and annealed at 500 °C. A very thin layer of TiO2 is formed 

over FTO and is termed as preblocking layer. Next step is the deposition of the TiO2 paste 

by doctor blade method in a specific area by employing a mask and further annealing it 

up to 500 °C. After annealing, the organic binders are burned out resulting in a 

mesoporous TiO2 film. This film is then subjected to TiCl4 tretment and annealed as 

aforementioned, during which a thin layer of TiO2 is coated over the mesoporous film 

(which is termed as post-blocking layer). The substrates are then immersed in dye 

solution for 10-15 hours for proper dye adsorption by TiO2 film. Finally, the dye soaked 

anodes are cleaned with solvent that is used for preparing the dye solution and dried. 

 

Figure 1.9 Schematic representation of steps involved in the fabrication of DSSC. 
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1.8.1.2 Fabrication of cathode 

FTO substrates are cleaned in similar way that done for anodes. But prior to cleaning of 

the substrates, two tiny holes are drilled in that, in order to inject the electrolyte during 

the assembling of the device. The cleaned FTO substrates are coated with platinum sol 

with a brush and annealed at 380 °C for 20 minutes. 

1.8.1.3 Assembling of the device 

The anodes and cathodes are sandwiched by ~ 25 μm surlyn spacer by placing it over a 

hot plate. The elctrolyte is infiltrated into the device through the holes of the cathode. 

Soon after, the holes are properly sealed with a cover slide and surlyn to avoid the 

evaporation/leakage of electroyte. The devices are safely kept overnight to attain 

stability and after that photovoltaic measurements can be carried out. 

1.9 Techniques used for interfacial charge transfer analysis 

1.9.1 Electrochemical Impedance Spectroscopy (EIS) 

EIS is a nondestructive small perturbation technique. It is one of the most used 

characterisation technique for interfacial analysis in DSSC. For accurate measurement 

one has to ensure linearity, that is the output signal is giving linear response to the input 

signal. For EIS measurement a small perturbation of amplitude 10 mV is given to the 

device and the response of the device is measured. From the input signal and the output 

signal impedance of the device is calculated. 

Input signal 𝑉(𝜔𝑡) = 𝑉0sin (𝜔𝑡)                        (3)           

Output signal 𝐼(𝜔𝑡) = 𝐼0sin (𝜔𝑡 − 𝜙)              (4) 

where ϕ is the phase difference between 𝑉 (𝜔, 𝑡) and 𝐼 (𝜔, 𝑡)  

The impedance is calculated as 

𝑍(𝜔𝑡) =
𝑉(𝜔𝑡)

𝐼(𝜔𝑡)
=

𝑉0sin (𝜔𝑡)

𝐼0sin (𝜔𝑡−𝜙)
                                 (5) 
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This is again simplified to 𝑍(𝜔) = 𝑍′(𝜔) + 𝑖𝑍"(𝜔) 

𝑍’ (ω) is the real part of impedance and 𝑍”( ω) 

The real and imaginary parts of the impedance are related to the phase angle ϕ as 

ϕ = tan−1 (Z"/Z’)𝜙 = 𝑡𝑎𝑛−1(𝑍"/𝑍′)           (6) 

For EIS analysis generally two plots are used, Nyquist plot and Bode plot 

In Nyquist plot X axis is real part of impedance and Y axis imaginary part of 

impedance.Nyquist plot of DSSC consists of three semicircles (Figure 1.10a). The first 

semicircle corresponds to the Pt/electrolyte interface, second semicircle corresponds to 

the dye/semiconductor/electrolyte interface and third semicircle corresponds to the 

diffusion of ions in electrolyte. For Bode plot X axis is frequency and Y axis is phase angle. 

These plots are fitted with equivalent electrical circuit for further analysis(Figure 

1.10a). Figure 1.11 shows the equivalent circuit used for fitting impedance response. . 

Resistance generally describes electron transfer events, while capacitances describe the 

electronic carrier accumulation and distribution across an interface.  

  

Figure 1.10 A typical (a) Nyquist plot and (b) bode plot of a dye-sensitised solar cell.133 

 

The equivalent-circuit model consists of Rs (resistance due to the FTO and contact 

resistance), RPt, CPt (resistance and capacitance at Pt/electrolyte interface), CTCO 

(capacitance at FTO/electrolyte interface) and B2 (transmission line model used to 
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explain charge transfer at dye/TiO2/electrolyte interface). B2 includes Rt (transport 

resistance for TiO2), Rrec (recombination resistance at dye/TiO2/electrolyte interface) 

and C (Chemical capacitance of TiO2 in contact with electrolyte) 

 

Figure 1.11 Equivalent circuit for impedance fitting. 

1.9.2 Intensity modulated photovoltage spectroscopy (IMVS) and Intensity 

modulated photocurrent spectroscopy (IMPS) 

IMPS and IMVS are also small perturbation techniques. Here, light perturbation is 

applied across the device and the corresponding response is measured while 

maintaining the linearity. For IMVS, cell is kept in open circuit condition and is 

illuminated with light, similarly in IMPS measurement cell is kept in short circuit and 

light is illuminated. Generally, the light perturbation is 10% of the steady state 

illumination. For both the IMPS and IMVS, the characteristics plots are Nyquist plot and 

Bode plot. In Nyquist plot X axis is real part of transfer function and Y axis is imaginary 

part of transfer function. Trans function is nothing but output signal or response of the 

device divided by input signal to the device. For Bode Plot X axis is frequency and Y axis 

is imaginary part of transfer function. Electron lifetime (τn) is calculated from IMVS and 

electron transport time (τd) is calculated from IMPS. τn is calculated from Bode plot of 

IMVS using the relation ‘τn=1/2πfm
’ where fm is the frequency corresponding to the 

highest value in imaginary part of transfer function (-H). τd is calculated from Bode plot 

from IMPS using the relation ‘τd=1/2πfm
’ where fm is the frequency corresponding to the 

highest value in imaginary part of impedance (-H). 

1.9.3 Open circuit voltage decay (OCVD) 

Open circuit voltage decay is a large perturbation technique used for charge transfer 

analysis at Dye/TiO2/electrolyte interface. Light is illuminated with zero current across 
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device so that all the electrons accumulates at TiO2 and its reaches to its Voc condition. 

Then light is switched off and Voc decays as the electrons recombine with electrolyte. 

From the voltage decay electron lifetime is calculated using the equation, 

𝜏n =  −
𝑘B𝑇

𝑒
(

d𝑉OC

d𝑡
)

−1

                                          (7) 

Where KB is is Boltzmann constant, T room temperature and e is charge of electron. 

1.9.4 Charge extraction analysis 

Charge Extraction measurement is used to locate the position of conduction band of 

semiconductor and also to study the distribution of energy state in band gap of 

semiconductor. It involves switching on the illumination under different applied bias 

followed by switching off the light and then extraction of the charge by short circuiting 

the device. 

1.10 Photovoltaic parameters 

The performance of DSSC is evaluted through current-voltage (J-V) charateristics. From a 

typical J-V curve one can determine short circuit current density (Jsc), opencircuit voltage 

(Voc) and fill factor of the device.  

1.10.1 Short circuit current density (Jsc) 

Short circuit current density (Jsc) is the maximum current obtained from the solar cell 

when the voltage across the device is zero ie; when it is short circuited. Jsc depends upon 

the photogenerated electrons and the recombination of electrons and holes. It is usually 

expressed in term s of current density  

𝐽𝑠𝑐 =
𝐼𝑠𝑐

𝐴
                                                                     (8) 

Where Isc  is short circuit current and A is the active area of the solar cell. 

1.10.2 Open circuit voltage (Voc) 

Open circuit voltage is the voltage obtained from the solar cell when the current across 
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the device is zero ie; open circuited condition. It is the maximum voltage that can be 

drawn from the solar cell. In DSSC, Voc is the difference between the redox potential of 

the electrolyte and fermi level of the electrons in metal oxide semiconductor. Voc 

significantly depends upon the recombination of the electrons. 

1.10.3 Fill factor (FF) 

Fill factor is defined as the ratio of maximum power of the solar cell per unit area to the 

product of Jsc and Voc.  

𝐹𝐹 =
𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐽𝑠𝑐𝑉𝑜𝑐
                                                             (9) 

1.10.4 Power conversion efficiency (PCE)  

The most significant parameter assessing the device performance is the power 

conversion efficiency (η). It is caculated by using the equation given below 

𝜂 =
𝐽𝑠𝑐𝑉𝑜𝑐

𝑃𝑖𝑛
× 100                                                        (10) 

where Pin is the intensity of the incident light. Generally device performance is measured 

under 1 Sun condition (100 mW/cm2 with air mass (AM) 1.5 G spectrum).  
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Chapter 2 

Fugitive inclusions of ZnO micro flowers for enhanced light 

scattering and improved photovoltaic performance in TiO2 

based bifacial DSSCs 

Abstract 

 

The efficiency of a DSSC can be tuned by engineering the surface texture of the 

photoanode for enhanced light scattering in the active TiO2 layer without much loss in 

transparency. Herein, surface roughness/voids are introduced in the TiO2 layer by 

applying a sacrificial layer of ZnO micro flowers that are selectively etched by TiCl4 

treatment. The voids as well as the surface roughness thus created act as scattering 

centers improving the light absorption by dyes, thereby improving the photocurrent 

generation. Under one sun illumination, an improvement in power conversion efficiency 

of 12.9% with front illumination and 17.5% from back illumination was obtained. With 

the surface engineered DSC an enhancement in power conversing efficiency up to 84.7% 

was achieved in ambient light (1000 lux, CFL) conditions. It is expected that the 

photoanode designed with ZnO microflowers as a sacrificial layer will be an alternative 

approach to improve the performance of DSSCs under one sun and ambient light 

conditions for bifacial building integrated photovoltaic (BIPV) applications. 
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2.1 Introduction 

Dye-sensitised solar cells (DSSCs) have been vigorously pursued for the last two decades 

as promising alternatives to conventional silicon and thin film technologies owing to its 

low production cost, ease of fabrication and relatively high power conversion efficiency 

(PCE ~14%).1 More recently, dye sensitised cells (DSCs) are identified to be a better 

practical option for power generation under indoor light conditions, with efficiency 

reaching up to 32% under 1000 lux illumination.2 This exceptional quality makes DSCs 

perfect substituent to wired and battery energy sources.3 Multiple strategies are being 

attempted to enhance the DSSC/DSC performance by developing efficient photoanodes. 

Fabricating semiconductor materials with high surface area in order to achieve superior 

dye loading and high porosity for electrolyte diffusion are the most pursued strategies to 

develop photoanodes with improved properties.4 Alternative approaches include the use 

of 1D structures for fast electron transport,5 and surface modification on conductive 

glass as well as semiconductor active layer with nanometer sized particles to reduce the 

electron recombination in DSSC.6-9 

Apart from these approaches, insertion of scattering layer is a conventional strategy that 

has been long employed in DSSCs for optical absorption enhancements. According to Mie 

theory, particles with sizes comparable to the wavelength of incident light can effectively 

scatter incident light. Utilisation of such kind of particles in DSSC is aimed to reflect back 

the incident light to the active layer so that the average path length of light is extended, 

enhancing  the probability of it being absorbed by the dye molecules.10, 11 In a typical 

DSSC/DSC, the photoanode is composed of nanoparticles with ~20 nm size with 

appreciably high surface area for effectively adsorbing dye molecules for efficient light 

harvesting. However, the nanoparticles thus employed are poor in light scattering and a 

large amount of incident light is lost by transparency of the photoanode, reducing the 

availability of incident photons for the dye. Generally light scattering is achieved in three 

different ways in DSSC 1) Incorporation of larger particles as light scattering centres into 

the nanocrystalline film12, 13 2) depositing a layer comprising of submicron sized 

particles over nanocrystalline layer (bilayer structure)14, 15 3) developing single layer 

photoanode with 3D hierarchical nanostructures which can provide effective light 
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scattering, direct charge transport and better dye adsorption.16, 17 A few reports 

discussed the effect of voids in active layer as scattering centres to enhance the 

performance of DSSC. Hore et al. reported inclusion of spherical voids as scattering 

centres in TiO2 film through the incorporation of carboxyl stabilised polystyrene spheres 

anchored onto the TiO2 surface. These hollow scattering voids increased the current 

density as well as fill factor, leading to an overall improvement in device efficiency by 

25% under one sun conditions.18 Quasi-inverse opal (QIO) layers with imperfect 

periodicity of voids were demonstrated as scattering layers in DSSC by Han et al. They 

have synthesised highly crystalline anatase nanocrystals via sol gel method and mixed 

with an aqueous solution containing monodisperse carboxylated polystyrene (PS) 

particles (420 nm and 970 nm) for the fabrication of QIO layer. These porous layers 

exhibited high dye loading and effective light scattering over the wavelength range of 

600–750 nm. It was observed that the photocurrent of DSSC based on the 420 nm QIO 

layer is significantly higher, consequently achieving a power-conversion efficiency of 

5.7%.19 Laser treatment on  TiO2 photoanode was done by Pu et al. to introduce pores 

and cracks over it. After treatment, films become less transparent indicating the high 

light scattering due to the rougher surface. The PCE is increased by 4.49% to 5.59% for 

cells with and without laser irradiation respectively.20 

Commercially available scattering layer pastes of TiO2 make use of 400 nm sized 

particles to fabricate scattering layer of ~ 4 μm thickness. Such layers are opaque in 

nature and therefore are not suitable for bifacial building integrated photovoltaic (BIPV) 

applications. Herein, a facile methodology is reported to generate surface roughness over 

TiO2 photoanodes for enhanced light scattering in the active layer without much 

reduction in transparency of photoanodes is discussed (Figure 2.1). ZnO micro flowers 

are deposited to function as a sacrificial layer over TiO2 active layer to create surface 

roughness. Owing to its three dimensional structure, ease of synthesis and fast etching 

rates, ZnO serves as an ideal choice for the aforesaid purpose. Photovoltaic performances 

of DSSCs with and without surface modification at one sun intensity (100 mW/cm2) and 

low light conditions (1000 lux) are studied, which showed prominent improvements in 

photovoltaic performance in both outdoor/indoor lighting conditions. This type of 
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surface modification of the photoanode to enhance light scattering is a first of its kind 

approach, to the best of our knowledge. It is believed that similar device engineering 

approaches would certainly aid in realising appreciable device efficiencies and the future 

requirements of BIPV industry. 

2.2 Experimental Section 

2.2.1 Synthesis of Zinc Oxide Microflower 

ZnO micro flowers were synthesised through a hydrothermal process. For a typical 

synthesis, 3.7186 g of zinc nitrate hexahydrate (Zn(NO3)2).6H2O, Merck), dissolved in 

100 ml distilled water, is added to 400 ml of distilled water containing 0.1752 g of 

hexamethylenetetramine (HMTA, Merck), 1.456 g of polyethyleneimine (PEI, 50 wt% 

solution in water, Mw 1300, Sigma aldrich) and 11.391 g of ammonia solution (25%,  

Merck). The reaction mixture is then placed in an autoclave at 90 °C for 5 h. Finally, the 

obtained products were washed with distilled water and dried at 60 °C in oven. 

2.2.2 ZnO Paste preparation  

About 0.0521 g of ethylcellulose (TCI) was made into a viscous liquid in terpineol (TCI)  

by heating. This was then blended with 0.1833 g of ZnO microflowers in a mortar to 

obtain the paste for doctor blading.  

2.2.3 Etching of ZnO microflowers  

Etching of the ZnO microflowers deposited on the TiO2 film was done by immersing the 

annealed photoanodes in aqueous 40 mM TiCl4 solution for 30 minutes at 70 °C. It was 

subsequently subjected to a programmed annealing processes upto 500 °C. 

2.2.4 Fabrication of DSSC 

The FTO substrates were systematically cleaned using detergent solution, distilled water, 

acetone, and isopropanol. The cleaned substrates were then annealed in furnace up to 

500 °C. Pre-blocking layers were deposited by immersing cleaned FTO substrates in 

aqueous 40 mM TiCl4 solution for 30 minutes at 70 °C. The deposited films were 
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subjected to a programmed heating at 325 °C for 15 min, 375 °C for 15 min, 450 °C for 15 

min, and 500 °C for 30 min and cooled down to room temperature. This is followed by 

the deposition of active TiO2 (Dyesol) layer and ZnO microflower layer by doctor blading 

process. The films were then annealed under the same conditions and heating schedule 

as mentioned above. For the deposition of post-blocking layer, annealed electrodes were 

immersed in aqueous 40 mM TiCl4 (sigma aldrich) solution for 30 minutes at 70 °C and 

further heat treated at 500 °C. Electrodes were then immersed into N719 dye (Dyesol) 

solutions (0.3 mM) with chenodeoxycholic acid (CDCA) as co adsorbent (10 mM) and 

kept at room temperature for 15 h. 

 

Figure 2.1 Design strategy illustrating the fabrication of DSSC utilising ZnO flowers as 

sacrificial layer to impart surface roughness over nanocrystalline TiO2 active layer 

photoelectrodes. 

Counter electrodes were prepared by coating Platinum sol (Dyesol) on FTO plates having 

pre-drilled holes and annealing at 380 °C for 20 min. The electrodes were then 

assembled with hot press using 25 μm surlyn spacer (Dyesol). The space in between 
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both the electrodes were filled with liquid I-/I3- electrolyte composed of the standard 

compositions of 1-butyl-3-methylimidazolium iodide, lithium iodide, iodine, guanidinium 

thiocyanate and 4-tert-butyl pyridine in acetonitrile. The drilled holes were sealed with 

microscopic cover slide and surlyn to avoid electrolyte leakage. The scheme provided in 

Figure 2.1 depicts the strategy employed to fabricate the DSSC. 

