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Abstract 

Dye-sensitised solar cells (DSSCs) based on metal oxide semiconductor photoanodes 

(i.e. TiO2, ZnO) offer a promising route for low-cost and transparent solar cells, 

especially suitable for indoor/outdoor applications, building and automotive integrated 

electricity generation. Apart from developing new dyes (or absorbers) for increasing 

absorption and stable fast-regenerated electrolytes, improving metal oxide photoanodes 

has also gained great research attention. In a conventional DSSC, the mesoporous TiO2 

photoanodes assembled by TiO2 nanoparticles can support large surface areas for 

sufficient dye (absorber) loading, thus result in reasonably good solar cell performance. 

However, the poor pore-filling of large sized molecules (i.e. solid electrolyte) and 

inefficient electron transport lead to significant photo-generated charge recombination 

thus loss of photo-generated energy. Despite the reasonably good electron transport 

ability of the currently used particulate-based photoanodes, the requirements of high-

temperature processes for these photoanodes significantly limit the substrate and 

material choices. In this thesis, a low-temperature strategy was designed to synthesise 

crystallised metal oxide (ZnO and TiO2) nanostructures with controllable morphologies 

to be used as photoanodes with improved electron transport abilities for DSSCs. 

ZnO nanorods (NRs) with tailored nanostructure (i.e. growth direction, aspect ratio and 

surface distribution density) were synthesised on pre-seeded substrates using zinc salt 

based aqueous solutions at temperatures generally lower than 95 oC. The influences of 

reaction temperature, pH, concentration, reaction duration and additives were 

systematically investigated. The detailed studies of nanostructures, morphology, 

crystallinity and properties of the ZnO NRs led to an improved understanding of the 

synthesis process. 
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Anatase TiO2 modification layer was achieved using a plasma ion assisted deposition 

(PIAD) without external heating or subsequent annealing. Effects of the deposition 

parameters (duration, gas flow rates and plasma energy) on TiO2 film properties (optical, 

structural and chemical activities) have been studied. By combining two low-

temperature processes (aqueous solution growth of ZnO NRs and PIAD of crystalline 

TiO2 nanostructures), nano-sculptured ZnO-TiO2 nanostructures were achieved. The 

ZnO NRs were covered with a layer of anatase TiO2 to form core-shell and foxtail-like 

nanostructures. These nanostructured photoanodes showed an improved electron 

transport as well as suppression of recombination capability in the DSSCs assembled 

by these photoanodes. 

A novel in-situ microfluidic control unit (MCU) was designed and applied in the 

aqueous solutions synthesis process, which provided an easy way to localize liquid-

phase reaction and realise selective synthesis and direct growth of nanostructures, all in 

a low-temperature and ambient pressure environment. The morphology of the 

nanostructures was controlled by varying the amount of additivities supplied by the 

MCU. This achieved a facile fabrication of Al-doped ZnO (AZO) nanoflakes vertically 

grown on flexible polymer substrates with enhanced dye loading and electron 

transporting capabilities. Flexible DSSCs with a significant enhancement (410% 

compared to ZnO NRs based devices) in the power conversion efficiency were obtained 

using the AZO nanoflakes photoanodes of 6 µm thickness, due to the enhancement in 

electron transport capability of the photoanodes and reduction in the recombination 

process.  
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Chapter 1 Introduction 

1.1 Research motivation 

The world’s rapid economic and industrial development results in an increase in energy 

demands. However, the paradox is that the growing energy demand cannot be met by 

the limited fossil energy reserves. Additionally, although the fossil fuel energy boosted 

the industrial revolution in 18~19th century, the use of fossil energy has already caused 

lots of negative effects on the environment (i.e. acid rain, ozone depletion and global 

warming).[1, 2] The general consensus on how to solve this problem is to develop 

renewable energy technologies, which mainly include solar energy, wind energy, 

biomass, biofuel, tidal wave energy and hydropower. Among these, solar energy shows 

a promise as one of the best renewable energy sources and tranhas the most abundant 

reserves of energy storage to be collected.[3] If a small fraction of this huge amount of 

energy can be changed to usable energy forms, the increasing demand of energy can be 

easily tackled. Solar energy (sunlight) can be collected either by converting sunlight 

into electricity or using sunlight to heat or drive chemical reactions. The device used 

for achieving the conversion of sunlight to electricity is called photovoltaic (PV) solar 

cells.[4] In the past decades, PV has attracted continuous research interest due to its 

unique functions.  

Dye sensitised solar cell (DSSC) has received enormous research attention since the 

well-known titanium dioxide (TiO2) mesoporous photoanode based DSSC was 

proposed by Grätzel et al in 1991.[5, 6] DSSCs have advantages of low cost and easy 

fabrication process (only need 1/10~1/15 of the cost used for conventional Si-based 

solar cell), adjustable light absorption range, a variety of appearance colour and 

possibility of fabrication on flexible substrates.[7-10] Their unique advantages also make 
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the DSSCs as one of the most promising candidates for both indoor and building 

integrated PV applications.[7] After two decades of studies, the overall performance has 

improved slowly and achieved a power conversion efficiency (PCE) of 13.1%, reported 

by Yella et al.[9] Recently, one of the major reasons for preventing further improvements 

in performance is the inefficient electron transport, typically the TiO2 mesoporous 

photoanode, which causes recombination between photo-generated electrons and the 

oxidised redox species in the electrolyte (and/or oxidised dye). Improving photoanode 

properties are considered as a possible breakthrough to overcome this limitation.  