2.2.5 Material characterisation 

X-ray diffraction (XRD) analysis was performed to confirm the crystallinity and phase 

purity of fabricated ZnO hierarchical structures as well as the films (PANalytical X'Pert 

PRO operated with Cu Kα radiation (X-ray wavelength λ = 1.5406 Å)). The morphology 

and the size of the materials synthesised were confirmed by SEM and TEM analysis. SEM 

analysis and energy dispersive spectroscopy (EDS) was done in scanning electron 

microscope (SEM) Carl Zeiss, Germany. TEM analysis was carried out in transmission 

electron microscope (HRTEM, FEI Tecnai 30 G2S-TWIN) operated at an accelerating 

voltage of 300 kV. Atomic force microscopy (AFM) images (Tapping-mode) were 

recorded by using Bruker multimode 8–AFM. The thickness of photoanode was 

measured using a Bruker Dektak XT profilometer. Diffuse reflectance spectra (DRS) of 

the photoanode films were recorded in UV/VIS/NIR spectrometer (Perkin Elmer 

Lambda 950).  

2.2.6 Photovoltaic characterisation 

Photocurrent density-voltage (J-V) characterisation of the fabricated cells were carried 

out under one sun conditions (100 mW/cm2, AM 1.5G) using a source meter (Keithley 

2440) along with a class AAA solar simulator (Oriel 3A, Model PVIV- 94043A, Newport). 

Certified reference silicon solar cell (Newport) coupled with power meter was used to 

calibrate the light intensity. A circular mask with an area of 0.1256 cm2 was used for 

measuring J-V parameters (un-masked active area of the devices were 0.317 cm2). The 

thickness of the photoanodes were measured to be 6-7μm. The incident photon-to-

current conversion efficiency (IPCE) measurements of devices were performed under DC 

mode using a 250 W Xenon lamp coupled with a monochromator setup (Newport). J-V 

measurement for indoor light conditions was carried using custom made set up with 
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florescent tube (CFL) as a light source. The irradiance of the CFL was measured with 

highly sensitive photodetector coupled with a measuring unit. The electrochemical 

impedance spectroscopy (EIS), intensity modulated photovoltage spectroscopy (IMVS), 

intensity modulated photocurrent spectroscopy (IMPS), the open-circuit voltage (VOC) 

decay were performed using the electrochemical workstation, Autolab-PGSTAT 302N 

(Metrohm). For EIS, IMPS and IMVS studies frequency response analyser (FRA32M) was 

coupled with the workstation. The impedance plots were recorded in dark, at applied 

forward bias from 0.65 V to 0.75 V, with a perturbation of amplitude 10 mV with 

frequency ranging from 100 mHz to 100 kHz, increasing logarithmically. The obtained 

impedance plots were fitted with equivalent circuit containing transmission line model 

using NOVA 1.11 software. For IMVS and IMPS measurements Autolab was equipped 

with an LED driver to drive the white LED source, in addition to the FRA. In IMVS and 

IMPS measurements, light perturbation was 10% of the steady state light with frequency 

ranging from 1 Hz to 10 kHz.  The open-circuit voltage decay (OCVD) measurements 

were done using LED as illumination source. The output current density of devices was 

matched with the current density as obtained under one sun condition. 

2.3 Results and Discussion 

2.3.1 Synthesis and characterisation of ZnO microflowers 

The reaction mixture utilised for ZnO microflower synthesis composed of zinc nitrate 

hexahydrate (Zn(NO3)2).6H2O), hexamethylenetetramine (HMTA), polyethyleneimine 

(PEI) and ammonia solution. Zn2+ ions generated by the Zn(NO3)2.6H2O and OH- ions 

produced by HMTA, NH4OH system reacted rapidly generating tetrahedral Zn(OH)42- and 

Zn(NH3)42- complexes. Such complexes act as the growth units of ZnO crystal which 

preferentially grow along the c-axis [0001] direction. PEI in reaction mixture helps to 

reduce the width of the rods (petals) through its non polar lateral surface interaction 

resulting in the formation of  flower shaped ZnO crystals. 21 

2.3.2 X-ray diffraction analysis 

In order to study the morphology evolution of ZnO flowers, synthesis were carried out in  
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different reaction time (30 min, 2 h, and 5 h). The XRD patterns of the as-synthesised 

samples are presented in Figure 2.2 and the planes (100), (002) and (101) at 2θ values 

between 30° and 40° confirmed the presence of hexagonal wurtzite phase of ZnO crystal 

matching with the Joint Committee on Powder Diffraction standards (JCPDS) file no. 76-

0704. 

 

Figure 2.2 XRD patterns of as-synthesised ZnO at different reaction time. 

2.3.3 Morphology analysis 

SEM and TEM images of the as-synthesised samples under different reaction times are 

shown in the Figure 2.3. From the SEM images it is clear that after 30 min reaction the 

products obtained are micro rods (Figure 2.2 a and b). The rods so formed are of 1.6–

2.8 µm in length and 0.12–0.25 µm in width, indicating an aspect ratio in the range of 11-

13. It was observed that when the reaction time is extended to 2 hours, a mixture of rods 

and sheet like structures are formed (Figure 2.3 c and d). Further increase in the 

reaction time for 5 hours resulted in the formation of flowers with 2-4 µm size (Figure 

2.3 e and f).  

 TEM images of the samples presented in Figure 2.2 (b, d and f) also confirmed the 

respective morphology and the selected area diffraction (SAED) pattern given in inset 

suggested high crystallinity of the ZnO formed at each time period. 
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Figure 2.3 SEM images of as-synthesised ZnO micro flowers at 30 min (a), 2 h (c) and 5 h 

(e) and corresponding TEM images b, d and f (SAED patterns are given in inset). 
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2.3.4 Surface area and pore size analysis 

Specific surface area and pore size distribution of the as-synthesised ZnO flower was 

measured using N2 adsorption/desorption analysis. ZnO microflowers showed Type IIb 

isotherm with H3 hysteresis loop, shown in Figure 2.4a, which suggests that the 

particles are aggregates with slit shaped pores. The Brunaeur-Emmet-Teller (BET) 

surface area is measured to be 2 m2/g. The lower surface area is due to the larger size of 

the rods which the flowers are composed off. The Barrett–Joyner–Halenda (BJH) pore 

size distribution of aforementioned powder is provided in Figure 2.4b. This plot 

indicates that the ZnO microflowers possess both meso and macro pores. It has a larger 

portion of macro pores with size ranges from 100 nm to 225 nm.  

 

Figure 2.4 (a) N2 adsorption/desorption isotherms of as-synthesised ZnO micro flowers 

and (b) corresponding BJH pore size distribution curve. 

2.3.5 Characterisation of TiO2 paste 

Commercially available TiO2 paste (Dyesol) is used for the fabrication of photoanodes 

and the basic characterisations carried out for the same is discussed in this section. 

Figure 2.5a shows the powder XRD patterns of the annealed film cast from TiO2 paste. 

The peaks are assigned to the anatase phase of TiO2, matches with the JCPDS  file no. 01-

075-1537. TEM analysis of the annealed TiO2 film is presented in Figure 2.5b which 

reveals that the film is composed of elongated particles with size ranges from 10-40 nm. 

The SAED pattern given in inset suggests the crystalline nature of the sample.  
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Figure 2.5 (a) XRD pattern of annealed TiO2 film and (b) TEM image of the respective 

film (SAED pattern is given in inset). 

The BET surface area and BJH pore size analysis are investigated using N2 

adsorption/desorption analysis. Figure 2.6a represents the N2 adsorption/desorption 

isotherm of TiO2 film scraped from the FTO glass. The plot displays type IIb isotherm 

with H3 hysteresis loop indicating the presence of slit shaped pores. The BET surface 

area is observed to be 54 m2/g. The BJH pore size distribution curve suggested that the 

mesoporous TiO2 particles within the range of 10-70 nm, with an average pore size of 37 

nm (Figure 2.6b).  

 

Figure 2.6 (a) N2 adsorption/desorption isotherms of TiO2 film and (b) corresponding 

BJH pore size distribution curve. 
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The thermal decomposition profile of the TiO2 paste is presented in Figure 2.7. On 

heating upto 800 °C, about 62% of TiO2 is obtained from the paste utilised for fabrication 

of photoanode films. The data showed a three stage weight loss for the paste with an 

initial weight loss of solvents in the temperature range of 94-235 °C. The second weight 

loss of ~35% at 235-350 °C is attributed to the combustion of ethyl cellulose to CO2 (g) 

and H2O (g) and the final weight loss ~8% at 350–500 °C is due to the combustion of 

residual carbonaceous material from ethyl cellulose. 

 

Figure 2.7 TGA curve of TiO2 paste used for active layer. 

2.3.6 Characterisation of photoanode films 

2.3.6.1 X-ray diffraction analysis 

The phase purity of the photoanode films utilised for the solar cell fabrication is 

discussed in this section. The XRD patterns of the annealed photoanode films scraped 

from the FTO glass, TiCl4 treated TiO2 film (TiO2), TiO2–ZnO bilayer film without TiCl4 

treatment and with TiCl4 treatment (TiO2–ZF)are shown in Figure 2.8 a, b and c 

respectively. The peaks of patterns in Figure 2.8 a and c are indexed to phase pure 

anatase TiO2 crystal referring to the JCPDS file no 01-075-1537. The XRD pattern in 

Figure 2.8c is completely devoid of ZnO peaks confirming the complete etching of ZnO 

particles after TiCl4 treatment. The untreated TiO2–ZnO bilayer film indicated peaks of 

both anatase TiO2 and wurtzite ZnO (Figure 2.8b).  
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Figure 2.8 XRD patterns of annealed photoanode films (a) TiCl4 treated TiO2 film (b) 

TiO2-ZnO bilayer film and (c) TiCl4 treated TiO2-ZnO bilayer film. 

2.3.6.2 Scanning electron microscopy 

The morphology and microstructural features of the doctor bladed photoanode films 

were analysed using SEM. Figures 2.9 (a-f) depict SEM images of TiCl4 treated TiO2 (a 

and b), TiO2–ZnO without TiCl4 treatment (c and d) and TiCl4 treated TiO2–ZnO (e and f) 

annealed films utilised for the cell fabrication. It is clearly seen that the TiCl4 treated TiO2 

film is homogenous in nature and is composed of nanoparticles less than 50 nm in size 

(Figure 2.9b). SEM images of the TiO2-ZnO flower film (Figure 2.9 c and d) convey that 

the ZnO flowers covered the TiO2 film and retained its morphology even after annealing 

at 500 °C. As the sacrificial layer containing ZnO was doctor bladed over the transparent 

TiO2 paste, prior to annealing, protruding petals of the ZnO flowers get partly immersed 

into the TiO2 layer. This surface structure is retained even after the annealing at 500 °C. 

The annealed electrodes were then subjected to TiCl4 treatment. SEM Figure 2.9 (e and 

f) clearly depicted that the ZnO flowers are etched off due to the instability of  basic ZnO 

in acidic TiCl4 solution leaving behind isotopographical voids on the surface of TiO2 film 

making it rough.22 
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Figure 2.9 SEM images of TiCl4 treated TiO2 film (a and b), TiO2-ZnO flower film (c and 

d) and TiCl4 treated TiO2-ZF film (e and f). 

It is inferred that this method create surface roughness all over the film as the 

impressions of the flowers are clearly seen from the high resolution SEM image provided 

in the Figure 2.9f.  

2.3.6.3 Energy dispersive X-ray analysis and Elemental mapping 

In order to confirm the distribution of elements present in each film, we have carried out 
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energy dispersive X-ray (EDX) analysis (Figure 2.10). Figures 10 a, b and c correspond 

to the films TiCl4 treated TiO2 film, TiO2–ZnO bilayer film without TiCl4 treatment and 

with TiCl4 treatment respectively.  

 

Figure 2.10 EDX of (a) TiCl4 treated TiO2 film, (b) TiO2-ZnO flower film and (c) TiCl4 

treated TiO2-ZF film. 

The relative percentage of the elements present in each film is provided in Figure 

2.10. No trace of Zn in TiCl4 treated TiO2–ZF film confirmed the complete removal 

of ZnO after TiCl4 treatment. The distribution of the elements (Ti, O and Zn) in the 

films TiCl4 treated TiO2, TiO2-ZF and TiCl4 treated TiO2-ZF are also analysed 

through elemental mapping and is presented in Figure 2.11 a, b and c 
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respectively. Distribution of Zn, Ti and O is clearly seen in TiO2-ZF film without 

TiCl4 treatment (Figure 2.11b).  

 

Figure 2.11 Elemental mapping of (a) TiCl4 treated TiO2 film, (b) TiO2-ZnO film and (c) 

TiCl4 treated TiO2-ZF film. 

2.3.6.4 Diffuse reflectance spectroscopy 

Optical reflectance properties were analysed to verify the light scattering effect in TiCl4 

treated photoanodic films with bare TiO2 and TiO2-ZF film (Figure 2.12). The light 

reflection of surface modified and etched photoanode is about 6 to 0.5% higher than that 

of bare TiO2 film in the wavelength range of 400-680 nm. The voids/surface roughness 

created over the surface of the TiO2 film acted as light scattering centres enhancing the 

average path length of the incident light in the photoanode. 
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Figure 2.12 UV-vis diffuse reflectance spectra of TiCl4 treated bare TiO2 and TiO2-ZF 

flower photoanodes before dye loading (magnified portion of graph from 600 nm-700 

nm wavelength is given in inset). 

The photographs of the anodes before and after TiCl4 treatment is presented in Figure 

2.13. The bare TiO2 films before and after TiCl4 treatment is observed to be transparent 

whereas TiO2-ZnO film before TiCl4 treatment is opaque owing to the micron size of  ZnO 

flowers. After TiCl4 treatment, the ZnO flowers were completely etched off creating voids 

of similar dimensions and topography. The transparency is slightly reduced when 

compared with TiCl4 treated bare TiO2 films. 

 

Figure 2.13 Photoanodes before TiCl4 treatment (a) bare TiO2 film (left) and TiO2-ZnO 

film  (right)  and corresponding films after TiCl4 treatment (b). 
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2.3.6.5 Atomic force microscopy 

Surface roughness of the photoanode films were investigated by AFM analysis (Figure. 

2.14). Bare TiO2 film (Figure 2.14a) possessed a Rq (root mean square roughness) value 

of 18 nm and Rz value (maximum roughness) of 169 nm whereas the TiCl4 treated TiO2-

ZF film (Figure 2.14b)  showed a high Rq value of 244 nm and Rz value of 1566 nm . The 

presence of surface voids over the TiCl4 treated TiO2-ZF film has increased the surface 

roughness by around 10 times than that of the TiCl4 treated TiO2 film. This advantage of 

our approach over conventional scattering layer deposition method implies that the 

photovoltaic performance can be improved without the incorporation of an extra 

scattering layer thereby reducing the thickness of the photoanode and retaining the 

transparency of the active layer. 

 

Figure 2.14 AFM images of TiCl4 treated (a) bare TiO2 and (b) TiO2-ZF photoanodes. 

2.3.6.6 Dye loading studies 

The quantity of dye adsorbed on to the photoanodes was examined by using dye 

adsorption-desorption procedure. Desorption of the adsorbed dye is done by soaking the 

electrodes in 0.1 N NaOH solution in water. After the complete desorption of dye, the 

absorbance spectra of the desorbed dye was recorded (Figure 2.15). The concentration 

of the dye is calculated using the equation provided below. 

Dye loading = AV/ɛSb                                   (1) 
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Where A is the absorbance of the dye, V is the volume of NaOH used to desorb the dye (5 

ml), ɛ is the molar extinction coefficient of the dye N719 (13500 mol-1 cm-1), S is the area 

of the electrode (0.317 cm2) and b is the path length (1 cm). Bare TiO2 have shown a dye 

loading of 5.75 X 10-8 mol cm-2 and TiO2-ZF has also displayed almost similar dye loading 

of 5.64 X 10-8 mol cm-2. Hence it can be concluded that the roughness created over the 

TiO2 layer by ZnO flower etching does not offer any improvement in dye loading. 

 

Figure 2.15 Absorption spectra of the desorbed dyes from the photoanodes. 

2.3.7 Photovoltaic Characterisations 

2.3.7.1 Current voltage characteristics and IPCE measurements 

The current density and voltage characteristics (J-V) were determined through 

measurements under simulated one sun illumination using class AAA solar simulator. 

Figure 2.16 shows the J-V and IPCE of TiO2 and TiO2–ZF DSCs on fornt side (Figure 2.16 

a and b) and back side iluminations (Figure 2.16 c and d). The corresponding 

parameters are summarised in Table 2.1. Illumination from the front side (active layer 

side) showed a Voc of 73718 mV, Jsc of 11.560.80 mAcm-2 with FF 70.886.60% 

yielding a PCE upto 6.040.99%. Similarly TiO2-ZF showed a Voc of 73829 mV, Jsc of 

14.001.23 mAcm-2 with FF 66.033.59% resulting in a PCE upto 6.821.01%. There is 
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an increase of 21.1% in Jsc using TiO2-ZF compared to TiO2 photoanode resulting in an 

improvement of 12.9% in PCE. Voc of TiO2 and TiO2-ZF were identical with a reduced FF  

in TiO2-ZF than TiO2. The slightly reduced FF indicate the possiblity of increased 

recombination at Pmax using TiO2-ZF. The detailed recombination dynamics is discussed 

further in the following sections. With illumination from back side (from counter 

electrode side) TiO2 showcased a Voc of 71915 mV, Jsc of 7.67  1.01 mAcm-2 with FF 

72.75  3.34% resulting in a PCE of 4.010.75%, concurrently TiO2-ZF showed Voc of 720 

 14 mV, Jsc of 9.48  1.14 mAcm-2 with FF 69.01  2.02% yielding a PCE upto 4.71  

0.74%.  

 

Figure 2.16 (a) J-V characteristic with front illumination, (b) IPCE with front 

illumination, (c) J-V with back illumination and (d) IPCE with back illumination of TiO2 

and TiO2-ZF. 
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With illumination from the back side, an enhancement of 23.5% in Jsc leading to 17.5% 

improvement in PCE was realised in TiO2-ZF DSCs. It is to be taken into account that, for 

back side illumination, light pass through the I-/I3- electrolyte, due to which a certain 

portion of the light is absorbed by the electrolyte before it reaches the photoanode. 

Additional light absorption by electrolyte resulted in reduced Jsc and Voc, resulting in  

relatively lower PCE with back side illumination compared to front illumination. Incident 

photon current conversion efficiency (IPCE) with illumination from both the photoanode 

and counter electrode sides were carried out and was in accordance with J-V results. 

IPCE of DSC on front illumination showed two distinguished peaks at wavelength 330 

nm and 530 nm respectively (Figure 2.16b), while on back illumination, the resultant 

IPCE showed only one peak at 530 nm (Figure 2.16d). During back illumination light 

enters through surlyn (ie; back sealing cover used with cover glass) and light with 

wavelength upto 400 nm is cut off. 

Table 2.1 Photovotaic parameters for TiO2 and TiO2-ZF from front side illumination and 

back side illumination under one sun conditions. 

Device 
 

VOC 

(mV) 
JSC 

(mAcm-2) 
 

FF 
(%) 

η 
(%) 

 

IPCE at 530 
nm (%) 

TiO2 

Front side 
737 + 18 11.56 +  0.80 70.88+  6.60 6.04 + 0.99 41.72 

TiO2-ZF 

Front side 

739 + 29 14.00 +  1.23 6.03 +  3.59 6.82 + 1.01 53.84 

TiO2 

Back side 

719 + 15 7.67 +  1.01 
72.75  +  

3.34 
4.01 + 0.75 37.52 

TiO2-ZF 

Back side 

720  + 14 9.48  +  1.14 69.01 +  2.02 4.71 + 0.74 52.76 
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2.3.7.2 Interfacial charge transfer analysis 

Substantial loss of energy due to the recombination of charges at the 

dye/TiO2/electrolyte interface is always seen in DSCs and is reflected in the photovoltaic 

parameters such as Voc, Jsc and FF. In the present context, as a means to gain higher 

photocurrent, roughness was introduced over TiO2 film. To evaluate the induced change 

in forward and backward electron transfer, when TiO2 comes in contact with electrolyte 

at modified surface, we carried out electrochemical impedance spectroscopy (EIS) in 

dark. The characteristic response of EIS is the Nyquist plot and Bode plot, as given in 

Figure 2.17.  Nyquist plot showcased two distinct semicircles. The semicircle at higher 

frequency corresponds to the charge transfer at Pt/electrolyte interface and the 

semicircle at lower frequency is the response of charge transfer at dye/TiO2/electrolyte 

interface. The Nyquist plot was fitted with equivalent circuit as given in Figure 2.18. The 

equivalent-circuit model consists of Rs (resistance due to the FTO and contact 

resistance), RPt, CPt (resistance and capacitance at Pt/electrolyte interface), CTCO 

(capacitance at FTO/electrolyte interface) and B2 (transmission line model used to 

explain charge transfer at dye/TiO2/electrolyte interface). B2 includes Rt (transport 

resistance for TiO2), Rrec (recombination resistance at dye/TiO2/electrolyte interface) 

and C (Chemical capacitance of TiO2 in contact with electrolyte). Electron lifetime is 

often calculated from Bode plot using the relation ‘τn=1/2πfm’ where fm is the frequency 

corresponding to the highest phase () value in the Bode plot. Chemical capacitance (C) 

is used to locate the position of conduction band (CB) of TiO2. Figure 2.19a shows C as a 

function of Fermi voltage (VF). VF is given by the following equation23, 24  

                                                            (2) 

                                                             (3) 

                                                     (4) 

Where Vapp is the applied DC voltage and Vseries is the voltage drop due to the series 

resistance. I is the DC current derived from EIS. Rseries is the total series resistance and Rd 

is the diffusion resistance of electrolyte. From C vs VF plot, a 10 mV shift in CB of TiO2 
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towards negative potential in TiO2-ZF with respect to TiO2 was observed. Negative shift 

in CB of TiO2 increases the driving force for recombination resulting in lower lifetime. In 

addition to this, negative shift in CB increases the driving force for electron injection 

promoting higher Jsc.  

 

Figure 2.17 (a) Nyquist plot and (b) Bode plot from EIS. 

 

Figure 2.18 Equivalent circuit for impedance fitting. 

Recombination at TiO2/electrolyte interface is the most influential loss process in DSSC/ 

DSC. Quantification of recombination process is a pre-requisite to formulate new 

methods to minimize such impediments to efficiency. Lifetime (τn) investigation 

contribute to analyse the recombination in dye solar devices. Figure 2.19b shows τn as a 

function of VF. Lower lifetime i.e. higher recombination in TiO2-ZF compared to TiO2 was 

observed. Lifetime can decrease under two conditions (i) if the oxidised redox species in 

electrolyte approach semiconductor (ii) if the CB of semicoductor shifts more negatively 

creating higher driving force for recombination. Since the blocking layer is same in both 

devices (TiO2 and TiO2-ZF), the first condition is not valid here. The second condition 
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looks appropriate where a negative shift in coduction band in TiO2-ZF compared to TiO2 

(Figure 2.19a) resulted in lower lifetime for TiO2-ZF. Interestingly the Voc of devices 

fabricated with TiO2 and TiO2-ZF were found to be identical which implies that the 

voltage loss in TiO2-ZF  as a result of increased recombination was compensated by the 

voltage gain due to the negative shift in CB. A close analysis of the lifetime plot revealed 

that the lifetime of TiO2-ZF decreased with VF at relatively higher rates compared to TiO2. 

The electron transport in TiO2 in DSSC is governed by the diffusion phenomenona. The 

minimum time required for the injected electrons to be collected at the working 

electrode accounts for the transport time (τd). Figure 2.20 shows the transport time (τd) 

as a function of VF. As apparent, TiO2-ZF is endowed with short transport time compared 

to TiO2. TiO2 is a mesoporous material with large number of trap states present over the 

band gap. The electron transport in TiO2 is always followed by multiple trapping and 

detrapping of electrons.25, 26 Very often, passivation of surface trap states yields shorter 

transport time. In the present study, ZnO is used as a sacrificial layer and no trace of ZnO 

is found over TiO2. However, the nature of  the parabola were identical for TiO2 and TiO2-

ZF, excluding the possibility of any passivation of traps using ZnO sacrificial layer. Faster 

τd was realised in TiO2-ZF compared to bare TiO2 due to reduced Rt in TiO2-ZF compared 

to bare TiO2. 

 

Figure 2.19 (a) Chemical capacitanceand and (b) Lifetime as a function of Fermi voltage 

(VF). 
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Figure 2.20 Transport time as a function of Fermi voltage. 

 

Figure 2.21 (a) Diffusion length (Ln) and (b) Charge collection efficiency (ηcc) as a 

function of Fermi voltage (VF). 

Once electrons are injected to the CB of TiO2, they diffuse towards the working electrode. 

Electron transport over TiO2 is always coupled with recombination with oxidised species 

of electrolyte. For efficient charge collection, transport time must be smaller than the 

recombination time. Diffusion length (Ln) is one of the commonly used parameters that 

quantitatively influences charge collection. The minimum distance that an injected 

electron travels, before it recombines gives the diffusion length (Ln) which is given by the 

relation,27 
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   √                                                          (5) 

where Dn is diffusion coefficient and τn is the lifetime. For efficient charge collection Ln 

must be many times longer than the thickness of TiO2.28 Charge collection efficiency (cc) 

is given by the relation,29  

       
  

  
                                              (6) 

In the present case, TiO2-ZF showed a better Ln (Figure 2.21a) which resulted in 

improved charge collection efficiency (Figure 2.21b) compared to bare TiO2 electrodes. 

We also carried out a comprehensive study with light perturbation techniques involving 

Intensity Modulated Photovoltage spectroscopy (IMVS), Intensity Modulated 

Photocurrent Spectroscopy (IMPS). The electron lifetime (τn) was calculated from Bode 

plot of IMVS using the relation ′n=1/fm ′ where  

 

Figure 2.22 (a) Lifetime (n) and (b) Transport time (d) as a function of LED current. 

fm is the frequency corresponding to the highest value in imaginary part of transfer 

function (-H).30, 31 n as a function of light intensity is given in Figure 2.22a. TiO2-ZF 

showcased shorter lifetime than TiO2. The electron transport time (d) was calculated 

from Bode plot, estimated from IMPS, using the relation ′d=1/fm' where fm is the 

frequency corresponding to the highest value in imaginary part of transfer function (-H). 
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As apparent in Figure 2.22b TiO2-ZF showcased shorter transport time than TiO2 which 

was in accordance with the transport time results obtained from EIS . 

In addition to this, lifetime determined using OCVD also followed the same trend as 

obtained from both EIS and IMVS. The tail of the life time plot presented in Figure 2.23 

from OCVD measurements were parabolic for both TiO2 and TiO2-ZF indicating the 

influence of recombination from surface states.32   

 

Figure 2.23 Lifetime as a function of VF derived from OCVD measurement. 

2.3.8 Photovoltaic performance under indoor light 

More recently, DSC has emerged as the most promising photovoltaic technology to 

harness indoor light. The emission spectra of LED and CFL lies within the visible region 

(i.e. 400nm to 750nm) which matches with the absorption spectra of most of the dyes 

that are commonly used in DSC. Again the added advantage of DSC to retain voltage in 

such low intensities (1000 lux) makes it the best photovoltaic technology for indoor light 

harvesting application. The J-V data under indoor light conditions was carried out using a 

custom made set up coupled with a day light CFL as the source of illumination. The 

emission spectra of the CFL used for the efficiency measurements of the solar cells is 

provided in Figure 2.24. The J-V plot of TiO2 and TiO2-ZF under light of 1000 lux is given 

in Figure 2.25 and the photovoltaic parameters are summarised in Table 2.2. Bare TiO2 
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devices showed a Voc of 489  12 mV, Jsc of 61.81  6.09 Acm-2 with FF 44.4%, yielding a 

power conversion efficiency of 6.39  0.27%. 

 

Figure 2.24 Emission spectra of CFL. 

TiO2-ZF showed a Voc of 545  16 mV, Jsc of 68.86  1.76 Acm-2 and of FF 70.33  9.37%, 

giving a PCE of 11.80  1.35%. An improvement of 84.7% in overall PCE was achieved, 

employing TiO2-ZF devices compared to bare TiO2 devices under indoor light conditions. 

 

Figure 2.25 Current density versus potential (J-V) characteristic for TiO2 and TiO2-ZF 

under indoor light (1000 lux, CFL). 
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Table 2.2 J-V parameters for TiO2 and TiO2-ZF under indoor light (1000 lux, CFL). 

Device 

 

VOC 

(mV) 

 

JSC 

(μAcm-2) 

 

FF 

(%) 

η 

(%) 

 

TiO2 489 + 12 61.81 + 6.09 44.40 + 2.78 6.39 + 0.27 

 

TiO2-ZF 545 + 16 68.86 + 1.76 70.33 + 9.37 11.80 + 1.35 

 

The effect of increasing the number of ZnO flower layers over TiO2 layer in DSSC is also 

studied. 1-4 layers of ZnO flower is coated over TiO2 layer (designated as TiO2-ZF1, TiO2-

ZF2, TiO2-ZF3 and TiO2-ZF4) and the photovoltaic parameters are investigated under 

one sun conditions. It was found that increase in the number of ZnO flower layer has no 

effect in photovoltaic performance of the device (Table 2.3). Therefore it is concluded 

that one layer of ZnO flower is sufficient to bring the improvement in the power 

conversion efficiency of the device. 

 

Figure 2.26 Current density versus potential (J-V) characteristic of different number of 

ZnO flower layer over TiO2 layer in DSSC. 
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Table 2.3. J-V parameters for different  number of ZnO flower layer over TiO2 layer in 

DSSC under one sun conditions. 

Sample 

 

VOC 

(mV) 

 

JSC 

(mAcm-2) 

 

FF 

(%) 

η 

(%) 

 

TiO2-ZF1 740 14.12 

 

69.32 

 

7.24 

 

TiO2-ZF2 

 

730 13.65 

 

69.64 6.94 

 

TiO2-ZF3 

 

730 

 

14.04 

 

70.48 

 

7.22 

TiO2-ZF4 

 

740 

 

13.77 

 

70.64 

 

7.20 

 

 

2.4 Conclusions 

A new device design strategy is successfully showcased for DSSCs/DSCs through 

structural engineering of the semiconductor layer, achieving improved light scattering 

properties and higher power conversion efficiency. An improvement of 12.9% in full sun 

and 84% in 1000 lux CFL illumination was achieved by employing templated TiO2 

surface created by etching of fugitive inclusions of ZnO micro flowers. Even though the 

architectural change to TiO2 resulted in higher recombination as evident from the 

perturbation results, the negative shift in conduction band along with shorter transport 

time and longer diffusion length helped TiO2-ZF device to achieve better change 

collection efficiency. Moreover, the modified electrode layers enable improved scattering 

through both front and back side illumination enabling the process to serve as a 

potential methodology for bifacial DSC in BIPV sector. 
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Chapter 3 

ZnO hierarchical structures as sacrificial inclusions for 

enhanced light scattering in TiO2 photoanodes of dye-

sensitised solar cell 

 

Herein, ZnO hierarchical structures of fibrous and sheet like morphologies were utilised 

as sacrificial inclusions to study the effect of surface roughness and light scattering in 

TiO2 photoanode films on DSSC. The ZnO structures coated over TiO2 were selectively 

etched by TiCl4 treatment. The performance of devices was evaluated under one sun and 

ambient light conditions, in both cases the PCE was found to be increased. An 

enhancement of 15.56% and 18.64% in PCE was obtained for TiO2-Zfb and TiO2-Zsh 

devices respectively relative to the bare TiO2 device under one sun conditions. Under low 

light, an improvement of 39.63% and 6.30% was observed for the same devices 

aforementioned. The effect of light scattering inside a bilayer structured TiO2 

photoanode is discussed in the later part of this chapter. A porous scattering layer was 

fabricated by employing a mixture of TiO2 and micron sized ZnO sheet aggregates as 

fugitive inclusions. The voids created in the photoanode imparted strong light scattering 
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effects. The best device offered an improvement of 49.20% in PCE when compared with 

single layered standard TiO2 device under one sun illumination and 44.76% under low 

light conditions. 
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3.1 Introduction 

Dye-sensitised solar cells (DSSCs) are identified as promising alternatives to 

conventional silicon solar cells due to their appealing characteristics like facile 

fabrication, colourfulness, low production cost and relatively high power conversion 

efficiencies at indoor as well as outdoor light conditions. DSSC demonstrates 

phenomenal performance under various indoor lighting sources such as fluorescent 

lamps and light-emitting diodes (LEDs) compared to the other solar cell technologies 

enabling them to be capable of powering wireless sensors and consumer electronics.1, 2 

Diverse strategies are being explored for the improvement of power conversion 

efficiency in DSSCs by developing photoanode materials with superior features. The 

widely pursued ones are the use of semiconductors with high surface area for enhanced 

dye loading,3 exploring 1D materials for fast electron transport,4 incorporating 

submicron particles for internal light scattering5 as well as deposition of nano-material 

films on conductive glass as blocking layer to reduce electron recombination.6-9 

Light scattering strategies are applied to DSSCs to improve the optical absorption of the 

photo anode film. According to Mie Theory, particles with sizes comparable to the 

wavelength of incident light can effectively scatter incident light.10 Methods usually 

adopted for generating light scattering in photo anodes of DSSCs include fabricating bi- 

layer structured and mixed structured films.5,11-13 In the bi- layer structure, a film 

composing of submicron sized particles are coated over the nanocrystalline 

semiconductor layer whereas in mixed structure configuration larger particles are 

incorporated into the nanocrystalline semiconductor layer. In both instances, larger 

particles promote multiple light scattering so that the average path length of the light 

within the photo electrode increases which results in enhanced optical absorption by the 

dye molecules. Even though these methods are recognised to be effective, they do 

possess certain drawbacks. As the nanocrystalline films are meant to deliver increased 

surface area for the adsorption of dye molecules, the larger particles embedded in the 

mixed structure may end up reducing the internal surface area which in turn reduces the 

dye loading in the film resulting in low optical absorption. In the case of bi-layer 
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structured photoanode the internal resistance of the solar cell increases which could 

further obstruct the charge transport inside the solar cell.5  

A facile strategy to create surface roughness and voids in the TiO2 photoelectrode to 

impart light scattering in the solar cell is presented in this chapter. A few studies have 

been conducted so far to investigate the effect of voids/roughness in active layer as 

scattering centers to enhance the performance of DSSC and some of the reports based on 

the same is discussed in chapter 2 introduction section 2.1.14-17   

The commercially available TiO2 scattering layer paste utilises 400 nm sized particles 

and the scattering layer fabricated out of it in micro meter thickness is opaque. Such 

films are not suitable for building integrated photovoltaic (BIPV) applications as light 

need to be harvested from both sides of solar cell. In order to overcome this issue, a 

facile method to generate surface roughness/voids over TiO2 photoanodes for enhanced 

light scattering without much loss in transparency of the photoanode is demonstrated. 

Two ZnO hierarchical structures were utilised to act as sacrificial inclusions to serve the 

purpose owing to its three-dimensional structure, facile synthetic strategy and fast 

etching rate. As discussed in the previous chapter, TiCl4 treatment serves the dual 

purposes of blocking layer deposition as well as etching of ZnO particles to construct 

surface roughness/voids on TiO2 nanocrystalline film.  