Zinc oxide (ZnO) is an alternative wide bandgap semiconductor, compared to the TiO2 

which has been widely used so far in DSSCs, due to its similar energy-band structure 

to those of TiO2 but with a much higher electron mobility.[11] In addition, ZnO is a low-

cost oxide semiconductor material which can be produced in a large variety of nano-

morphologies using inexpensive synthesis processes. Although a lot of efforts have 

been made on developing ZnO nanostructured DSSCs with a high PCE, so far, the PCE 

of ZnO based DSSCs is still relatively low (generally lower than 7 %) when compared 

with those of the TiO2 based DSSCs. The main drawbacks of the ZnO based DSSC are 

the unstable chemical properties of ZnO in acidic solution environment (i.e. acidic dye 

solution cause dissolution/correction of ZnO surface, as a result, Zn2+/dye agglomerates 

will form) and inefficient electron-injection from dyes to ZnO. The Zn2+/dye 

agglomerates will cause photocurrent reduction because they hamper the normal 

electron injection from dye to metal oxide. In addition, these agglomerates will block 

the spaces which are needed for the dye, thus reducing the dye loading capability of the 

nanostructure.  
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In order to overcome these problems, core-shell and hybrid structures have been 

proposed for improving the photoanode stability.[12, 13] This has also been considered 

as an efficient way to improve the interfacial electron injection and suppress 

recombination at the semiconductor/dye/electrolyte interfaces for achieving the best 

performance of the DSSCs. By modifying the ZnO with another buffer material layer 

on its surface, a large surface area can be maintained and also the requirements for 

electron injection and suppressed electron back transfer and recombination can be 

achieved. Therefore, combination of ZnO with other materials would improve the 

development of ZnO based DSSCs. Different materials (i.e. TiO2, SiO2, Al2O3 and 

MgO) have been studied as the modification shell/layer, because their band gaps match 

those of the dye and electrolyte,[14, 15] which make them suitable as alternative materials 

for improving electron mobility as well as preventing electron back transport. Although 

the use of these semiconductor shells can improve ZnO nanostructure based DSSCs, 

the shell and hybrid material effects on the DSSC performance are still not very clearly. 

Further investigation is needed for a better understanding of the shell effects as well as 

how to achieve an optimal enhancement of overall performance of the DSSCs. Despite 

improved electrical properties (i.e. electron transport and recombination suppression 

ability) and porosity of the photoanode, the required high-temperature process to 

achieve typical DSSC photoanodes limit the choices of substrate and material. 

Therefore, the objective of this thesis is to achieve different low-temperature synthesis 

strategies for producing crystallised ZnO based (with crystallised TiO2 as the shell) 

nanostructures with controllable morphology as the photoanode for the DSSCs. 
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1.2 Outline of the thesis 

For the structure of the thesis, a literature review of the DSSCs, ZnO based 

nanostructure synthesis and its applications for DSSCs is presented in Chapter 2. In 

Chapter 3, details of the experimental work including DSSC fabrication and 

characterisation processes carried out in this study are provided. In Chapter 4, low-

temperature synthesis of crystallised ZnO NRs using a aqueous solution process is 

introduced in detail. Effects of reactants, chemical reaction factor and additive effects 

on the ZnO NRs growth are discussed. The major objective of Chapter 5 is to develop 

a low-temperature process for preparing the anatase TiO2 layer which can be used to 

assemble ZnO/TiO2 core-shell structure. Particularly, the effects of process gas, plasma 

and plasma energy on structure and properties of as-prepared low temperature 

crystallised TiO2 film are investigated. In Chapter 6, a low-temperature synthesis 

strategy of ZnO/TiO2 nanostructure is discussed, which using two sequential cost-

effective processes combining aqueous solution growth of ZnO NRs (developed in 

Chapter 4) and anatase crystalline TiO2 (developed in Chapter 5). Therefore, the 

photoanodes with controllable morphologies as well as function properties of 

photoanodes are discussed. In Chapter 7, a unique low-temperature, template-free 

approach to produce vertically aligned Al doped ZnO nanoflakes and ZnO NRs/Al 

doped ZnO nanoflakes hybrid structures is demonstrated for the DSSC photoanode 

application. The material synthesis, characterisation and its effect on device 

performance are summarised and discussed. Lastly, conclusions of this work and 

suggested future work are listed in Chapter 8. 
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Chapter 2 Literature review 

2.1 Introduction 

Photovoltaic (PV) effect was discovered by Edmond Becquerel in the 19th century. 

Subsequently, it has been identified as one of the promising alternative renewable 

energy resources. Solar energy appears not only as a clean energy resource, but also as 

a better off–grid choice in the integrated applications for small scale and portable 

electronics. Research on the solar cells has been established for around 60 years since 

the first practical solar cell was fabricated.[1] In recent decades, incremental 

improvements of materials have been made and benefited the solar cells development. 

With the constant development of new materials and solar cell structures, the record of 

highest solar power conversion efficiency (PCE) is constantly refreshed. Until now 

(Aug/2016), the highest PCE (46%) of solar cell is achieved by Fraunhofer Institut für 

Solare Energiesysteme (Figure 2-1).[2] 

Solar cells nowadays can be divided into three main types:[1, 3] (a) silicon based solar 

cells; (b) thin film solar cells (i.e. CdTe, CuInGaSe2) which are normally made of thin 

layers of semiconductor materials with much thinner thickness (~ several microns) than 

the conventional silicon ones (~300-400 µm); (c) molecular absorber mesoscopic solar 

cells in which nanostructured materials have been used as electrodes for holding 

organic/inorganic molecule absorbers. These molecular absorbers involved in the solar 

cells are normally known as “the third generation solar cell”.[1] Typical examples of the 

molecular absorber mesoscopic solar cells are organic solar cells, DSSCs, quantum dot 

solar cells as well as recently emerged perovskite solar cells.  
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Figure 2-1 NREL’s latest chart of classification and development of solar cells (cited in 

Aug/2016, From http://www.nrel.gov/pv/assets/images/efficiency_chart.jpg).[2] 

The DSSC has dramatically attracted researchers’ attention from its early research stage. 

After nearly two decades of studies, the DSSCs have achieved a PCE over 12% with 

advantages of low-cost fabrication, a variety of appearance colour and possibility of 

fabrication on flexible substrates.[4-6] The DSSCs have widely been regarded as one of 

the most promising candidate PV devices for both indoor and building integrated PV 

applications (Figure 2-2).[1, 7-9] Extensive research has been done to realise the DSSCs 

for indoor and building integrated PV applications in many industries and research 

institutes, for example Dyesol (Australia), Solaris (USA), Mitsubishi (Japan), G24i 

(UK).[1, 6, 10-12] 
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Figure 2-2 Examples of DSSC based indoor and building integrated PV applications (a) 

Hana-Akari lantern with changeable pattern and colour; (b) an example of commercial DSSC 

window demonstration; (c) and (d) images of some commercial DSSC products (products of 

G24i); (e) and (f) large scale building integrated DSSC application in École polytechnique 

fédérale de Lausanne (EFPL) campus.[1, 7-9] 

2.2 Dye sensitized solar cell 

The well-known nano-crystalline TiO2 mesoporous DSSC with a high PCE was 

proposed by Brian O’Regan and Michael Grätzel in 1991.[13-15] Afterwards, the DSSCs 

have attracted great attention and been considered as promising devices for solar energy 

conversion because of their unique advantages. [13-15] The conventional DSSCs have a 

sandwich structure with the following components from bottom to top as shown in 

Figure 2-3 (a):[15] 
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(1) A transparent photoanode made up of a fluorine doped tin oxide (FTO) or indium 

tin oxide (ITO) coated glass substrate with a mesoporous metal oxide (MO) layer 

(typically TiO2) for supporting a monolayer of chemisorbed dye molecules on its 

surface as well as acting as a medium for electron transportation. Generally, FTO and 

ITO are called transparent conducting oxides (TCOs). 

(2) A liquid electrolyte containing redox couples (typically, iodide (I-)/triiodide (I3
-)) 

for sufficient dye regeneration;  

(3) A transparent counter electrode (CE) is made of an ITO or FTO glass substrate with 

catalyst (typically platinum (Pt)) to reduce oxidised redox mediator (typically, I3
− to I−). 

 

Figure 2-3 Schematic illustration of (a) standard DSSCs structure (b) the operation principle 

of a DSSC: the processes line mark in green stands for light to electric power conversion 

process; in red the processes degrading the DSSCs’ performance. (c) Typical operation of the 

DSSCs with time requirement for each step.[15, 16] 
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The DSSCs work like an artificial leaf. Mesoporous MO photoanode can be considered 

as thylakoid which is mainly used for supporting sufficient absorber as well as 

transporting photo-generated electrons. Dye molecules are working as chlorophyll for 

absorbing light and producing electrons. The electrolytes with the redox couple work 

as a base material in the leaf to reduce the oxidised absorber. When the DSSC is exposed 

to the sunlight, light is absorbed/harvested by the absorber (dye molecules) 

chemisorbed on the surface of TiO2 nanoparticle. Light excited absorbers inject 

electrons into the conduction band (CB) of the MO (typically, TiO2 nanoparticles) on 

photoanode. These electrons are then transported through the TiO2 nanoparticle 

mesoporous films and external circuits. The rest of oxidised dyes (after dye molecules 

injected electron to MO) are regenerated to the normal state by redox couple (i.e. I3
− 

and I−) in the electrolytes. The I3
− and I− redox couple works in the following steps. 

After I- is used for regenerated dye molecule back to the normal state,  it will change to 

I3
- which will then be reduced back to I-  by the electrons from the Pt coated CE.[11] The 

detailed working principle can be described as follow (Figure 2-3 (b)):[15-18] 

 (1) Photo-excitation of dye molecules. When the dye molecule is excited by a photon, 

an electron will be promoted from highest occupied molecular orbital (HOMO, a low-

energy state) to lowest unoccupied molecular orbital (LUMO, a high-energy state). 

Excitation                              ⋮ + ℎ → ⋮ ∗                                (Eq. 2-1) 

(2) The photo-generated electron will be injected into the CB of the MO semiconductor 

with a typical rate of 1010~1012 s-1. 

Injection                               ⋮ ∗ → ⋮ +                               (Eq. 2-2) 
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(3) Then the injected electron travels through the MO semiconductor by diffusion with 

random pathways until it reaches the TCO substrate which is contacted to the external 

circuit. The rate of this process is normally 100~103 s-1 which is strongly dependent on 

the MO properties (i.e. electron mobility).  

Charge transport in MO              →                                         (Eq. 2-3) 

(4) After the electron injection step (step (2)), the excited dye becomes to its oxidised 

state. Then the oxidised dye is reduced by redox pair rapidly and returns back to the 

original state. The typical rate of this process is ~108 s-1 as shown in Figure 2-3 (c).  

Regeneration            ⋮ 2 + 3 → ⋮ 2 +                   (Eq. 2-4) 

(5) Electrons travel through external circuit (Step (3)) and back to Pt CE. The I  ions 

diffuse through the electrolyte to the Pt CE, where it will be reduced back to I- by the 

electrons from the Pt CE.  

Deoxidizing reaction        + 2 ⋮  → 3                   (Eq. 2-5) 

The electrons, which are collected by the MO semiconductor material on the TCO 

substrate, will go through the outer circuit, and then reach the Pt CE, forming an 

integrated circuit. Compared with the conventional p-n junction based solar cells, the 

semiconductor component in a typical DSSC does not perform the double functions of 

light absorption and free carrier transportation.[15, 19] The dual functions in the DSSC 

are decoupled by the separating components (dye for light absorption, MO 

semiconductor and electrolyte for carrier transport).[15, 19] This means that for the 

DSSCs, the requirements of high purity semiconductor materials for achieving a 
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controllable doping as well as preventing recombination in p-n junction solar cell is 

unnecessary.[13-15]  

Numerous research attempts have been made to further improve the overall 

performance of the DSSCs for practical applications. Unfortunately, the overall 

performance is still limited to around 12% despite different attempts (thousands of 

papers had been published) being made in the past 10 years.[11] One of the major reasons 

for this performance limitation is that several reverse reactions simultaneously exist 

along with the operation reaction. These reverse reactions limit the performance of the 

cell as illustrated in Figure 2-3 (b) by red arrows and Figure 2-3 (c) with relative 

reaction time.[17, 20] The electrons which have been injected into MO will not only travel 

through MO but also have a very high chance to recombine with the oxidised dye 

molecules (Figure 2-3 (b), (7), Eq. 2-6) and/or acceptors in the electrolyte (Figure 2-3 

(b), (8), Eq. 2-7). 