The present chapter discuss the characteristics and properties of two distinct 

architectures of DSSC. First few sections of this chapter discusses the effect of two 

different ZnO hierarchical structures on creating surface roughness, light scattering in 

TiO2 photoanode films and the performance of DSSC under one sun and low light 

conditions. In In the second part of the chapter (Section 3.7 onwards), a bilayer 

photoanode DSSC with bottom mesoporous TiO2 layer and top macro porous TiO2 

scattering layer is fabricated. The macro porous scattering layer is fabricated by utilising 

a mixture of TiO2 and ZnO as fugitive inclusion. The effect of this porous scattering layer 

on the photovoltaic characteristics of DSSCs with and without modification of 

photoanode at 1 sun intensity and low light conditions are studied. 
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3.2 Experimental 

3.2.1 Synthesis of zinc oxide hierarchical structures 

Three ZnO hierarchical structures were synthesised through wet chemical processes by 

changing urea weight percentage (22.5 wt.%, 50 wt.% and 75.0 wt.%) with respect to 

Zinc nitrate hexahydrate. In a typical synthesis, 100 ml of 0.25 M Zinc nitrate 

hexahydrate [Zn (NO3)2.6H2O, Sigma Aldrich] was added drop wise into 100 ml solution 

of urea with a specific wt.% (NH2CONH2, Merck) and 200 ml of distilled water under 

continuous stirring. The reaction mixture was then placed in an oven at 90 °C for 24 

hours. The obtained product was washed with distilled water thoroughly and dried at 60 

°C. 

3.2.2 ZnO paste preparation 

About 0.19 g of “as-synthesised powder” prepared via the above-mentioned method was 

ground thoroughly with 0.05 g of ethylcellulose (TCI) and terpeniol (TCI) in an agate 

motar to obtain the ZnO paste. 

3.2.3 Etching of ZnO hierarchical structures 

In order to etch the ZnO hierarchical structures deposited on the TiO2 film, the 

photoanodes were dipped in 40 mM TiCl4 solution for 30 minutes at 70 °C and 

successively subjected to programmed annealing processes up to 500 °C. 

3.2.4 Material characterisation 

X-ray diffraction (XRD) analysis was performed to confirm the crystallinity and phase 

purity of fabricated ZnO hierarchical structures as well as the films (PANalytical X'Pert 

PRO operated with Cu Kα radiation (X-ray wavelength λ = 1.5406 Å)). The morphology 

and the size of the materials synthesised were confirmed by SEM and TEM analysis. SEM 

analysis and energy dispersive X-ray spectroscopy (EDX) was done in scanning electron 

microscope (SEM) Carl Zeiss, Germany. X-ray photoelectron spectroscopy was done 

using (XPS) PHI 5000 Versa Probe II, ULVAC-PHI Inc., USA, equipped with micro 

focused (200 μm, 15 KV) monochromatic Al-Kα X-Ray source (hν = 1486.6 eV). Survey 
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scans were recorded with an X-ray source power of 50W and pass energy of 187.85 eV. 

TEM analysis was carried out in transmission electron microscope (HRTEM, FEI Tecnai 

30 G2S-TWIN) operated at an accelerating voltage of 300 kV. Atomic force microscopy 

(AFM) images (Tapping-mode) were recorded using Bruker multimode 8–AFM. The 

thickness of photoanode was measured using a Bruker Dektak XT profilometer. Diffuse 

reflectance spectra (DRS) of the photoanode films were recorded in UV/VIS/NIR 

spectrometer (Perkin Elmer Lambda 950).  

3.2.5 Fabrication and characterisation of DSSC 

The FTO substrates were cleaned using detergent solution, distilled water, acetone and 

isopropanol respectively and further annealed at 500 °C. The pre-blocking layers were 

deposited by immersing cleaned FTO substrates in aqueous 40 mM TiCl4 solution for 30 

minutes at 70 °C. The deposited films were subjected to a programmed heating for 15 

mins each at 325 °C, 375 °C, 450 °C and 30 min at 500 °C before cooling to room 

temperature. Subsequently nanocrystalline TiO2 layer and ZnO layer was deposited by 

doctor-blading process. The films were then annealed using the same programme as 

mentioned above. Etching of ZnO layer as well as the deposition of post blocking layer on 

the annealed electrodes were done simultaneously by immersing the electrode in 

aqueous 40 mM TiCl4 solution for 30 minutes at 70 °C. These electrodes were then 

annealed using the same programme used for pre-blocking layer deposition. Electrodes 

were then immersed into N719 dye solutions (0.3 mM) with chenodeoxycholic acid 

(CDCA) as co-adsorbent (10 mM) and kept at room temperature for 15 h. Counter 

electrodes were prepared by coating platinum sol (Dyesol) on FTO plates having pre-

drilled holes followed by annealing at 380 °C for 20 min. The electrodes were then 

assembled with hot press using 25 μm surlyn spacer. The space in-between the 

electrodes were filled with liquid I-/I3- electrolyte composed of the standard 

compositions of 1-butyl-3-methylimidazolium iodide, lithium iodide, iodine, guanidinium 

thiocyanate and 4-tert-butyl pyridine in acetonitrile. The drilled holes were sealed with 

microscopic cover slide and surlyn to avoid electrolyte leakage. The photovoltaic 

performance of the fabricated DSSCs was measured using an AM 1.5 solar simulator 

(Newport Instruments, USA) equipped with a source meter (Keithley 2400) at room 
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temperature. The IPCE measurement of the devices was performed under DC mode 

using a 250W xenon lamp coupled with Newport monochromator. The J-V properties of 

the cells under one sun and under indoor light conditions were measured using circle 

shape mask with an active area of 0.1256 cm2 and 0.049 cm2 respectively (without mask, 

active area of the cell is 0.317 cm2). The thickness of the photoanodes were measured to 

be 6-7μm. The power of the simulated sunlight was calibrated using a reference cell 

supplied by Newport instruments. The electrochemical impedance spectroscopy 

measurements of the devices were carried out using an Autolab PGSTAT302N equipped 

with FRA mode under forward bias in dark. The measurements were performed in the 

frequency range of 100 kHz to 0.1 Hz with logarithmically increasing order at an AC 

amplitude of 10 mV. Intensity modulated photovoltage spectroscopy (IMVS) 

measurements were conducted using the same electrochemical workstation (Autolab 

PGSTAT302N) equipped with FRA and LED drivers to drive the red LED (627 nm). 

Photovoltage response of the cells was analysed in the frequency range of 1 Hz to 1 kHz. 

The amplitude of the sinusoidal modulation for IMVS measurements was 10% of the DC 

light. Scheme used for the fabrication of the DSSC is given in Figure 3.1. 

 

Figure3.1 Schematic illustration of the fabrication of DSSC utilising ZnO fibril aggregates 

and ZnO sheet aggregates structure as sacrificial layer to introduce surface roughness 

over nanocrystalline TiO2 active layer photoanodes. 
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3.3 Results and Discussion 

3.3.1 Synthesis of ZnO hierarchical structures 

In the present study, ZnO hierarchical structures were synthesised from layered zinc 

hydroxides (LZHs) compounds through a facile solution processing method. LZHs are 

complex compounds with lamellar structure made up of brucite type positively charged 

hydroxyl layers, where zinc hydroxyl layers, with zinc atoms positioned in the center of 

both octahedra and tetrahedra, are coordinated through OH− via edge-sharing and 

corner sharing. The intercalated anion (eg; CO32−, NO3−, Cl−, CH3COO− etc.) balance the 

whole charge as well as governs the interlayer spacing.18 Here, layered hydroxide zinc 

carbonates (LHZC) were synthesised, which consists of zinc hydroxide layers combined 

with water molecules and carbonate ions. These compounds are then annealed to 

produce the porous three dimensional (3D) hierarchical ZnO structures with high 

surface area which is not commonly obtained through classical crystal growth of 

wurtzite type ZnO.18  

The present synthesis utilises a reaction mixture comprising of Zinc nitrate hexahydrate 

(Zn(NO3)2.6H2O) and urea (CON2H4) to obtain the ZnO structures. Urea when heated, 

liberates ammonia (NH3) and carbonate anion (CO32-). This in turn generate ammonium 

ion (NH4+) from NH3, eventually increasing the pH of the solution. At this high pH 

condition, Zn2+ ions provided by Zn(NO3)2.6H2O in the solution reacts with CO32- ion to 

form layered hydroxide zinc carbonates LHZC, with chemical formula 

Zn5(CO3)2(OH)6.H2O, which upon annealing will give pure ZnO. Reaction mechanism 

involved in the synthesis of ZnO in the presence of urea is described as below.19-21  

CON2H4 + 3H2O → CO2 + 2NH3H2O                               (1) 

2NH3H2O + CO2 → 2NH4+ + CO32- + OH-                      (2) 

Zn(NO3)2.6H2O + H2O → Zn2+ + 2NO3- + 7H2O          (3) 

Zn2+ + CO32- + OH- + 7H2O → Zn5(CO3)2(OH)6.H2O  (4) 

Zn5(CO3)2(OH)6.H2O → 5ZnO + 2H2O + 2CO2            (5) 
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In the present study three types of ZnO hierarchical structures were synthesised by 

changing urea weight% (22.5 wt.%, 50 wt.% and 75 wt.%). 

3.3.2 X-ray diffraction analysis 

To verify the phase purity and structure of the synthesised products, XRD analysis was 

performed. Figure 3.2 shows the XRD patterns of the as-synthesised powders 

(designated as 22.5 as, 50 as, 75 as) and the same annealed at 300 °C (designated as 22.5 

300, 50 300, 75 300). It indicates that the as-synthesised powders corresponding to the 

LHZC compound with chemical formula Zn5(CO3)2.(OH)6 having characteristic XRD peaks 

matching with the Joint Committee on Powder Diffraction Standards (JCPDS) File No. 01-

072-1100. The diffraction peak at the 2θ angle of 13.0o corresponds to (200) crystal 

plane and indicates that the samples prepared at different zinc nitrate hexahydrate: urea 

ratio possess a layered structure with the d spacing of 6.77Å (Figures 3.2 a, b and c). 

After annealing these powders at 300 °C, the samples no longer retained their LHZC  

 

Figure 3.2 XRD patterns of “as-synthesised” and respective samples annealed at 300 °C. 
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structure and were transformed into phase pure ZnO hexagonal wurtzite structure with 

characteristic peaks at 31.7°, 34.4° and 36.2° corresponding to the crystal planes of 

(100), (002) and (101) respectively and matching with JCPDS file no. 76-0704 (Figures 

3.2 d, e and f). The “as-synthesised” LHZC powder was used for the paste preparation for 

photoanode modifications as it will directly convert to ZnO during annealing. 

3.3.3 Thermogravimetric analysis  

The thermal degradation profile of LHZC is studied using TGA analysis. As presented in 

Figure 3.3, the initial weight loss at 220 °C is attributed to the dehydration of zinc 

hydroxide layers. A second sharp weight loss around 245 °C is due to the release of 

carbonate ions in LHZC. After annealing at 300 °C LHZC are converted to phase pure ZnO 

as already evidenced by XRD analysis.18 

 

Figure 3.3 TGA curves of LHZCs. 

3.3.4 Scanning electron microscopy 

The morphology of as-synthesised powder with different wt.% of urea was examined by 

SEM analysis and the micrographs are provided in Figure 3.4. 22.5 wt.% sample offered 
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bundles of fibrils while samples derived from 50 wt.% and 75 wt.% were found to be 

aggregates of sheets. The fibrils are of ~10 μm size in length and of ~100 nm thick 

(Figures 3.4 a and b ). 50 wt.% and 75 wt.% samples delivered aggregates of sheet like 

structures with various sizes ranging from 5-16 μm (Figures 3.4 c and e). The high 

magnification images of the same are provided in Figures 3.4 d and f clearly indicate the 

aggregates of sheets in large numbers. 

 

Figure 3.4 SEM images of LHZCs 
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3.3.5 Surface area and pore size analysis 

The specific surface area and pore size distribution of the ZnO derived from annealed 

(300 °C) LZHCs have been measured using N2 adsorption/desorption analysis. All ZnO 

samples showed Type II b isotherm with H3 hysteresis loop as shown in Figure 3.5a, 

indicating that the particles are aggregates with slit shaped pores. The N2 

adsorption/desorption isotherms and Barrett–Joyner–Halenda (BJH) pore size 

distribution of the same are provided in Figure 3.5b. The pore size distribution graphs 

for all samples indicate that ZnO powders possess both meso and macro pores. The 

Brunaeur-Emmet-Teller (BET) surface area and pore sizes obtained for the samples are 

summarised in Table 3.1.  

 

Figure 3.5 (a) N2 adsorption/desorption isotherms of ZnO derived by annealing LHZCs 

at 300 °C and (b) corresponding BJH pore size distribution curve. 

Irrespective of different morphologies, no significant difference in the surface area as 

well as the pore size was observed. Generally, ZnO structures are recognised with low 

surface area but, it is interesting to note that, micron sized exotic ZnO hierarchical 

structure obtained through the present synthetic method offered considerable surface 

area. This high surface area values can be attributed to the unique morphology of the 

ZnO porous structures which are formed by the aggregation of nano sized (thickness) 

fibrils and sheets. 
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Table 3.1 Surface area and average pore size of the samples  

Sample BET surface area (m2/g) Average pore size (nm) 

22.5 300 40 20 

50 300 42 22 

75 300 36 26 

 

3.3.6 Infrared spectroscopy  

The formation of LHZC structure as well as its conversion to ZnO is also evidenced by 

attenuated total reflectance infrared (ATIR) spectroscopy. Figure 3.6 shows IR spectra 

of the LHZC structures and the films cast from it for photoanode modifications.  

 

Figure 3.6 IR spectra of LZHCs and corresponding annealed films; samples collected by 

scraping from the FTO glass. 

The as prepared powder samples (LZHCs) have shown the following IR absorption bands 

of carbonate: (i) two large absorption bands around 1507 and 1381 cm-1 corresponding 

to the asymmetric stretching ν3 mode, (ii) absorption band around 1046 cm-1 is assigned 

to the symmetric stretching ν1 mode, (iii) a sharp absorption band located at 834 cm-1 
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attributed to the out-of-plane deformation of ν2 mode, (iv) the absorption band at 701 

cm-1  is assigned to the asymmetric stretching ν2 mode. Apart from these, the presence of 

Zn–OH bonding is also verified through the absorption bands appearing at 957 cm-1. The 

IR spectrum of the films derived from the as-prepared samples after annealing up to 500 

°C suggests that the LHZC structure has completely transformed into ZnO.20 The 

absorption bands of carbonate ion disappeared completely and the absorption bands 

attributed to the stretching vibrations of Zn–O bond around 442 and 568 cm-1 has 

emerged.22, 23 

3.3.7 Transmission electron microscopy 

 

 Figure 3.7 TEM images of annealed Zfb film (a and b) and Zsh film (c and d) 

TEM analysis was done in order to closely view the morphological features of annealed 

ZnO paste (Figure 3.7). The sample was coated over a bare FTO glass and annealed; it 
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was then scratched from the glass. Out of the three compositions tried for ZnO, only two 

were utilised for photoanode modification, fibril bundles derived from 22.5 wt.% (zfb) 

and sheet like aggregates derived from 75 wt.% (zsh) as 50 wt.% offered similar kind of 

sheet like aggregate morphology. It was observed that the fibrils as well as sheet 

aggregates were composed of nanoparticles with less than 100 nm diameter (Figures 

3.7 a and b). It is also seen that the sheet like structures possess a lot of irregular pores 

which is due to the release of intercalated species; CO2 and H2O formed by the 

decomposition of LHZCs (Figures 3.7 a and b).18 

3.4 Characterisation of photoanode films 

3.4.1 X-ray diffraction analysis 

The photoanode films employed for fabrication of DSSC are designated as follows. TiCl4 

treated TiO2 layer as ‘TiO2’; bilayer film without TiCl4 treatment as TiO2-ZnO fibril or 

TiO2-ZnO sheet; and TiCl4 treated TiO2-ZnO bilayer film corresponding to two different 

morphology as ‘TiO2–Zfb’ and ‘TiO2–Zsh’. Figure 3.8 compares XRD patterns of annealed 

films scratched from the FTO glass. The diffraction peaks of TiCl4 treated pure TiO2 film  

 

Figure 3.8 XRD patterns of annealed photoanode films: (a) TiO2, (b and c) TiO2-ZnO 

(fibril and sheet), (d) TiO2-Zfb and (e) TiO2-Zsh. 
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provided in Figure 3.8a are assigned to anatase crystal of TiO2 (JCPDS file no 01-075-

1537). Figures 3.8 b and c correspond to the bilayer films, indicating diffraction peaks of 

both anatase TiO2 and wurtzite ZnO. After the TiCl4 treatment of the bi layered films, the 

patterns displayed only diffraction peaks corresponding to anatase TiO2 and indicating 

that the ZnO may not be present anymore in detectable limits. (Figures 3.8 d and e).  

3.4.2 Scanning electron microscopy 

The surface features of the photoanode films are studied using SEM analysis. Figures 3.9 

a and b depict SEM images of TiCl4 treated TiO2. It is clearly observed that the film is 

homogenous in nature and is composed of nanoparticles with sizes less than 50 nm. 

Figures 3.9 c and e presents the morphology of the bilayer films TiO2-Zno fibril and 

TiO2-Zno sheet respectively. The morphology of particles was found to be slightly 

deformed when it is cast as films over TiO2 layer which could be attributed to the 

vigorous grinding process during paste preparation. The high-resolution images of the 

same are shown in Figure 3.9 e and f. These bilayers are then subjected to TiCl4 

treatment and due to the instability of the basic ZnO in TiCl4 solution, these ZnO particles 

should have been completely etched off from the TiO2 layer leaving behind the imprints 

of the ZnO structures (Figure 3.9 g and h).24 It is believed that while doctor blading the 

sacrificial ZnO layer over TiO2 layer, the ZnO aggregates would have partially submerged 

into the bottom layer leaving their impressions. The same is highlighted in the SEM 

image provided in the Figures 3.9 g and h. It is evident from the SEM images that the 

methodology adapted is capable of inducing surface roughness throughout the film 

compared to the TiCl4 treated bare TiO2 film. 

3.4.3 Energy dispersive X-ray analysis 

To scrutinize the distribution of elements Ti, O and Zn over the surface of photoanode 

films, EDX analysis was performed and the results are shown in Figure 3.10. Figures 

3.10  a and b show the EDX spectra of the bilayer photoanodes TiO2-ZnO fibril and TiO2-

ZnO sheet respectively. The relative percentage of Zn element with respect to Ti and O 

was detected to be 27.06% and 34. 79% TiO2-ZnO fibril and TiO2-ZnO sheet respectively. 

After TiCl4 treatment, only 0.09 % of Zn is present in TiO2-Zfb sample and no trace of Zn  
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Figure 3.9 SEM images of TiO2 (a and b), TiO2-ZnO fibril bilayer film (c and d), TiO2-ZnO 

sheet bilayer film (e and f), TiO2-Zfb film (g) and TiO2-Zsh film (h). 
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Figure 3.10 EDX of (a) TiO2-ZnO fibril bilayer film, (b) TiO2-ZnO sheet bilayer film, (c) 

TiO2-Zfb film and (d) TiO2-Zsh film. 

was detected in TiO2-Zsh (Figures 3.10 c and d) samples. These results confirm that the 

TiCl4 treatment had helped to etch ZnO more or less fully. It may be recalled that the EDX 

of TiCl4 treated bare TiO2 is provided in chapter2 Figure 2.10a. The results of ZnO 
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etching discussed here and the results in Figure 2.10a clearly evidence that TiCl4 

etching was effective in removing ZnO selectively without damaging the TiO2 structure. 

3.4.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy was done to corroborate the elements present in the 

photoanode film. Figure 3.11 provides the survey spectra of the TiCl4 treated ZnO 

modified photoanode films. The peaks of Ti 2p3/2, O 1S, C 1S are clearly seen in the 

spectra at 458. 5 eV, 529.7 eV and 284.8 eV respectively. A negligible intensity peak for 

Zn 2p3/2 is detected at 1021.9 eV. The atomic percentage of each element is tabulated in 

the Table 3.2. 0.1% of Zn was detected in both TiO2-Zfb film and TiO2-Zsh film. 

Table 3.2 Atomic% of elements present in photoanode layer 

Element TiO2-Zfb film (atomic%) TiO2-Zsh film (atomic%) 

Oxygen 56.0 56.7 

Titanium 22.7 23.1 

Carbon 21.2 20.1 

Zinc 0.1 0.1 

 

 

Figure 3.11 XPS survey spectra of photoanode films: TiO2-Zfb film and TiO2-Zsh film. 
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3.4.5 Diffuse reflectance spectroscopy 

To validate the scattering ability of the fabricated photoanodes diffuse reflectance 

spectra (DRS) was analysed. Figure 3.12 compares the DRS spectra of TiCl4 treated pure 

TiO2, TiO2-Zfb and TiO2-Zsh. About 2 to 5% of reflectance is found to be higher for the 

modified TiO2 layers than that of the TiCl4 treated pure TiO2 film in the wavelength range 

of 450- 680 nm. Thus, it is clarified that the voids/surface roughness created can clearly 

act as light scattering centres. It is also noted that there is not much difference in the 

percentage of reflectance between TiO2-Zfb and TiO2-Zsh. Results of the photoanodes 

TiO2, TiO2-Zno fibril and TiO2-Zno sheet before and after TiCl4 treatment are presented in 

Figure 3.13. Before TiCl4 treatment bare TiO2 film is observed to be transparent (Figure 

3.13a) whereas TiO2-ZnO fibril and TiO2- ZnO sheet appeared opaque due to the larger 

particle size of the ZnO (Figures 3.13 b and c). After TiCl4 treatment the transparency of 

the bare TiO2 remains unaltered but at the same time due to the etching of ZnO particles, 

voids were created over the bottom TiO2 layer and the transparency got reduced 

compared toTiCl4 treated TiO2 (Figures 3.13 d, e and f). 

 

Figure 3.12 UV-vis diffuse reflectance spectra of photoanode films before dye loading. 
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Figure 3.13 Photoanodes before TiCl4 treatment (a) bare TiO2 film, (b) TiO2-ZnO fb film, 

(c) TiO2-ZnO sh film and corresponding films after TiCl4 treatment (d, e and f) 

respectively. 

3.4.6 Atomic force microscopy 

 

Figure 3.14 AFM spectra of (a) TiO2 and (b) TiO2-Zfb and (c) TiO2-Zsh photoanodes. 
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Surface roughness of the TiCl4 treated photoanodes were characterised by AFM analysis 

(Figure 3.14). TiCl4 treated pure TiO2 possess root mean square (Rq) value of 18 nm 

whereas TiO2-Zfb and TiO2-Zsh have Rq values of 116 nm and 251 nm respectively. Such 

10 times increment of the surface roughness of ZnO modified photoanode films should 

be attributed to the presence of surface voids over the TiO2 film (Figures 3.14 b and c). 

3.4.7 Dye loading studies 

The quantity of dye adsorbed on to the TiO2 film was analysed using dye adsorption-

desorption procedure. Desorption of the adsorbed dye is carried out by soaking the 

electrodes in 0.1 N NaOH solution in water. After the complete desorption of dye, the 

absorbance spectra of the desorbed dye were recorded (Figure 3.15). The concentration 

of the dye is calculated using the equation provided below. 

Dye loading = AV/ɛSb                                     (6) 

Where A is the absorbance of the dye, V is the volume of NaOH used to desorb the dye (5 

ml), ɛ is the molar extinction coefficient of the dye N719 (13500 mol cm-1), S is the area 

of the electrode (0.317 cm2) and b is the path length (1 cm).  

 

Figure 3.15 Absorption spectra of the desorbed dyes from the photoanodes. 
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Bare TiO2 have shown a dye loading of 5.75 X 10-8 mol cm-2 and TiO2-Zfb has also 

displayed almost similar dye loading of 5.68 X 10-8 mol cm-2 the dye loading for TiO2-Zsh 

negligibly decreased to 5.17 X 10-8 mol cm-2. Hence it can be concluded that the surface 

roughness created over the TiO2 layer does not contribute much as far dye loading is 

concerned. Huang et al. reported that the presence of Zn element can enhance the dye 

adsorption due to its higher basicity, which encourage the dye adsorption through the 

carboxylic acid group of the N719 dye.25 Here, it is noteworthy that the 0.1% Zn element 

detected in the photoanode films has also not proven to contribute much in dye loading.  

3.5 Photovoltaic Characterisations 

3.5.1 Current voltage characteristics and IPCE measurements 

Under one sun conditions (100mW/cm2, Air Mass 1.5 G), the photovoltaic performance 

of the cells namely TiO2-Zfb as well as TiO2-Zsh were better compared to bare TiO2 

device. Figure 3.15 shows the current density versus voltage (J-V) curve for the three 

kinds of DSSCs, with illumination from the front side. The short-circuited current density 

(Jsc) for the TiO2, TiO2-Zfb and TiO2-Zsh devices were 12.99 ± 2.38 mAcm-2, 14.56 ± 0.71 

mAcm-2 and 14.71 ± 0.66 mAcm-2 respectively, giving rise to an overall PCE up to 6.17 ± 

0.89%, 7.13 ± 0.19% and 7.32 ± 0.48% respectively. The TiO2-Zfb device exhibited an 

improvement of 12.09% in Jsc whereas the TiO2-Zsh device showed an increment of 

13.24% in Jsc when compared to the bare TiO2 device. This resulted in an enhancement of 

15.56% and 18.64% in power conversion efficiency for the TiO2-Zfb and TiO2-Zsh 

devices, respectively, relative to the TiO2 device. The corresponding parameter values 

are being listed in Table 3.3. The enhancement in PCE of the ZnO-modified devices is 

ascertained to the following reasons. The absorption peak of N719 dye lie within the 

wavelength range of 430 to 580 nm and the scattering effect displayed by the ZnO 

modified photoanodes are also within similar wavelength range. Hence it results in a 

perfect sychronisation of scattering effect and dye absorption leading to further 

improvements in Jsc and thereby PCE.  
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Figure 3.16 (a) J-V characteristics under one sun condition and (b) IPCE spectra of the 

devices with front side illumination.  

Incident photon to current conversion efficiency (IPCE) can be defined as the ratio of 

number of photo-generated electrons to the number of photons incident on the solar 

cell.26 The IPCE spectra of the devices illuminated from front side, as shown in Figure 

3.16, were in accordance with the observed values of the devices. IPCE can be expressed 

in terms of light harvesting efficiency (LHE), electron injection efficiency (𝜂inj), dye 

regeneration efficiency (𝜂reg), and the charge collection efficiency (𝜂cc) as, 

𝐼𝑃𝐶𝐸 = 𝐿𝐻𝐸 × 𝜂𝑖𝑛𝑗 × 𝜂𝑟𝑒𝑔 × 𝜂𝑐𝑐                     (7) 

LHE depends on the light scattering effect (which is linearly related to the optical 

thickness) of the photo-anode, dye concentration in the photo-anode, molar extinction 

coefficient of the dye, and thickness of the absorbing layer.27-29 Since we have used the 

same dye and electrolyte in all the devices  𝜂reg can be ignored for the enhancement in 

IPCE of TiO2- Zfb and TiO2-Zsh devices. The roughness over semiconductor enhanced the 

light scattering effect leading to increased LHE and IPCE of TiO2-Zfb and TiO2-Zsh 

devices.14, 30 The contribution of injection and charge collection towards the better IPCE 

for the devices with surface modified photoanodes were addressed using the advanced 

characterisation techniques. 
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Table 3.3 J-V parameters for TiO2, TiO2-Zfb and TiO2-Zsh devices with front side 

illumination under one sun conditions. 

Device 

Voc 

(mV) 

Jsc 

(mAcm-2) 

FF 

(%) 

η 

(%) 

TiO2  744 ± 14 12.99 ± 2.38 63.80 ± 3.15 6.17 ± 0.89 

TiO2 -Zfb  765 ± 80 14.56 ± 0.71 63.99 ± 2.76 7.13 ± 0.19 

TiO2 -Zsh 751 ± 60 14.71 ± 0.66 66.23 ±1.83 7.32 ± 0.48 

 

With back illumination, the standard TiO2 device gave, Jsc of 9.12 ± 0.66 mAcm-2 yielding 

η of 4.79 ± 0.37% and TiO2-Zfb offered a Jsc of 9.55 ± 1.48 mAcm-2 and η of 5.03 ± 0.78%. 

For TiO2-Zsh, Jsc of 9.63 ± 0.39 mAcm-2and η of 4.96 ± 0.17%, was measured.   

 

Figure 3.17 J-V characteristics under one sun conditions of the devices with back side 

illumination. 
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Table 3.4 Photovoltaic parameters of the devices with back side illumination under one 

sun conditions. 

 

There was 4.71% increase in Jsc resulting in 5.01% increment in η for TiO2-Zfb, 

meanwhile, an elevation of 5.59% in Jsc, gave rise to 3.55% improvement in η for TiO2-

Zsh than the TiO2 device. Since the light encounters the back sealing (surlyn), the 

platinum layer and the electrolyte, before reaching the photoanode, the PV performance 

of DSSC with back illumination is less compared to front illumination.31 The higher FF 

values under illumination from the rear side can be attributed to the decreased 

recombination rate arising from the lower illumination intensity.32 The corresponding J-

V plots and photovoltaic parameters are given in Figure 3.17 and Table 3.4 

respectively. 

3.5.2 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was done under dark to study the charge 

transfer dynamics at the TiO2-electrolyte interface. Figure 3.18 shows Nyquist and Bode 

plot. Nyquist plot displayed two distinct semicircles. The first semicircle corresponds to 

charge transfer at the Pt/electrolyte interface and the second semicircle is due to the 

charge recombination at TiO2/electrolyte interface. The plot was fitted using equivalent 

circuit with transmission line model (Chapter 2 Figure 2.18). The equivalent-circuit 

model consists of Rs (resistance due to the FTO and contact resistance), RPt, CPt 

(resistance and capacitance at Pt/electrolyte interface), CTCO (capacitance at 

Device 

Voc 

(mV) 

Jsc 

(mAcm-2) 

FF 

(%) 

η 

(%) 

TiO2  738 ± 9 9.12 ± 0.66 71.16 ± 0.36 4.79 ± 0.37 

TiO2 -Zfb  749 ± 12 9.55 ± 1.48 70.48 ± 1.46 5.03 ± 0.78 

TiO2 -Zsh 733 ± 5 9.63 ± 0.39 70.14 ± 0.93 4.96 ± 0.17 
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FTO/electrolyte interface) and B2 (transmission line model used to explain charge 

transfer at dye/TiO2/electrolyte interface). B2 includes Rt (transport resistance for TiO2), 

Rrec (recombination resistance at dye/TiO2/electrolyte interface) and C (Chemical 

capacitance of TiO2 in contact with electrolyte and is used to find out the position of 

conduction band (CB) of TiO2).  

 

Figure 3.18 (a) Nyquist Plot and (b) Bode Plot obtained from EIS measurement. 

Electron lifetime is calculated from Bode plot using the relation  

𝜏n =
1

2π𝑓𝑚
                                                           (8) 

where fm is the frequency corresponding to the highest phase () value in the Bode plot. 

Fermi voltage (VF) is calculated by the following equation given below 

𝑉𝐹 = 𝑉𝑎𝑝𝑝 − 𝑉𝑠𝑒𝑟𝑖𝑒𝑠                                                (9) 

𝑉𝑠𝑒𝑟𝑖𝑒𝑠 = 𝐼 × 𝑅𝑠𝑒𝑟𝑖𝑒𝑠                                              (10) 

𝑅𝑠𝑒𝑟𝑖𝑒𝑠 = 𝑅𝑆 + 𝑅𝑃𝑡 + 𝑅𝑑                                       (11) 

Where Vapp is the applied DC voltage and Vseries is the voltage drop due to the series 

resistance. I is the DC current derived from EIS. Rseries is the total series resistance and Rd 

is the diffusion resistance of electrolyte. Figure 3.19a shows C as a function of Fermi 

voltage (VF), a negative shift of about 30mV for TiO2-Zfb and 19 mV for TiO2-Zsh with 
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respect to the standard TiO2 device was observed. Owing to this reason the lifetime of 

TiO2-Zfb and TiO2-Zsh was found decreased compared to standard TiO2 (Figure 3.19b).  

 

Figure 3.19 (a) Capacitance plot and (b) Lifetime plot from EIS in dark. 

3.5.3 Intensity-modulated photovoltage spectroscopy and Intensity-modulated 

photocurrent spectroscopy 

IMPS and IMVS are optical perturbation techniques which gives the information of 

charge recombination and diffusion at TiO2 electrolyte interface. IMPS is carried out in 

short circuit condition whereas IMVS is carried out at open circuit condition. For both 

measurements a constant illumination was given using LED light. Charge transport in 

mesoporous TiO2 occurs via diffusion process and the electrons get trapped in energy 

state in band gap and detrap back to transport state in CB.  Only the detrapped electrons 

i.e. free electrons contribute to the current as well as recombination and this process of 

electron transport is well explained by multiple trapping and detrapping model.33, 34 

Figure 3.20 shows lifetime and transport time plot obtained from IMVS and IMPS 

measurement respectively. It is clear from the plots (Figures 3.20 a and b) that TiO2-Zfb 

and TiO2-Zsh devices showed lower lifetime and faster charge transport than the 

standard TiO2 devices. This is due to the scattering property of TiO2-Zfb and TiO2-Zsh 

which helped to create higher concentration gradient of electrons in semiconductor 

leading to faster diffusion than TiO2 devices. 
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Figure 3.20 (a) Life time plot and (b) Transport time plot obtained from IMVS and IMPS 

data respectively. 

Diffusion coefficient (𝐷𝑛) and Charge collection efficiency (cc) are calculated using the 

equation given below 

𝐷𝑛 =  
𝑑2

𝜏𝑑
                                                                         (12) 

𝜂𝑐𝑐 = (1 −
𝜏𝑑

𝜏𝑛
) × 100                                            (13)             

Where ‘d’ is the thickness of the photoanode,  𝜏𝑑  is the transport time/diffusion time and 

𝜏𝑛is the life time. 

 

Figure 3.21 (a) Diffusion coefficient plot obtained from IMPS and (b) Charge collection 

efficiency plot obtained from IMPS and IMVS data. 
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Due to the faster diffusion of electrons in the TiO2-Zfb and TiO2-Zsh devices, they showed 

larger diffusion coefficient (Figure 3.21a), than the standard device. This paved the way 

for the higher charge collection efficiency (𝜂𝑐𝑐) (Figure 3.21b) in TiO2-Zfb and TiO2-Zsh 

devices. It is to be noted that higher 𝜂𝑐𝑐 significantly contributes in the achievement of 

higher IPCE. 