Recombination                  ⋮ + → ⋮                            (Eq. 2-6) 

Electron recaptures                       +2 → 3                                          (Eq. 2-7) 

These reversed reaction time are similar to those required for electron transportation (as 

shown in Figure 2-3 (c)), which indicates that the electrons cannot be transported to the 

outer circuit because of recombination. This has been considered as one of the major 

drawbacks of the DSSCs that limit the further improvement of device performance. In 

contrast to the theoretical performance and the achieved best overall performance in 

different types of DSSCs, the practical performance of the DSSCs is still very low. 

Therefore, it is believed that there is a large chance for the improvement of the DSSCs 

performance by solving the problem mentioned above. The fundamental understanding 
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of the underlying mechanism in the DSSCs and applicable innovations of materials and 

structures are critical for further improving the overall performance. Apart from 

developing more efficient and stable absorbers, redox species (and/or hole transport 

material (HTM)), modification of the photoanode has also been suggested to solve this 

problem.[10, 17, 20] In this thesis, we will focus on photoanode modification for improving 

the DSSC performance. 

2.2.1 Basic concepts in characterisation of solar cells 

2.2.1.1 Air mass 

The solar radiation reaching the surface of earth is dependent on a number of factors. 

Before the sunlight arrives at the surface of the earth, it has to travel through the 

atmosphere. While the sunlight goes through the atmosphere, ultraviolet light has been 

absorbed by ozone (O3) and oxygen (O2), and the infrared region and part of visible 

range light has been absorbed by water vapour (H2O) with nitrous oxide (N2O), carbon 

dioxide (CO2) and methane (CH4) interaction and scattered by dust and/or particles. [21, 

22] As a result, the sunlight reaching the earth surface at different angles and/or different 

part of atmosphere will have different spectra as shown in Figure 2-4. 

 

Figure 2-4 Solar irradiance spectrum changing from top of the atmosphere to sea level earth 

surface;[21, 22] 
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Air mass (AM) coefficient has been employed to identify this issue, which describes 

the direct optical path length through the earth’s atmosphere. It can be simplified to the 

relationship between light path length (L), the thickness of atmosphere (LA) and solar 

radiation incident angle θ, expressed as: 

                                                      = /( )                                      (Eq. 2-8) 

where θ is the angle between sea leave and zenith, the ratio L/LA is called air mass 

coefficient. 

Thus, the solar radiation spectrum outside the atmosphere is defined as “AM0” which 

means zero atmosphere. The solar radiation spectrum travelling through atmosphere to 

sea level vertically (θ=90oC) is defined as “AM 1”. The well-known AM 1.5 standard 

testing condition generally used by solar cell researchers and industry organization has 

been chosen because it is useful to represent the overall annually average value for mid-

latitude and suitable for most of countries in the temperate latitudes.[22] 

2.2.1.2 Current–voltage curve  

Current density-voltage (J-V) curve is one of the important characteristic outputs for 

any photovoltaic cells, in which the current density (J) refers to the ratio of the current 

output from the testing solar cell to cell area. From J-V curve (Figure 2-5), the voltage 

and current density of a solar cell changes with load resistance varying from infinity 

(open circuit) to zero (short circuit). Additionally, the power output of the cell per unit 

area can also be obtained using a simple equation, 

P=JV                                                  (Eq. 2-9) 
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Thus, from J-V (and P-V) curve (Figure 2-5), the basic solar cell parameters of open 

circuit voltage (Voc) and circuit current density (Jsc) can be readily obtained. Fill factor 

(FF) and the overall power conversion efficiency (PCE) can then be calculated. FF is 

defined as following equation: 

= ( × )/( × )                          (Eq. 2-10) 

 

Figure 2-5 Example performance J-V and P-V curve for DSSCs with solar cell parameters. 

The solar cell PCE is the ratio between the solar cell’s maximum output power density 

(Pmax) and the power of incident light (Pin) which can be expressed as: 

= ⁄ = ( × )⁄                      (Eq.2-11) 

Though the basic operating principle of the DSSC is different from the well-known Si-

based p-n junction solar cells, J-V characteristics can still be explained using the 

classical equivalent circuit designed to describe non-ideal diode behaviour of the p-n 

junction based cells, with modified identification of each components as proposed in 

previous researchers’ study.[23, 24]  
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Figure 2-6 (a) Simplified equivalent circuit for modelling DSSC current-voltage 

characteristics with (b) its unique working principle and energy level diagram of the various 

charge transfer processes in a cell. Resistance and diode after these components in DSSC was 

not shown in this figure.[23, 24] 

As shown in Figure 2-6 (a), a simplified DSSC can be considered as a current density 

source (JL) in parallel with linear (JSH), and non-linear (JD) reverse current density in 

parallel and a series resistance (Rs) to account for electrode resistance. Considering the 

complex working principle of the DSSCs, each component can be attributed to multiple 

charge transfer processes that occur in the cell (shown in Figure 2-6 (b) marked with 

different colour corresponding to the components). JL refers to the “positive” process 

in the DSSC which contains light absorption and excitation of dye molecular, electron 

injection and transport through the MO to the outside of the cell (i.e. circuit), marked 

as green in Figure 2-6 (b). JSH and JD refer to current densities in different recombination 

processes (marked as blue and red in Figure 2-6 (b)) in the cell working process. Thus, 

according to this simplified model, the output current of the DSSC can be expressed as 

a function of applied bias voltage: 

= − [ ( )⁄ ] − 1 − ( + )⁄           (Eq. 2-12) 
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where J0 is the reverse saturation current, T is the absolute temperature, A is the DSSC 

active area, q is the electronic charge,  is the ideality factor and k is the Boltzmann 

constant. The RSH and Rs mainly affect the FF of the cell, as shown in Figure 2-7. Rs is 

the sum of net resistance in the DSSC model. It is mainly affected by resistance of the 

redox couple in electrolyte, MO and electrodes. [23, 24] RSH is mainly attributed to the 

recombination of carriers (i.e., injected electrons oxidised dye molecules and acceptors 

in the electrolyte) in the cell.[23, 24]  