3.5.4 Photovoltaic performance under indoor light conditions 

The photovoltaic performance of the devices was studied with illumination from front 

side as well as from back side. The indoor light measurements were done by the 

illumination of 1000 lux daylight CFL. The J-V characteristics is plotted in Figure 3.22 

and the corresponding photovoltaic parameters are summarised in Table 3.4. With 

illumination from the front side, the standard TiO2 device showed Jsc of 81 ± 4 µAcm-2 

and η of 11.1 ± 0.4%, while TiO2-Zfb and TiO2-Zsh cells outperformed it. TiO2-Zfb 

achieved a Jsc of 94 ± 3 µAcm-2 leading to η of 15.5 ± 1.9%, whereas TiO2-Zsh attained a Jsc 

of 86 ± 11 µAcm-2 and η of 11.8 ± 3%. When the light was incident from back side, the 

standard TiO2 device displayed a Jsc of 57 ± 1 µAcm-2 giving η of 5.9 ± 1.4%, while TiO2-

Zfb and TiO2-Zsh devices showed improved performance with TiO2-Zfb displaying Jsc of 

64 ± 2 µAcm-2 and η of 8.5 ± 0.8%, at the same time TiO2-Zsh devices exhibiting Jsc of 59 ± 

6 µAcm-2 and η of 8.5 ± 0.8%. The increment in current in ZnO modified device should be 

due to the light scattering effect leading to better PCE.  

 

Figure 3.22 J-V characteristics of the devices, when illuminated with 1000 lux day-light 

CFL from (a) front  side and (b) back side  
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Table 3.5 Photovoltaic parameters of the devices under 1000 lux illumination. 

 

3.6 Conclusions 

Light scattering in the photoanode of the DSSC was enhanced by employing sacrificial 

inclusions of ZnO hierarchical structures. The roughness of the ZnO modified TiO2 

photoanode was found to increase by 10 times that of standard photoanode. The 

voids/roughness created by the selectively etched ZnO hierarchical structures on the 

TiO2 layer effectively functioned as scattering centers to improve the current density of 

DSSC at one sun and indoor light conditions. As the dye loading was found to be almost 

same for all devices, it can be concluded that the increase in current density, is due to 

enhanced light scattering. An enhancement of 15.56% and 18.64% in PCE was obtained 

for TiO2-Zfb and TiO2-Zsh devices respectively relative to the standard TiO2 device in one 

sun conditions. Under low light, an improvement of 39.63% and 6.30% was observed for 

the same devices. As the photoanodes described in this study are transparent, they can 

be utilised for BIPV applications.  

 

Light incident 

on 
Device 

Voc 

(mV) 

Jsc 

(µAcm-2) 

FF 

(%) 

η 

(%) 

Front side of the 

device 

TiO2 518 ± 11 81 ± 04 61 ± 01 11.1 ± 0.4 

TiO2 -Zfb 543 ± 01 94 ± 03 69 ± 07 15.5 ± 1.9 

TiO2 -Zsh 521 ± 21 85 ± 11 61 ± 04 11.8 ± 3.0 

Back side of the 

device 

TiO2 498 ± 17 57 ± 01 48 ± 09 5.9 ± 1.4 

TiO2 -Zfb 519 ± 05 64 ± 02 59 ± 02 8.5 ± 0.8 

TiO2 -Zsh 502 ± 23 59 ± 06 53 ± 08 6.8 ± 2.2 
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3. 7 Macro porous titania scattering layers from TiO2-ZnO mixed compositions 

In this section, the effect of voids inside the TiO2 photoanodes was studied. A bilayer 

photoanode comprising of a TiO2 bottom layer and a porous TiO2 top layer were 

fabricated for this purpose. Three different weight percentage of TiO2–ZnO sheet 

aggregates were utilised to create porous TiO2 scattering layer. It was observed that the 

top porous layer imparted strong light scattering inside the device. The designed 

architecture allowed the development of DSSC which could effectively function at both 

indoor and one sun conditions. 

Figure 3.23 Schematic illustration of the fabrication of porous TiO2 scattering layer for 

DSSC utilising ZnO sheet aggregates structure as sacrificial inclusions. 

3.7.1 Synthesis of TiO2 – ZnO Paste  

Three different TiO2–ZnO pastes with varying ZnO wt.% (10, 20, 40) with respect to TiO2 

were prepared. ZnO sheet like aggregates synthesised via wet chemical method 

described in the section 3.2.1, was mixed with TiO2 paste and doctor bladed over pure 

TiO2 layer and annealed up to 500 °C. The photoanodes thus formed were then subjected 

to TiCl4 treatment (40 mM) at 70 °C for 45 minutes. As mentioned in the previous 

sections, due to the instability of ZnO in acidic TiCl4, macro pores are created inside the 

TiO2 layer. The structure of the photoanode therefore depends on the amount of ZnO 

removed by TiCl4.The photoanodes were designated as T (control sample, one layer 

TiO2), T Z10, T Z20 and T Z40 according to the wt.% of ZnO in the TiO2–ZnO paste. The 

thickness of the standard device T was measured as ~ 6 μm and the corresponding value 

for T Z10, T Z20, T Z40 was ~ 14, 15 and 10 μm respectively. 
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3.8 Results and Discussion 

3.8.1 X-ray diffraction analysis  

XRD patterns of the bilayer photoanodes after TiCl4 treatment is provided in Figure 

3.24. It is clear that all peaks are assigned to anatase phase of TiO2 (JCPDS file no 01-

075-1537) and that no diffraction peaks from ZnO is visible in the patterns.  

 

Figure3.24 XRD patterns of TiCl4 treated films. 

3.8.2 Scanning electron microscopy and Energy dispersive X-ray analysis 

The surface morphology of the bilayer photoanode after etching are presented in Figure 

3.25. The incorporation of ZnO sheet aggregates in the paste and its annealing followed 

by TiCl4 treatment has resulted in the formation of TiO2 layers with macropores and 

cracks. It is clearly evident from the SEM images that, as the wt.% of ZnO increases the 

number of cavities as well as the crack throughout the film is also increased (T Z10< T 

Z20< T Z40). High magnification SEM images clearly suggest that the cavities and cracks 

were formed by the removal of ZnO aggregates. EDX analysis provided in Figure 3.26 

shows the presence of Zn is negligible in all samples (0.08 atomic% of Zn is in sample T 

Z10, and 0.11 atomic% in T Z20 and 0% in T Z40). As ZnO is incorporated into the TiO2  
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Figure 3.25 SEM images of TiCl4 treated bilayer films: T Z10 (a and b), T Z20 (c and d) 

and T Z40 (e and f). 

matrix the cross-sectional image of the coating and EDX analysis was performed. Figure 

3.27 shows the cross sectional image of sample T Z20 (best device) and ZnO is found to 

be absent inside the TiO2 layer. Results suggests that, even if, any trace amount of Zn ions 

are present in the structure, the amount is too negligible to have any significant influence 

in the properties. 
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Figure 3.26 EDX of TiCl4 treated bilayer films: (a) T Z10, (b) T Z20 and (c) T Z40.  

 

Figure 3.27 EDX of TiCl4 treated film cross section of the best device T Z20.  
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3.8.3 Diffuse reflectance spectroscopy  

The photographs of the photoanodes before and after TiCl4 treatment is presented in 

Figure 3.28. The single layer pure TiO2 retains its transparency after TiCl4 treatment. 

The transparency goes on decreasing for all the bilayered structured anodes. It is 

observed that before TiCl4 treatment T Z10 is slightly transparent than T Z20 and T Z40 

which are opaque due to the presence of higher amounts of ZnO in it. After TiCl4  

 

Figure 3.28 Photographs of photoanodes before and after TiCl4 treatment 

treatment, single layer TiO2 (T) retained its transparency, T Z10 and T Z40 have 

remained slightly transparent, whereas T Z20 became more or less opaque. It is expected 

that in the case of T Z10 the amount of ZnO is less so that the voids created will be less in 

the sample, thus retaining slight transparency as in the case of sample “T”. In the case of 

T Z40 with the highest amount of ZnO, TiCl4 treatment should have removed all the ZnO, 

and the comparatively low amount of TiO2 remaining should have helped it to retain its 

transparency. But in the case of T Z20 the quantity of ZnO is optimum to create enough 
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amounts of voids inside the TiO2 top layer matrix on etching with TiCl4 leading to 

enhanced light scattering and loss of transparency.  

In order to confirm the scattering property of the fabricated films, diffuse reflectance 

spectra were taken. Figure 3.29a shows the diffuse reflectance spectra of photoanodes 

after TiCl4 treatment. Around 15% of reflectance is increased for samples T Z10, T Z40 

whereas T Z20 exhibited the highest scattering ability offering around 25% increment in 

reflectance. The absorbance spectra of the electrodes after dye loading was also 

measured (Figure 3.29b). Here, it is clearly observed that due to scattering, the 

absorbance of the all bilayer porous electrodes have increased than that of standard 

photoanode. The peaks at 500-600 nm are due to the absorbance of the N719 dye. The 

absorbance spectra followed the same trend as that of reflectance spectra of the 

photoanodes before dye loading. The photographs samples after dye loading are 

provided in Figure 3.30. 

 

Figure 3.29 UV-vis diffuse reflectance spectra of TiCl4 treated photoanodes (a) without dye and 

(b) absorption spectra after dyeloading. 
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Figure 3.30 Photographs of substrates used to analyse absorbance spectra after dye 

loading. 

3.8.4 Dye loading studies 

The quantity of dye adsorbed on to the photoanodes was examined using dye 

adsorption-desorption procedure (see section 3.4.7).  

 

Figure 3.31 Absorption spectra of the desorbed dyes from the photoanodes. 
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Dye loading was found higher for all the bilayer structured than single layer structured 

anodes due to higher number of TiO2 particles in the bilayered ones. Single layer TiO2 

sample showed a dye loading value of 5.75 x 10 -8   mol cm-2 as in Table 3.6.  The 

bilayered photoanodes displayed dye loading values of 10.84 x 10 -8  mol cm-2 for TZ 10, 

12.95 x 10 -8   mol cm-2 for TZ 20 and 7.52 x 10 -8  mol cm-2 for TZ 40. The quantity of dye 

adsorbed for TZ 20 is 2.25 times higher than that of single layer TiO2 and 1.88 times and 

1.30 higher than that of  TZ 10 and TZ 40 respectively. The better dye adsorption 

capability of TZ 20 is associated with its optimum porous structure which is also 

supported by SEM image (Figures 3.25 c and d). Even though T Z40 was found to be 

more porous among the three, it offered the lowest dye loading, which could be ascribed 

to the lesser amount of TiO2 particles in the film. 

Table 3.6 Dye loading studies. 

Sample Dye loaded (mol/cm2) 

T 5.75 x 10 -8 

T Z10 10.84 x 10 -8 

T Z20 12.95 x 10 -8 

T Z40 7.52 x 10 -8 

 

3.9 Photovoltaic characterisation of dye-sensitised solar cells 

3.9.1 Current voltage characteristics and IPCE measurements 

J-V characteristics of the fabricated devices under one sun condition are shown in Figure 

3.32a and the corresponding photovoltaic parameters measured are summarised in 

Table 3.7. From the J-V data, it is obvious that the devices with ZnO modified-TiO2 layers 

outperformed the standard device with single layer of TiO2. In all devices Jsc was found to 

increase remarkably owing to the enhancements in the light scattering and dye loading 

introduced by the porous layer which in turn contributed to the high PCE. The PCE of the 
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devices followed the trend T Z20>T Z10>T Z40>T. Owing to the optimum porous 

structure device T Z20 exhibited the highest PCE of 9.40% with FF of 73%, Jsc of 17.93 

mAcm-2 and Voc of 0.72V. The PCE increased by 49.20% compared to the standard 

device having pure TiO2 layers. Though the SEM images (Figures 3.25 e and f ) revealed 

that  the most porous photoanode was T Z40; due to its low TiO2 content, low dye 

loading and lesser light scattering, its measured PCE was found lower than that of T Z20 

sample. 

 

Figure 3.32 (a) J-V characteristics of the devices with front illumination and (b) IPCE of 

the devices with front illumination. 

Table 3.7 Photovoltaic parameters of the devices with front side illumination under one 

sun conditions. 

 

 

 

 

 

 

Device 

Voc 

(V) 

Jsc 

(mAcm-2) 

Fill factor 

(%) 

Efficiency 

(%) 

T 0.71 12.31 71.6 6.30 

T Z10 0.72 16.52 74.19 8.83 

T Z20 0.72 17.93 73.00 9.40 

T Z40 0.71 16.57 71.62 8.38 
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The IPCE values for all the ZnO modified devices were found to have increased with 

respect to the standard device (Figure 3.32b ). The IPCE spectra of the four devices are 

in accordance with their corresponding Jsc values.  

3.9.2 Photovoltaic performance under indoor light 

Figure 3.33   shows the J-V characteristics recorded under indoor light (Daylight CFL) 

with 1000 lux intensity. The highest PCE was obtained for the device T Z20 (PCE of 

17.85%) which was 44.76% higher than that of the standard device. PCE of the DSSCs 

follows the same trend as obtained under one sun conditions; T Z20>T Z10>T Z40>T. 

Even though measured PCE was higher, the device T Z20 is opaque and therefore might 

not be the best candidate for BIPV applications.  

 

Figure 3.33  J-V characteristics of devices with front illumination under 1000 lux. 

The second-best performance was exhibited by T Z10 (PCE of 16.66%), which was 

35.11% higher than the standard device. As this device offers transparency, it could find 

applications in BIPV sector. The photovoltaic parameters obtained are summarised in 

Table 3.8. 
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Table 3.8 Photovoltaic parameters of the devices with front side illumination under 

1000 lux conditions 

 

 

 

 

 

 

 

3.10 Conclusions 

In this section, a strategy to fabricate photoanode layer with improved light scattering is 

demonstrated by utilising ~ 5-16 μm sized ZnO sheet like aggregates and its effect on the 

performance of the DSSC is demonstrated. Three different wt.% of TiO2-ZnO pastes were 

prepared and deposited over single layer TiO2. The fabricated bilayer photoanodes 

displayed superior light scattering and dye loading as evidenced by diffuse reflectance 

and dye loading studies. Owing to these attributes, the DSSCs fabricated showed 

excellent photovoltaic performances. The device T Z20 fabricated with 20 wt.% ZnO has 

offered the best performance under one sun and 1000 lux light intensity. The best device 

offered an improvement of 49.20% in PCE when compared with single layered standard 

TiO2 device under one sun illumination and 44.76% under low light conditions. 
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Chapter 4 

Fine tuning ZnO blocking layers for enhanced photovoltaic 

performance in ZnO based dye-sensitised solar cells 

Abstract 

 

The electron-hole recombination and back electron flow at the FTO-electrolyte interface 

in Dye-Sensitised Solar Cells (DSSCs) is generally tackled by the use of pre-blocking 

layers. In this chapter, the effect of zinc oxide (ZnO) blocking layers (BLs) with varying 

thickness, on the photovoltaic parameters of ZnO based DSSC are studied in detail. BLs 

deposited by a low temperature solution process provided uniform surface coverage of 

nanosized ZnO particles over FTO. Devices with ZnO blocking layer thickness (12 nm) 

displayed better performance (PCE 2.57%) in comparison to the devices fabricated 

without blocking layer (1.27%) by reducing the interfacial recombination at the FTO-

electrolyte interface and improving life time.  
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4.1 Introduction  

Dye-sensitised solar cells (DSSCs) are accepted as efficient and economic photovoltaic 

devices since 1991.1 Much research have been conducted in the area of DSSC for the 

development of photoelectrodes employing different functional materials.2,3 The 

interface between fluorine doped tin oxide (FTO)/indium doped tin oxide (ITO) 

conductive glass and the mesoporous active layer plays an essential role in influencing 

the charge dynamics of DSSCs. Such effects are more significant in low light conditions 

and hence is a critical characteristic for efficiency improvements.4, 5 Anatase titanium 

dioxide (TiO2) is the most widely used photoanode material in DSSCs, and power 

conversion efficiencies (PCEs) up to 14% are realised with such devices.6 In addition to 

TiO2, zinc oxide (ZnO) is employed as a feasible alternative due to its favourable 

attributes like wide band gap (3.37 eV), high bulk electron mobility (10 times higher 

than anatase TiO2), and large exciton binding energy (60 meV).2 Additionally, the 

easiness in synthesising ZnO in diverse morphologies (ie; nanorods,7 nanowires,8 

nanosheets,9 nanotubes,10 nanotetrapods,11 nanotrees,12 hierarchical aggregates13 etc.) 

compared to TiO2  encourages the idea of replacement of TiO2 by ZnO .2,14,15  

ZnO is found to be the first semiconductor electrode to perform ideally in combination 

with a liquid electrolyte interface owing to its low density of defects and potential 

distribution across the metal oxide/electrolyte interface.16,17 However the low injection 

and electron transfer (ET) rate in ZnO based DSSC stimulates the recombination 

(backward electron transfer processes), adversely affecting the PCE of devices.18 

Recombination of photoinjected electrons in DSSCs occur majorly in two ways, either 

through recombination from FTO with the oxidised dye molecules or with the electrolyte 

at the FTO/electrolyte interface. It can also happen from the bulk semiconductor 

material to the HOMO of the dye and also to the electrolyte.19-22 This obviously suggests 

the necessity to investigate the recombination processes occurring in devices 

comprehensively along with altering the surfaces in a meticulous manner to accomplish 

higher efficiencies in devices.  
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DSSCs find potential application in devices that works in ambient light conditions like 

sensors and decorations. Moreover Internet of Thing (IoT) supported applications are an 

emerging area for DSSC where it outperforms the counterparts like c-Si and a-Si solar 

cells.23-26 In DSSCs, since the recombination at FTO/electrolyte interface is more 

pronounced at the low light conditions as the short circuit current is small, the presence 

of compact interlayers are important. The change in open circuit voltage with light 

intensity is also found to be sharp at low light conditions, due to the recombination at 

FTO/electrolyte interface.27-30 

The widely pursued strategy to overcome the mentioned problem is to deposit blocking 

layers (BLs) over FTO/active layer interface. Previous studies revealed that insertion of a 

blocking or barrier layer between FTO and mesoporous semiconductor nanoparticle film 

can significantly reduce the back electron transfer thereby enhancing the PCE. The better 

physical contact of semiconductor nanoparticles on the FTO surface reduce the direct 

contact of FTO electrode with electrolyte thus preventing the recombination.31-33 

Enormous methods are reported for the deposition of the BLs, which include spray 

pyrolysis,4,33 spin coating,34 sputtering,30,31,35 atomic layer deposition,36 electrochemical 

deposition,37, thermal oxidation37, sol-gel method34,38 etc.  