 

Figure 2-7 Impact of (a) series resistances and (b) shunt resistances on the J-V 

characterisation of DSSCs.[23] 

However, it is hard to identify this directly from this simple model to understand the 

recombination issue in the DSSCs. To obtain a deeper understanding of working 

behaviour of the DSSCs and overcome the limitation of simple current-voltage analysis, 

measurements of solar cells after optical or electrical perturbations have been developed 

to meet this requirement. These techniques test the responses of cells to periodic 

perturbations (i.e. intensity modulated photocurrent (or photovoltage) spectroscopy 

(IMPS or IMVS) and electrochemical impedance spectroscopy (EIS)). Testing the 

response of the cell to a single perturbation (i.e. transient photo voltage/current 

measurement) which will be the primary focus of this thesis. This is because the single 
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perturbation transient measurements do have some unique advantages. The testing can 

be done at an adjustable condition more rapidly without limitation of periodic 

perturbation requirement; the results and information obtained from the measurements 

are simple and easier to understand;[25] and electron transport time and lifetimes can be 

easily obtained without any equivalent circuits.[25] In this thesis, it is aimed to use 

transient photo-voltage/current to investigate the electron transport and recombination 

kinetics of the DSSCs.  

The DSSC is one complex photocurrent conversion system. The whole process is 

accomplished by the different components with various functional properties. In the 

following sections, each component will be discussed in details.  

2.3 Components of DSSC 

2.3.1 The nanostructured metal oxide photoanode 

TiO2 is the photoanode material in the first DSSC announced by Grätzel in 1991.[14] 

This TiO2 mesoporous layer is normally 5-20 µm thick which is made of ~10-20 nm 

nanoparticle. The mesoporous layer can support a large internal surface area accessible 

to dye molecules, resulting in sufficient dye loading on its surface and thus high light 

harvesting efficiency, resulting in a high output of PCE. In the DSSC, this part plays an 

important role in both dye supporting and electron transport process. It is generally 

agreed that a desired photoanode should not only support sufficient reachable surfaces 

for the dye loading, but also act as a perfect photo-electron acceptor and transporter 

with the ability for supporting light harvesting. To date, lots of effort has been made on 

research of photoanodes for improving overall performance of the DSSCs. These 
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include: (1) to enhance light trapping ability in the mesoporous photoanode by 

introducing a light scattering layer. The layer is normally made by large sized 

nanoparticles (>800 nm) and placed on the top of the typical mesoporous film which is 

assembled by small sized particles. It can extend the optical transport length in the MO 

layer, thus enhancing the light absorption efficacy;[26] (2) to improve the dye loading 

ability and suppress recombination by surface modifications. Nazeeruddin et al 

proposed to use a TiCl4 chemical bath deposition to modify the mesoporous film in 

order to achieve an ultrathin TiO2 shell on the initial nanostructure.[27] The use of TiCl4 

treatment can increase roughness, and thus intensify the dye adsorption and 

simultaneously suppress recombination.[28-30] However, to date, lots of efforts have 

been made on the TiO2 photoanode but the recombination issues still have not been 

solved because electrons in the particle based mesoporous MO film diffuse to the 

surface of TCO through a random and/or zig-zag pathway. The disadvantages of using 

TiO2 nanoparticle based mesoporous photoanodes limit further improvement of DSSCs, 

and the reasons include:[27, 30] (1) a low electron mobility which causes a high rate of 

combination and limits efficiency improvement; (2) an expensive way to produce 

nanostructures for further improvement of dye absorption per unit volume; (3) a normal 

route for synthesis of the anatase TiO2 usually needs high temperature post-treatments 

such as annealing which is typically used for removing additives for increasing porosity 

of the photoanode and/or crystallisation of the MO. 

2.3.2 The absorber (Dye) 

Generally, the dye molecules are chemically absorbed on the MO (i.e. TiO2) surface by 

electronically favourable binding (i.e., forming coordinative bond) as shown in Figure 
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2-8. They do not only anchor the dye molecules to the MO surface, but also enhance 

electronic coupling of the dye LUMO with the CB of the MO. [23, 31] After absorbing 

the photons from incident light, the electron density shift from HOMO (Ru-NCS moiety) 

to LOMO (ligands connect surface of MO) from where electron injected into MO 

rapidly as shown in (Figure 2-8, Step 1 to Step 3).[23, 31] Photon-induced electron 

generation and injection for light harvest all perform by dye molecules in DSSC.[32] 

This means the amount of dye molecules available in the DSSCs for light harvest 

depends upon dye loading on the MO photoanode.[23, 31] 

 

Figure 2-8 Dye absorption on the surface of the metal oxide and illustration of electrons 

density distribution (yellow area) after light absorption. Step 1: before the excitation; Step 2: 

after the excitation (immediately) and Step 3: after electron injection.[23, 31] 

Organic/inorganic compound dyes have been developed and investigated as 

photosensitizers, such as ruthenium (Ru)-based complexes, Zinc-based complexes and 

metal-free organic compounds.[1, 33] The first Ru-based complexes for sensitization of 

TiO2 single crystals was used by Anderson and co-workers in 1979, and they noticed 

that the sensitised TiO2 crystals have photovoltaic behaviour and produce an overall 

PCE of 0.44 %.[34] In 1991, O’Regan and Grätzel applied Ru-based complex based dye 
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to a mesoporous TiO2 film and achieved a high DSSC PCE of 7.1-7.9 %.[14] Afterwards 

a series of Ru-based dyes (cis-(X)2bis(2,2’-bipyridyl-4,4’-dicarboxylate) 

ruthenium(II) ) have been developed and studied, in which, X can be replaced by I, Br, 

CN, Cl, and thiocyanate (NCS).[35] One of these dyes (X replaced by NCS) can be 

strongly bonded onto the TiO2 and exhibits a broad visible light absorption (up to 