A few reports deal with the study of ZnO blocking layers in ZnO based DSSC. Herna´ndez 

et al. investigated the effect of compact ZnO layer between the FTO and ZnO mesoporous 

layer. The layer was deposited by rf magnetron sputtering method. The insertion of the 

layer found to reduce the electron recombination from the FTO substrate and it has 

increased the overall performance of the device particularly increasing the open-circuit 

voltage of the device under low light. With 194 nm thick compact ZnO layer a PCE of 

2.73% was observed whereas, without the interlayer it was 2.71% under one sun 

conditions.30 The highest efficiency obtained for nonoptimised device at one sun was 

4.0%.30 Gurupreet sigh et al. investigated the photovoltaic properties of DSSCs as a 

function of the thickness of BL in two morphologically different ZnO active layer; 

hierarchically self-assembled nanoparticles and microcubes. The BLs were generated 

through spray pyrolysis method. Their studies revealed that regardless of the 

morphology of the active layer, deposition of the BL leads to drastic increase in the 
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current density (Jsc). They were able to fabricate solar cells with PCE 5.6%, with a BL 

thickness of 800 nm in ZnO nanoparticle based DSSC. A PCE of 2.6% was found for such 

devices without BL. In the case of ZnO microcube based DSSC the efficiency was found to 

be increased from 2.7% to 3.8% with the deposition of BL.32 

 Jie et al prepared ZnO compact layer by spin coating zinc acetate sol prepared via sol-gel 

method and studied the effect of compact layer as a function of sol concentration in ZnO 

based DSSC. The Jsc and Voc were significantly improved and the highest efficiency of 

3.34% was obtained when 0.1 M zinc acetate solution was used for generating BL. Device 

with bare FTO delivered an efficiency of 2.76%. However a direct correlation between 

the compact layer thickness and the performances of solar cell was not discussed in their 

study.38 Jaing et al. reported the influence of ZnO BL on TiO2 based DSSCs. In the 

mentioned work, anatase-rutile mixture of titania nanofibers were employed as active 

layer and ultrathin ZnO was deposited by ALD method as blocking layers. The thickness 

of BL was varied from 4-20 nm and a 15 nm thick BL offered highest improvements in 

current density and PCE (8.01%) in the device. However, the use of ALD for large area 

fabrication is expensive and is therefore not a favourable option for the mass 

development of solar cells.36 Yeoh et al. had studied the influence of ZnO and TiO2 

blocking layers in TiO2 based DSSCs. ZnO and TiO2 were synthesised via sol gel method 

and deposited by spin coating technique over the FTO glass. By the deposition of 120 nm 

thick ZnO blocking layer, the PCE was found to be improved from 3.86% to 4.34% and 

this was even enhanced to 4.36% by the replacement with TiO2 blocking layers.34 

This chapter demonstrates the effect of ZnO BLs, on the recombination mechanism of 

ZnO based dye-sensitised solar cells (Figure 4.1). The thicknesses of the BLs deposited 

by a simple low-temperature solution processing route, were varied by using different 

concentrations of ZnO dispersions. The objective of the present work is to study the 

effect of back electron transfer at FTO/electrolyte interface with and without the ZnO 

blocking layers. Methods like electrochemical impedance spectroscopy (EIS), intensity 

modulated photovoltage spectroscopy (IMVS) and open circuit voltage decay (OCVD) 

were employed to evaluate the cell properties. It is already reported by Bisquert et al. 

that lifetime is a kinetic quantity that contains information not only on the rate constants 
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of charge transfer taking place at the interface but also on the distribution of electronic 

states and electronic transition that intercede in the operation of DSSC.39,40 With the right 

ZnO blocking layer with optimum thickness (12 nm), we have achieved longer lifetime 

and improved electron collection efficiency leading to higher Jsc and Voc for enhanced 

power conversion efficiencies. 

 

Figure 4.1 Schematic representation of blocking layer effect 

4.2 Experimental 

4.2.1 Deposition of blocking layer 

ZnO nanoparticles were synthesised according to literature procedures.41-43 About 2.95 g 

zinc acetate dihydrate (Merck) was dissolved in 125 ml methanol under stirring at 65 °C. 

A solution of 1.48 g of potassium hydroxide (HPLC pvt. Ltd.) in 65 ml of methanol was 

then introduced drop wise to the above solution at 60-65 °C with continuous stirring. 

This reaction mixture was then stirred for 2.5 h at the same temperature. The ZnO 

nanoparticles obtained were then allowed to precipitate for an additional 2 h at room 

temperature. These ZnO nanoparticles were then collected and rinsed with methanol. A 

dispersion of ZnO nanoparticles is then made in a solvent mixture containing 70 ml n-

butanol, 5ml methanol, and 5ml chloroform to obtain a concentration of about 10 mg/ml. 

The thickness of the blocking layers was then tuned by further dilution of the stock 

solution in n-butanol to obtain concentrations of 1, 2, 5 and 10 mg/ml of ZnO content 
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solutions. These solutions were ultra sonicated and dip coated over cleaned FTO glass 

(Dyesol) to generate the blocking layers. These films were annealed at 180 °C for 1 h in a 

laboratory oven prior to the deposition of the ZnO active layer. Blocking layers fabricated 

from the ZnO contents of 1, 2, 5 and 10 mg/ml are coded as BL1, BL2, BL3 and BL4 

respectively. 

4.2.2 ZnO paste preparation for porous active layer   

About 1.12 g of ZnO nanoparticles synthesised by the previously mentioned method is 

made into a paste by grinding with 0.23 g of ethylcellulose (TCI) and terpeniol (TCI) in 

an agate.    

4.2.3 ZnO characterisation  

The phase purity and crystal structure analysis were done using  X-ray diffractometer 

PANalytical X'Pert PRO, operating with Cu Kα radiation (X-ray wavelength λ = 1.5406 Å). 

X-ray diffraction patterns (XRD) were collected in the 2θ range of 5 to 80°. Additionally, 

the size and crystallanity of ZnO nanoparticles were investigated by high resolution 

transmission electron microscope (HRTEM, FEI Tecnai 30 G2S-TWIN) operated at an 

accelerating voltage of 300 kV. The morphology of the ZnO films was observed by 

scanning electron microscope (SEM) JEOL JSM-5600LV. Tapping-mode AFM images were 

recorded by using Bruker multimode 8 – AFM. The thickness measurements of blocking 

layers were done in Bruker Dektak XT profilometer. The surface area and pore size 

distribution of the ZnO particles and film were analysed from the adsorption/desorption 

isotherms of N2 at 77 K by BET and BJH method using a Tristar II surface area and 

porosity analyser (Micromeritics instrument ,USA). 

4.3 Fabrication and Characterisation of DSSC 

The FTO substrates used for ZnO deposition were systematically cleaned using soap 

solution, distilled water, acetone and isopropanol. Deposition of blocking layers was 

done by dip coating technique. These films were annealed at 180 °C for 1 h followed by 

the deposition of active ZnO layer by doctor-blading. The electrodes were then subjected 

to programmed heating at 325 °C for 15 min, 375 °C for 15 min, 450 °C for 15 min, and 
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500 °C for 30 min and slowly cooled down to room temperature. Electrodes were then 

soaked in N719 dye solutions (0.3 mM) with CDCA as co adsorbent (10 mM) and kept at 

room temperature for 15 h. Counter electrodes were fabricated by coating Pt paste 

(Dyesol) on FTO plates with pre-drilled holes and annealing at 380 °C for 20 min. The 

electrodes were then assembled with hot press using 25 μm surlyn spacer. Liquid 

iodide/triiodide (I-/I3-) electrolyte containing standard compositions of 1-butyl-3-

methylimidazolium iodide, lithium iodide, iodine, guanidinium thiocyanate and 4-tert-

butyl pyridine in acetonitrile was injected into the sandwiched electrodes. The holes 

over the cells were sealed with microscopic cover slide and surlyn to avoid electrolyte 

leakage.  

The photovoltaic parameters of the fabricated DSSCs was measured using an AM 1.5 

solar simulator (Newport Instruments, USA) equipped with a source meter (Keithley 

2400) at room temperature. The IPCE measurement of the devices was carried out under 

DC mode using a 250W xenon lamp coupled with Newport monochromator. The J-V 

charateristics of the cells were analysed using square shaped mask with an active area of 

0.25 cm2 (without mask active area is 0.36 cm2). Open circuit voltage decay (OCVD)   

measurements are done at open circuit. The cell was in the dark at the beginning of the 

measurement, and then the lights were switched on until the voltage got stabilised, 

followed by turning the light off and recording the decay of photovoltage. Lifetime data 

was analaysed through previously reported methods.44, 45 The electrochemical 

impedance spectroscopy measurements of the devices were performed using an Autolab 

PGSTAT302N equipped with FRA (frequency response analyser) mode under forward 

bias in dark. The measurements were performed in a frequency range from 100 kHz to 

0.1 Hz with logarithmically increasing order at an ac amplitude of 10 mV.46 Intensity 

modulated photovoltage spectroscopy (IMVS) measurements were conducted using the 

same electrochemical workstation (Autolab PGSTAT302N) equipped with FRA and LED 

driver to drive the red LED (627 nm). Photovoltage response of the cells was measured 

in the frequency range of 1 Hz to 1 kHz. The amplitude of the sinusoidal modulation for 

IMVS measurements was 10% of the dc light. 
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4.4 Results and Discussion 

4.4.1 Synthesis and characterisation of ZnO nanoparticles and films 

The ZnO nanoparticles for the deposition of both blocking layers and active layer were 

synthesised from zinc acetate dihydrate and potassium hydroxide in methanol at 60-65 

°C by hydrolysis and condensation, according to the following equation.  

Zn (CH3COO)2  +  2KOH → ZnO +  2CH3COOK +  H2O 

A stable dispersion of the synthesised nanoparticles were prepared in a mixture of 

butanol, methanol and chloroform. Thin blocking layers were then uniformly deposited 

over FTO glass using this stock dispersion. Mesoporous ZnO active layer was fabricated 

by preparing ZnO nanoparticle paste and coated on BL deposited FTO glass by doctor 

blading technique. The thickness of the active layer was preserved constant and the 

effect of back electron transfer at FTO/electrolyte interface was studied using ZnO 

blocking layers of different thicknesses. 

4.4.2 X-ray diffraction analysis 

 

Figure 4.2 (a) XRD pattern of as-synthesised ZnO nanoparticle and (b) XRD of ZnO film 

annealed at 500°C. 

The XRD patterns of the as-synthesised ZnO nanoparticles employed for the fabrication 

of BL and the ZnO paste annealed at 500°C are presented in Figure 4.2 (a and b) 
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respectively. In both cases, diffraction peaks can be ascribed to ZnO of wurtzite structure 

matching with the Joint committee on powder diffraction standards (JCPDS) file no. 76-

0704. The narrowing of the peaks after annealing is due to the increase in particle sizes.  

4.4.3 Transmission electron microscopy 

  

Figure 4.3 TEM images of (a) as-synthesised ZnO nanoparticles and (b) its paste 

annealed at 500 oC. 

Figure 4.3 (a and b) provides the TEM images of the dispersion of ZnO nanoparticle 

utilised for blocking layer deposition and paste preparation respectively. Figure 4.3a 

suggests that the particles posses an average diameter of 5 nm and SAED given in inset 

indicates high crystallinity of the ZnO nanoparticles. The average particle size annealed 

ZnO paste used for active layer preparation was found to be increased to ~ 40 nm 

(Figure 4.3b).   

4.4.4 Bandgap analysis  

Band gap of the ZnO nanoparticle is calculated by Tauc relation for direct bandgap 

semiconductor material 

)()( 2

gEhAh −=                                       (1) 

Where ‘h’ is Plank’s constant, ‘ν’ is the frequency of the incident photon, A is the  

proportionality constant, Eg is the band gap energy of the material. The band gap of  ZnO 
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is obtained by plotting (αhν)2 vs hν and extrapolating the linear absorption edge of the 

graph to intersect the energy axis (Figure 4.4) . The calculated band gap value is 3.22 eV. 

 

 Figure 4.4 Band gap plot of as-synthesised ZnO nanoparticles 

4.4.5 Thermogravimetric analysis (TGA) 

The thermal decomposition characteristics of the ZnO paste are presented in the TGA 

data shown in Figure 4.5. The data shows a three stage weight loss for the paste with an 

initial weight loss of terpineol solvent in the temperature range 95-240 °C. The second 

weight loss (24%) at 240-350 °C is due to the combustion of ethyl cellulose to CO2 (g) 

and H2O (g). The smallest and the final weight loss around 2% at 350–400 °C is 

attributed to the combustion of residual carbonaceous material from ethyl cellulose. 

 

Figure 4.5 TGA curve of ZnO paste used for active layer 
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4.4.6 Scanning electron microscopy 

The morphology of the ZnO active layer deposited over FTO glass is shown in Figure 4.6. 

The mesoporous nature of the film is clearly visible from the SEM image and such films 

with high meso porosity are desirable for the adsorption of dye molecules. 

 

Figure 4.6 SEM image of ZnO active layer 

4.4.7 BET surface area analysis 

Surface area and pore size distribution of the as synthesised ZnO nanoparticle and film 

was measured using N2 adsorption/desorption analysis at liquid N2 temperature. ZnO 

nanoparticles showed Type II b isotherm with H3 hysteresis loop (Figure 4.6a), which 

conveys that the particles form aggregates having non rigid slit shaped pores. The surface 

area was measured to be 37 m2/g and its nitrogen adsorption-desorption isotherm is shown in 

Figure 4.7a. BJH (Barrett–Joyner–Halenda) pore size analysis of the sample provided in 

Figure 4.7b revealed an average size of ~8 nm. We have also analysed the surface area and 

pore size distribution of the annealed films using the same technique. ZnO film displayed 

type II b isotherm with H3 hysteresis loop with a surface area of 6 m2/g. The reduction in 

surface area is due to the increase in the particle size after annealing (Figure 4.7c). The 

BJH pore size distribution of the ZnO active layer (Figure 4.7d) showed an average pore 

size of 53 nm.  
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Figure 4.7 N2 adsorption/desorption isotherms (a and c) and BJH pore size distribution curve 

(b and d) for as-synthesised ZnO nanoparticles and ZnO nanoparticles scraped from the 

annealed active layer. 

4.4.8 Atomic force microscopy 

Surface topography of blocking layers is evaluated through AFM analysis. AFM images 

presented in Figure 4.8 (a-d) provide the surface morphology of the BLs. The images 

suggest that the deposited ZnO layer offers much smoother surfaces as the ZnO 

concentration is increased. AFM image of the bare FTO substrate is shown in Figure 

4.8e. The average thickness of the BLs were measured using profilometer and it was 

obtained to be 5+1 nm, 7+1 nm, 12+2 nm and 15+2 nm for BL1, BL2, BL3 and BL4 

respectively (Table 4.1). 
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Figure 4.8 AFM images (a) BL1, (b) BL2, (c) BL3 (d) BL4 and (e) bare FTO coated glass. 

 

Table 4.1 Concentration of ZnO solution and thickness of the blocking layers deposited. 

Sample 

code 

ZnO 

Concentration 

(mg/ml) 

Thickness 

approx. 

(nm) 

BL1 1 5+1 

BL2 2 7+1 

BL3 5 12+2 

BL4 10 15+2 
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4.4.9 Photovoltaic characterisation of dye-sensitised solar cells 

4.4.9.1 Current-voltage characteristics 

The performance of all devices fabricated on bare FTO and FTO with ZnO pre-blocking 

layers of varying thickness is analysed under AM 1.5G irradiation (100 mW/cm2). Figure 

4.9a presents the photocurrent density-voltage characterisation curves (J-V) for all the 

devices. Detailed photovoltaic parameters are listed in Table 4.2. The thickness of active 

ZnO layer was retained as ~20 μm in all cases in order to ensure the proper comparison 

of effect of blocking layers in all the devices. Devices fabricated on bare FTO showed 

short-circuit current density of (Jsc) of 3.95 mAcm-2, open-circuit voltage (Voc) of 0.61 V 

and fill factor (FF) of 0.53 leading to a PCE of 1.27%. Further attempts were not made to 

achieve higher efficiencies as the prime objective of the work was to reveal the effects of 

ZnO blocking layers on the interfacial charge transfer properties.  

 

Figure 4.9 (a) J-V and (b) IPCE characteristics without ZnO blocking layers and with 

blocking layers. 

There is a systematic improvement in performance of DSSC devices by the application of 

ZnO blocking layers deposited on FTO. DSSC devices with a 12 nm thick ZnO layer 

delivered the best performance, with a short-circuit current density (Jsc) of 7.13 mA/cm2, 

an open-circuit voltage (Voc) of 0.64 V , fill factor (FF) of 0.56 and a resultant efficiency of 

2.57% which is more than double the performance of devices without blocking layers. 
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With a further increase in the ZnO BL thickness to 15 nm, the efficiency decreased to 

2.37% which is mainly due to the decrease in current density and voltage. The enhanced 

performance with the application of blocking layers is mainly credited to the increase in 

current density. With the increase of thickness from 0 nm to 12 nm the photocurrent 

density improved from 3.95 mAcm-2 to 7.13 mAcm-2. It is to be noted that the 

improvement in current compared to the increment in voltage and fill factor is negligible. 