800nm) with a longer excited state lifetime of 20 ns than previous dyes. They named 

this dye as N3, which can be used in the DSSC to achieve a PCE up to 10%.[35] Based 

on N3 achievement and understanding, a modified dye (well known as N719) was 

produced with an absorption peak optimised to suit solar visible light (N3 has an 

absorption maxima at 518 nm and 380 nm, whereas those of the N719 are 535 nm and 

395 nm, respectively) with a strong bonding ability on MO surfaces (due to its four 

carboxyl groups) and long excited state lifetime.[36] For application to further broad 

light range, one dye called N749 (also known as “black dye”) was developed and the 

resulted absorption range was extended to 920 nm.[37] On the other hand, aiming to 

prevent dye molecule self-aggregation, Grätzel’s group developed a dipolar ruthenium 

complex, by modifying the π-conjugation of the dye, and an optimised chemical 

structure was obtained and named Z910, which provided an output PCE higher than 

10%.[38, 39] Generally, the current dye structures are working in a similar principle as 

demonstrated in Figure 2-8.[23, 31] 

Some dyes like those based on porphyrin and phthalocyanines were considered as a 

potential dye group to achieve a “full spectrum” absorber,[40] because of their unique 

absorption behaviour which has two strong absorption ranges at 400-450 nm and 500-

700 nm, respectively. However, the performance of the DSSCs based on these TiO2 
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nanostructures were not over 8% for a very long period,[41, 42] until a new donor-“π-

bridge”-acceptor (well known as “D-π-A”, Figure 2-9) structure was employed for the 

dye design. Good performance DSSCs with 11% PCE was achieved by the new YD2 

Porphyrin dye.[43]“D-π-A” structure is the key feature of the organic dye, as shown in 

Figure 2-9, in a pure organic dye molecule. Comparing with the Ru based dye, the pure 

organic dye has the advantages of structural diversity, ease of design, and high molar 

absorption coefficient which make it as another hot area of research. So far, hundreds 

of organic dyes have been developed, such as, coumarin dyes,[44, 45] indoles-based 

dyes,[46, 47] triarylamine-based dyes,[48, 49] alkyl-functionalized organic dyes[50, 51] and 

aromaticacids based dyes[51, 52]. 

  

Figure 2-9 Typical D-π-A structure of dye molecular.[11, 53] 

Most of these dyes still face the challenges of long term stability which makes the DSSC 

have a short lifetime. Currently the N3 and N719 dyes remain the most commonly used 

ones. The injection kinetics of the N719 and N3 are well studied by previous researchers. 

Both of them have very fast injection rates (timescale between 0.1-100 ps) which can 

satisfy the quantum yield of charge injection efficiency close to 100%.[5, 54, 55] Therefore, 
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N719 will be used as a standard dye in this thesis for understanding the nanostructured 

MO effects on the DSSCs, recombination kinetics as well as electron transport 

behaviour.  

2.3.3 Electrolyte in DSSCs 

Electrolyte is an essential part in DSSC. It is not only responsible for the regeneration 

of oxidised dye but also in charge of transporting the electrons. Typically, the classical 

liquid electrolyte contains a redox couple (i.e. I /I ), suitable organic solvents (to make 

sure solutes dissolve properly and distributed uniformly) and additives (i.e. improve 

stability or viscosity). The redox couple is the functional part for dye molecules 

regeneration and a suitable redox potential with respect to dye as well as electrical 

property of MO.[56] Thermodynamically, the Voc of the DSSC is adjustable by varying 

redox potential which is controlled by the electron quasi-Fermi level (Eƒ) in the MO 

(under light illumination condition) and the Nernst potential (Eox/red) of the redox couple 

in the electrolyte (Figure 2-10).[11] Different redox couple has been studied for faster 

dye regeneration as well as improving electron transportation function. Recently, 

adjusting the redox couple used in the electrolyte, the cell output Voc can be turned up 

to 1 V.[11] 

Though the most common used (I /I ) redox couple in an acetonitrile and valeronitrile 

mixture-solvent can benefit the regeneration of oxidised dye, the limitation of the DSSC 

output Voc (below 0.8 V) and its corrosive nature still need more research efforts to 

improve it.[56] Thus, efforts to find redox couples have been made. Various redox 

couples other than I / I  have been studied, such as pseudohalogen based redox 

(SCN2/SCN-), and cobalt (III/II)-based redox complex.[5, 57, 58] Even though the other 
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redox couples have been studied and used in the DSSCs as electrolytes with better Voc 

performance, the (I /I ) redox couple is still the most commonly used and well-studied 

one due to having cost-efficient and its easy preparation.[59, 60] Hence it is normally used 

as a standard electrolyte for photoanode and dye performance studies in the DSSCs. 

  

Figure 2-10  Energy diagram of I /I  and some selected Co-polypyridyl redox.[11] 

In addition, to the redox couples, much effort has also been made to achieve solid types 

of electrolytes for solving the leakage and self-evaporation problems. Yanagida group 

developed an additive (low-molecular-weight gelatos) to achieve a kind of temperature-

dependent (solution-to-gel) electrolyte for DSSC applications.[61] Due to temperature- 

related molecular forces and interactions between amide bonds and long aliphatic 

chains, this electrolyte can be changed into a liquid phase at a high temperature, and 

turned back to a gel after the temperature is decreased to room temperature, thus 

reducing the leakage and evaporation opportunity. This type of solid DSSC showed a 

comparable PCE to the conventional liquid cells with a reasonable stability. 

Inspired by this successful work, more additives have been employed to develop quasi-

solid state electrolytes, including ionic polymer gels containing vinylidenefluoride-co-
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hexafluoropropylene (PVDF) or polyethylene oxide (PEO).[38, 61, 62] These additives 

cannot improve the performance of the devices, however, these gel-liked electrolytes 

indeed relieve leakage problem. So far, much effort has been made to develop the solid 

state electrolyte, focusing on p-type inorganic semiconductors and organic hole 

transport materials (HTMs). In 1995, O’Regan et al discovered the copper(I) 

thiocyanate (CuSCN) can be used as the HTM and studied its performance as a solid 

electrolyte in TiO2/dye/CuSCN and ZnO/dye/CuSCN DSSCs, and obtained a highest 

PCE of 1.5%.[63] Three years later, Tennakone group developed a sandwich structured 

solid DSSC and found preparation processes affected the DSSCs performance. 

Additionally, the introduced 1-ethyl-3-methylimidazolium selenocyanate (EMISeCN) 

into the HTM reduced the degradation of current under a constant light irradiation and 

yielded a good contact with different layer.[64] However, this type of the DSSC still has 

a big challenge on improving PCE (<3%). Recently, Chung et al used CsSnI3 as the 

HTM and N719 as the dye to achieve a solid state DSSC with a PCE of 8.5%. However, 

because the CsSnI3 is not stable in atmosphere and difficult to synthesise, its use is 

limited in the DSSCs. Compared with the inorganic p-type semiconductor material, 

inorganic based HTMs have attracted more attention due to their compatibility for 

solution process, better pore-filling ability and properties by additives in solution 

process. Most of the conventional conducting organics, such as polythiophene 

(PEDOT), polypyrrole (PPy) and polyaniline series, have p-type properties, and the 

potentials to be used as the solid HTMs for the DSSCs.[65-67] 



26 

 

2.3.4 Counter electrodes 

The CE is the last part on the sandwich DSSC structure which completes the cell and 

the electrical circuit of DSSC. The surface of CE which contacts the electrolyte, also 

has an important function for reducing the oxidised redox mediator (i.e. I ) back to the 

non-oxidised form (i.e. I ) by receiving electrons.[15, 68, 69] Therefore, most studies on 

the CE have been focused on: (1) making the CE to be chemically stable with good 

electrocatalytic properties; (2) improving contact resistant and exhibit a good charge 

transfer resistance.[70] In terms of contact resistant and charge transfer resistance, the Pt 

coated CE immersed in I-/I-3 electrolyte commonly has been studied using dummy cell 

with EIS measurement.[25, 71, 72] As shown in Figure 2-11(a), the dummy cell consists of 

two identical CEs and a thin layer of electrolyte solution between them.[71, 72] In such 

configuration, the photoanode contribution can be eliminated. Only the CE can be 

measured and investigated under a simulated DSSC operating conditions.[71, 72] The 

dummy cell used for CE investigation can be explained by a well-studied equivalent 

circuit (Figure 2-11(b)). The equivalent circuit is also used for fitting EIS data and 

determination of CE parameters. The charge-transfer resistance between electrolyte and 

CE interface (Rct (CE)) is one of the important parameters.[71, 72] The lower value of Rct 

(CE) means the reduction rate of redox couple is faster. Values of the Rs and Rct (CE) also 

affect the FF of the cell, i.e. the lower the value, the higher the FF will be obtained. 

Georgiou et al[69, 73] reported that Pt clusters with the particle sizes up to 20 nm were 

formed using thermal decomposition on TCO at 380 oC and it exhibited an Rct (CE) value 

of 0.07 Ω/cm2 with Pt loading of 5 µg/cm2. In this case, the CE still remained 

transparent after very low Pt loading.[74] In addition, 450 nm thick sputtered Pt layers 
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on the TCO substrate shows 0.05 Ω/cm2, as compared with 25 Ω/cm2 for the TCO 

substrate.[71] For reducing the cost as well as for the following the requirements of new 

electrolyte system, various new CEs have been developed, such as metal based, carbon 

based, inorganic compound and organic conductive polymer based counter electrode.[25, 

75] 

 

 

 

Figure 2-11 (a) Schematic of dummy cell used for CE measurements, (b) relative equivalent 

circuit.[71, 72] 

2.4 ZnO nanostructures and its application for DSSC 

As discussed in Section 2.1, the basic working principle of the DSSC indicated that 

there are several reverse reactions which prevent the photo-generated electrons to be 

transported to the outer circuit. These reverse reactions cause recombination of photo-

generated carriers (i.e. photo-generated electrons recombined with the oxidised dye 

molecules and/or redox-couple) thus causing energy loss which limit further 

improvement of DSSCs performance.[1, 11, 76]  
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Figure 2-12 (a) the efficiency of a DSSC decreases exponentially with the increasing active 

area in a range between 0.15 - 2 cm2; (b) illustration of electron collection case in a large area 

photoanode in DSSC.[1, 77] 

Such carrier recombination is predominant due to slow electron transportation in the 

conventional TiO2 nanoparticle based photoanode, due to trapping of the electrons in 

the grain boundaries and the relatively long and zig-zag random paths of the electrons 

to the TCO substrates.[78, 79] Taking a 10 µm thick nanoparticle based mesoporous film 

as an example, an electron needs to go through ~ 106 nanoparticles on average before 

reaching the TCO surface.[80] This recombination loss will become severe when the 

photoanode thickness is larger than a critical value (~15 µm in a single cell, area ≤ 0.2 

cm2). Furthermore, the mesoporous film area in the DSSC will also affect the 

recombination loss. Though the dye loading (per unit area) and film thickness are 

constant in different sized samples, the PCE dropped dramatically after the cell area 

was increased from 0.15 to 2.00 cm2 (Figure 2-12 (a)).[1, 77] According to the further 

study of the charge transport of these devices, the recombination resistance was 

decreased and electron transport time was increased with the increased photoanode 

area.[1, 77] Diffusive charge transport is complicated, where the generated electrons are 

rapidly intercepted by the ions in the electrolyte, and thus, limits the diffusion length 
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(Ln). Recent studies indicated that not only the film thickness, but also cell area will 

cause the increases of paths or lengths of electron diffusion during scaling up the cell, 

thus limiting the performance of the devices.[1, 77, 81] 

Therefore, suppressing the reverse reactions process (recombination) in the cell has 

been considered as an effective way to improve the DSSCs.[82-84]. Changing the material 

and material properties are considered as a possible breakthrough to overcome this 

limitation.  