Hamann et al. reported that for DSSCs the current density (Jsc) is determined by light 

harvesting efficiency (LHE), charge injection efficiency (ηinj), dye regeneration efficiency 

(ηreg) and charge collection efficiency  (ηcc).47,48 In the present work, we used the same 

dye (N719), electrolyte (I-/I3-) and semiconductor active layer (ZnO) with similar 

thickness for the fabrication of all devices. 

Table 4.2 Characteristic photovoltaic parameters obtained from DSSCs prepared with 

different ZnO compact blocking layers. 

 

 

 

 

 

 

It is rational to assume that all the devices possessed similar LHE, ηinj and ηreg. This 

clearly indicates that the enhancement in current density is majorly due to the 

improvement in charge collection efficiency which is directly influenced by the 

interfacial recombinations at FTO/electrolyte and ZnO/electrolyte interfaces. By 

employing blocking layers of ZnO on FTO, we were able to reduce the recombination 

taking place at the FTO/electrolyte interface. This results in more population of electrons 

in the conduction band of ZnO leading to a negative shift in quasi-Fermi level which 

impedes recombination enhancing current and voltage. Since both the blocking and 

 
Sample 

Code 
 

 
Jsc (mAcm-2) 

 
Voc (V) 

 
FF 

 
η (%) 

 
Rs 

 

no BL 3.95 0.61 0.53 1.27 52 

BL 1 5.86 0.61 0.49 1.75 41 

BL 2 6.09 0.62 0.53 2.02 34 

BL 3 7.13 0.64 0.56 2.57 30 

BL 4 6.66 0.63 0.56 2.37 28 
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active layers are composed of ZnO nanoparticle, the charge created at the conduction 

band is collected efficiently leading to an increased photocurrent density. 

4.4.9.2 IPCE measurements 

Figure 4.9b demonstrates the monochromatic incident photon-to-current conversion 

efficiency (IPCE) spectra of the fabricated DSSCs. The difference in short-circuit current 

density is entirely consistent with the trend obtained in IPCE measurements concerning 

equation 2 where ‘e’ is the elementary charge, and I˳(λ) is the solar irradiance spectra 

under AM1.5G condition. 

𝐽𝑠𝑐 = 𝑒 ∫ 𝐼˳(𝜆) × 𝐼𝑃𝐶𝐸 (𝜆)𝑑𝜆                        (2) 

Device fabricated on bare FTO gave an IPCE maximum of 22% while with the application 

of blocking layers with increased thickness the IPCE values increased in the order of BL3 

> BL4 > BL2 > BL1 > no BL. The peak IPCE peak value of 38% was obtained for device 

with ZnO BL thickness of 12 nm (Figure 4.9b). With further increase in thickness, the 

maximum value got decreased to 36%. The IPCE results are in good agreement with that 

of the J-V characteristics. Like current density, IPCE is also related to light harvesting 

efficiency, injection efficiency, regeneration efficiency and charge collection efficiency by 

the equation given below, 

IPCE (λ) = LHE × ηinj × ηreg × ηcc                         (3) 

Considering the use of same dye, electrolyte and ZnO paste with same active layer 

thickness, the net increase in the IPCE characteristic in the visible region can be ascribed 

to better charge collection efficiency which was tuned in a meticulous way by the 

application of ZnO blocking layers. In the case of TiO2 based DSSCs the deposition of 

blocking layers leads to high series resistance in the cell. Thus TiO2 BLs will reduce the 

back electron transfer from FTO to tri-iodide ions in the electrolyte under short circuit 

conditions but in open circuit conditions electrons get accumulate at the surface of BLs 

resulting in high sheet resistance.4,5,19 The effect of BLs in ZnO-based DSSC are 

completely different where the presence of BLs results in lowering of series resistance.  
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4.4.9.3 EIS measurements 

Electrochemical impedance spectroscopy (EIS) was done under different bias conditions 

in dark to study the internal charge dynamics involving transfer and transport of 

electrons in the fabricated cells. The impedance spectra were recorded at direct applied 

potentials from 0.3 V to -0.8 V, stepped in 0.1 V increments, with a 10 mV alternating 

potential superimposed on the direct bias. The ac modulation frequency was from 100 

MHz to 100 kHz in logarithmically increasing order. Detailed fitting and interpretation of 

the acquired data was carried out based on the reported literature available in this 

area.51,49  

 

Figure 4.10 Nyquist plots of ZnO DSSCs with various blocking layer thickness. 

 

Figure 4.11 Randles circuit used for fitting the impedance data. 

It is important to note that the transmission-line features commonly seen due to the 

electron transport in TiO2 semiconductor oxides were not observed in the Nyquist plots 
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of the ZnO devices (Figure 4.10) as recognised previously by L. M. Peter et al..50 The 

transport part was not seen in any of the Nyquist plots (Figure 4.10) which is a 

characteristic feature of ZnO based DSSC. Higher charge transfer and transport leading to 

improved charge collection efficiencies in comparison to TiO2. Fitting of the data with 

transmission line model proposed by Bisquert et al.,51 is therefore difficult to be applied 

here and the Nyquist plots were fitted with R-RC-RC circuit (Randle’s circuit, Figure 

4.11) in the present case. The absence of transport feature accounts the higher mobility 

of electrons in ZnO compared to TiO2. The interfacial charge recombination resistance 

(Rct) and recombination lifetimes (τn) were obtained by fitting the experimental data and 

were plotted as a logarithmic function of the applied bias as represented in Figure 4.12a 

and 4.12b. Both Rct and τn are important factors that provide better insight into the 

recombination pathways happening at the FTO/electrolyte interface at short circuit 

conditions in DSSC.52 

 

Figure 4.12 (a) The variation of recombination resistance as a function of applied 

potential and (b) variation of lifetime as a function of applied potential. 

Figure 4.12a shows the variation of recombination resistance as a function of applied 

potential. It is quite clear from the graph that insertion of blocking layers resulted in 

improving the charge transfer resistance values compared to the bare FTO which forbids 

the back electron transfer leading to better lifetime for the devices employing blocking 

layers as given in Figure 4.12b. The electron lifetime (τn) was calculated based on the 

equation 4. 50 
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τn = Rct × Cµ                                                   (4) 

Vomiero et al. reported that the variation of the trend in between the compact blocking 

layers on Rct and τn are less prominent for the data obtained from EIS measurements at 

short circuit conditions.32 To achieve a deeper understanding of the dynamics of electron 

transport at the FTO/electrolyte interface we did detailed open circuit voltage decay 

measurements (OCVD) and intensity modulated photovoltage spectroscopic 

measurements (IMVS). 

4.4.9.4 OCVD measurements 

Open-circuit voltage decay (OCVD) is an excellent tool to study the recombination 

kinetics of photogenerated electrons with oxidised species in the electrolyte that provide 

information on the origin of decrease in electron lifetimes.40,45 OCVD technique involves 

switching off the illumination in a steady state condition and then monitoring the 

subsequent decay of photovoltage (Voc). The lifetime/response time of the electron 

accumulated in conduction band and sub-band gap trap states are obtained by taking the 

reciprocal of the derivative of decay curve normalised by the thermal voltage as given by 

equation 5. 

𝝉𝐧 =  −
𝒌𝐁𝑻

𝒆
(

𝐝𝑽𝐎𝐂

𝐝𝒕
)

−𝟏

           (5) 

This method has an advantage over the small perturbation techniques in both frequency 

and time domain (EIS, IMPS and IMVS) as OCVD gives a far better resolution along the 

Fermi level in one single and fast measurement. The trend in lifetime decay plots 

obtained by OCVD presented in Figure 4.13a gives direct insight into the recombination 

taking place at the FTO/electrolyte interface. It is evident from the lifetime plot that with 

the application of ZnO BLs, lifetime is improved and the maximum life time is obtained 

for the device with a BL thickness of 12 nm (BL3). When the thickness is further 

increased the lifetime is found to be decreased which could be due to the fact that with 

higher thickness the injection of electrons is blocked resulting in more recombination 

and reduction in lifetime. The lifetime was observed to decrease in the order of BL3 > 

BL4 > BL2 > BL1 > no BL. The results convey the significance of studying recombination 
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at the FTO/electrolyte interface which plays a substantial role in determining the 

performance of the devices. The effect of BLs on solar cell performances is more 

prominent at low light conditions. It is reported that at lower intensities devices 

employing BLs give an improved open circuit voltage than that of the devices on bare 

FTO which is finally converted to higher efficiencies.30 

 

Figure 4.13 (a) The variation of lifetime as a function of applied potential obtained from 

OCVD measurements and (b) variation of lifetime as a function of light intensity obtained 

from IMVS measurement. 

4. 4.9.5 IMVS measurements 

Charge transfer characteristics of DSSCs were analysed using intensity-modulated 

photovoltage spectroscopy (IMVS) at various illumination intensities. A monochromatic 

red colour LED having a wavelength of 627 nm was used as the light source for 

illumination. The amplitude of the sinusoidal modulation for IMVS measurements was 

10% of the dc light at a frequency range of 1 Hz to 1 kHz. The applied frequency was in 

logarithmically increasing order. In DSSC the recombination can happen not only from 

the conduction band of ZnO but also from the sub-band gap trap states of both active 

layers and blocking layers.53 The lifetime of electrons at different steady state can be 

calculated more accurately by intensity modulated photovoltage spectroscopy 

(IMVS).54,55 IMVS measurements at open circuit were carried out at a given steady state 

in a way to examine the recombination taking place from the conduction band. Since the 
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switching frequency of the LED light (627 nm) is high the lifetime response involves both 

recombination to the electrolyte as well as to the dye ground state from ZnO conduction 

band. The electron lifetime (τn) is determined from the IMVS measurement using 

equation 6,  

𝜏n =
1

2π𝑓IMVS
             (6) 

where fIMVS is the frequency at the top of the semicircle in the Nyquist plots. Figure 

4.13b shows the variation in lifetime as a function of LED light intensity measured using 

IMVS technique. It is quite evident from the graph that application of ZnO BLs resulted in 

enhancing the lifetime to a greater extent following the trend τ no BL < τBL1 < τBL2 ˂ τBL4 < 

τBL3 clearly this indicated that the improvement in electron lifetime by the application of 

BLs resulting from a reduction in charge recombination. However, it is to be noticed that 

when the thickness increases above 12 nm, there is a decrease in lifetime due to more 

recombination, as a result of limited injection by the formation of a potential barrier 

blocking effect.  

In this chapter, by employing ZnO BLs, due to the inherent properties of better charge 

collection and transport of ZnO nanoparticle reduces the accumulation of charges in the 

ZnO BLs were reduced which helped in successfully reducing the recombination 

resulting in improved lifetime and enhanced charge collection efficiency. This further 

leads to lower series resistance and better PCE.  

4.5 Conclusions 

The present chapter demonstrated that ultrathin ZnO blocking layers (BLs) can 

successfully reduce the back electron transfer from FTO to the electrolyte in ZnO based 

DSSC. The blocking layers offer efficient collection of photoinjected electrons and 

improved life time resulting in better device performance. A 12 nm thick ZnO layer 

deposited by a simple solution based deposition technique is proved to have the highest 

lifetime by successfully reducing the recombination as evident from EIS, OCVD and IMVS 

measurements. This effect is found to be more pronounced in low light conditions. 

Device without BL delivered a PCE of 1.27% which is enhanced up to 2.57% with the 
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presence of 12 nm BL. It is therefore very important to choose the right thickness of BLs, 

as increased thickness can impede electron injection leading to reduced performance.  
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Chapter 5 
Summary and future scope of the work 

 

Dye-sensitised solar cells (DSSCs) have been vigorously pursued for the last two decades 

as promising alternatives to conventional silicon and thin film technologies owing to its 

low production cost, ease of fabrication and relatively high power conversion efficiency 

(PCE). Recent reports testify the incredible performance of DSSC under indoor lighting 

sources such as fluorescent lamps and light-emitting diodes (LEDs). This has opened up 

the possibility of employing dye-sensitised cells (DSCs) for powering wireless sensors 

and consumer electronics. However, the efficiency of DSSC/DSC is still lagging behind the 

conventional photovoltaic technologies and concerted efforts are made to tune the 

functional layers of DSSC/DSC to improve the performances. The thesis is thus focused 

on the modification of the semiconductor photoanode layer to improve the device 

performance. The photoanode of DSSC/DSC comprising of an active layer, blocking layer 

and scattering layer is tuned to enhance the PCE. Insertion of scattering layers and 

blocking layer in the photoanode architecture increases the light harvesting 

characteristics and reduces electron–hole recombination thereby improving efficiency of 

DSSC/DSCs.  

DSSC/DSCs generally utilise submicron sized particles to fabricate scattering layers and 

the photoanodes thus obtained are found to be opaque. Such cells are therefore 

unsuitable for building integrated photovoltaic applications (BIPV). In the present work, 

ZnO microstructures are employed as a sacrificial layer over TiO2 photoanode and 

surface roughness/voids are created by the selective etching of it through TiCl4 

treatment.  TiCl4 treatment is an inevitable step to deposit tiny TiO2 particles as a 

blocking layer over TiO2 in the fabrication of DSSC/DSC. The advantage of the proposed 

work is that without losing the transparency and without any secondary treatments, it 

was possible to create light scattering effects inside the photoanode. 

The first chapter depicts the effect of creating surface roughness/voids on the light 

scattering characteristics of a DSSC. Micron sized (2-4 µm) ZnO flowers synthesised via 
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wet chemical route is employed as a sacrificial template to impart surface 

roughness/voids in TiO2 active layer. ZnO flowers are coated over TiO2 layer by doctor 

blade method and selectively etched by TiCl4 treatment. After TiCl4 treatment, the 

roughness of ZnO modified TiO2 film increased 10 times that of bare TiO2. The TiCl4 

treatment serves the dual purpose of blocking layer deposition as well as etching of ZnO 

particles to induce surface roughness/voids on TiO2 nanocrystalline film. Current density 

of the device is improved owing to the improved light scattering effects. Under one sun 

conditions, an improvement in power conversion efficiency of 12.9% with front 

illumination and 17.5% from back illumination is obtained. The interfacial charge tranfer 

anaysis of the DSSCs were done using EIS, light pertubration techniques such as IMVS, 

IMPS and OCVD. With the surface engineered DSC an enhancement in PCE up to 84.7% 

was achieved in ambient light (1000 lux, CFL) conditions. It is demonstrated that the 

photoanode modifications, using ZnO hierarchical structures as sacrificial inclusions, is 

an effective approach to improve the performance of DSSCs under one sun and ambient 

light conditions for bifacial building integrated photovoltaic (BIPV) applications.  

In the third chapter, diverse morphologies of ZnO structures namely ZnO fibrils (~10 μm 

size) and sheet like aggregates (5-16 μm size) were utilised to create voids in functional 

layer. These structures were synthesised from zinc nitrate hexahydrate and urea by 

changing the urea loading through precipitation. The as-synthesised products were 

layered hydroxide zinc carbonate which upon annealing at 300 °C resulted in pure ZnO. 

Surface roughness was created by depositing a layer of ZnO over TiO2 layer, followed by 

TiCl4 treatment. The transparent and porous photoanodes thus obtained, displayed 

enhanced current density at one sun and indoor light conditions. As the dye loading is 

found to be almost same for all devices, it can be concluded that the increase in current 

density, is due to enhanced light scattering effects. An enhancement of 15.56% and 

18.64% in PCE was obtained for TiO2-Zfb and TiO2-Zsh devices respectively, relative to 

the standard TiO2 device in one sun conditions. The interfacial charge tranfer analysis of 

the DSSCs were done using EIS, light pertubration techniques such as IMVS and IMPS. 

Under low light conditions, improvement of 39.63% and 6.30% are observed for the 

same devices. 
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The chapter also presents the fabrication of a bilayer photoanode comprising of a TiO2 

bottom layer and a macroporous TiO2 top layer. Three different weight percentages of 

TiO2–ZnO sheet aggregates (10, 20, 40 wt.%) were utilised to create layers with different 

porosity. It was observed that the top porous layer imparted strong light scattering 

which was confirmed by DRS spectra. Owing to these porous features introduced, the 

DSSC/DSCs fabricated showed excellent photovoltaic performances. The device T Z20 

fabricated with 20 wt.% ZnO has offered the best performance under one sun and 1000 

lux light intensity. The best device offered an improvement of 49.20% in PCE when 

compared with single layered standard TiO2 device under one sun illumination and 

44.76% under low light conditions. 

The electron-hole recombination and back electron transfer at the FTO-electrolyte 

interface in DSSC is generally addressed by the use of pre-blocking layers. The effect of 

ZnO blocking layers (BLs) with varying thickness, on the photovoltaic parameters of ZnO 

based DSSC are studied in detail in the final chapter. BLs deposited by a low temperature 

solution process provided uniform surface coverage of nanosized ZnO particles over 

FTO. The interfacial charge transfer analysis is done using EIS, IMPS and OCVD 

measurements. Devices with ZnO blocking layer thickness (12 nm) displayed better 

performance (PCE 2.57%) in comparison to the devices fabricated without blocking 

layer (1.27%) by reducing the interfacial recombination at the FTO-electrolyte interface 

and improving life time. It is therefore very essential to choose the right thickness of BLs, 

as increased thickness can reduce electron injection leading to less performance of the 

device. 

The thesis thus demonstrates the use of ZnO hierarchical structures as fugitive inclusions 

for improving the light scattering effects in the functional layer of DSSC/DSCs. Significant 

improvements in PCE was obtained both under 1 sun and 1000 lux conditions without 

adversely affecting the transparency thereby enabling possible applications in building 

integrated photovoltaics. 
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Suggestion for the future work 

1. Fabrication of transparent photoanode modules for BIPV applications 

2. Study the effect of blocking layer thickness in perovskite based solar cells 

3. Utilisation of high surface area ZnO fibrils and sheet aggregates for super 

capacitor application. 
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