 
Figure 2-13 Conduction band (CB) and valence band (VB) energy levels for some metal 

oxide semiconductors, HOMO and LUMO levels of ruthenium-based dye (N719) and 

potential levels of electrolytes.[85, 86] 

Various MO semiconductors, such as SnO2, ZnO, MgO, NiO and Al2O3, etc., have been 

explored for their potentials as the photoanodes to overcome the limitation of TiO2 for 

achieving improved DSSCs.[68, 87-89] Among these oxides, ZnO is one of the most 

promising wide bandgap semiconductors for the DSSCs, due to its similar properties 

(i.e. energy-band structure as shown in Figure 2-13 ) to those of the TiO2 but with a 

bulk electron mobility three orders of magnitude higher than that of the TiO2 (shown in 
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Table 2-1).[90] The high electron mobility of the ZnO can effectively separate the 

injected electrons from the adjoining oxidised species of the electrolyte, which can 

improve the carrier collection efficiency of the DSSCs.[68, 90] Therefore, ZnO has a large 

potential to achieve a photoanode which has high electron mobility as well as 

suppressing recombination for further improving overall performance of the DSSCs. 

However, compared to TiO2, the chemical stability of ZnO is not comparable due to its 

amphoteric oxide nature (dissolves in both acidic and alkaline environments). Typically, 

dye loading process is performed by soaking MO photoanode into dye solution for 

achieving dye molecular bonding. Generally used dye molecules contain acidic 

carboxylic anchoring groups, which makes the dye loading solution as acid.[91] Thus 

the dye loading solution concentration and dye loading time in the solution need to be 

precisely controlled. In the acid dye solution, ZnO surface dissolved into the solution 

which prevent dye bonding on the MO. In addition, Zn2+ in the solution (and/or at 

ZnO/dye interface) also react with the dye molecule and form insoluble complexes.[92] 

These complexes cannot work as light absorbers. Simultaneously, they cover on the 

ZnO surface and prevent the normal dye bonding which affects electron injection and 

acts as a recombination centre.[93] The problem caused by the ZnO amphoteric oxide 

nature can be overcome using the following ways. Dye molecules which are specially 

designed to match ZnO photoanode could promote the electron injection efficiency and 

prevent complex formation, thus improving the ZnO based DSSCs performance. On 

the other hand, MO modified layers could be used on top of ZnO for enhancing stability 

and good dye combination.[20, 94, 95]  
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Table 2-1 Comparison of ZnO and TiO2 physical properties.[96-102] 

 ZnO TiO2 Ref 

Band gap (eV) 3.2-3.3 3.0-3.2 [96-98] 

Refractive index 2.0 2.5 [99] 

Electron mobility 

(cm2 Vs-1) 

1000 (Single nanowire) 

200-300 (bulk ZnO)  
0.1-4 [96, 97, 100] 

Electron diffusion 

coefficient(cm2s-1) 

1.7x10-4 (nano-

particulate film) 

5.2 (bulk ZnO) 

1×10-8~1×10-4 

(nano-particulate 

film) 

0.5 (bulk TiO2)  

[101, 102] 

 
The ease of crystallisation and anisotropic growth of ZnO is also important for 

achieving a desirable photoanode which has a high charge transfer efficiency and 

sufficient dye loading ability. Many efforts have been made on synthesising a wide 

variety of ZnO nanostructures with various potentials in electron transport, light 

propagation or energy harvesting applications.[95, 103-109] In the following, the basic 

properties of nanostructured ZnO, particularly its application in DSSCs will be 

reviewed. 

2.4.1 Basic properties of ZnO 

ZnO normally is present as a white or yellowish powder, and has a molecular weight of 

81.37 g/mol. It is nontoxic, odourless and insoluble in water but soluble in acid and 

alkali, and belongs to the dass of amphoteric oxides. ZnO exists in a steady state as the 

wurtzite crystallizes structure at ambient pressure and temperature (Figure 2-14).[110, 111] 

In ZnO wurtzite crystal structure, each O2- is surrounded by four Zn2+ at the corners of 

a tetrahedron (as shown in Figure 2-14 (a)), and vice versa.[96] These tetrahedrons 

(consist of O2- and Zn2+) are stacked and arranged alternately along the c-axis oriented 
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direction of the hexagonal lattice (Figure 2-14 (a)).[96, 112, 113] This tetrahedral 

arrangement leads to polar symmetry along the hexagonal axis.[104, 113-116] In the typical 

wurtzite ZnO crystal, there are a polar zinc plane (0001), a basal polar oxygen plane 

(0001) and low index faces ({0110}, parallel to c-axis) consisting of a family of non-

polar planes.[96, 112, 113] The wurtzite structure and the polar faces are related to various 

of ZnO chemical and physical properties.[19] Such as piezoelectricity, spontaneous 

polarization, as well as crystal growth/etching preferred orientation and defect 

generation.[104, 114-116] 

 

Figure 2-14. The ball-stick model of the wurtzite ZnO crystal structure: (a) along the <0001> 

direction; (b) the {0110} face. [96, 112] 

As one of the II-IV semiconductors, ZnO has many promising properties for optical and 

electrical applications.[96] Nanostructured ZnO further improves these properties not 

only because the nanostructure providing large specific surface areas, but also because 

of benefits in the view of quantum-confinement effect, and/or photo-localization. 

During the past decades, various forms of ZnO nanostructures have been achieved 

including: nanoparticles,[117, 118] nanowires (NWs), nanorods (NRs),[119-121] 
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nanotubes,[120] nanobelts,[120, 122] nanosheets[119] and nanotips.[103, 123, 124] These 

nanostructures can be obtained through either vapour/gas phased processes (i.e. 

magnetron sputtering, chemical vapor deposition, thermal evaporation deposition and 

pulse laser deposition) or solution based processes (i.e. hydrothermal and low 

temperature aqueous nanostructure growth, sol-gel synthesis and electrochemical 

deposition method).[118-120, 122, 125-127] These will be discussed in the flowing section.  

2.4.2 ZnO nanostructures Synthesis  

For the nanostructured ZnO materials to meet the application requirements, it is 

required that their morphology, crystalline structure, orientation and surface property 

are controllable and reproducible to achieve the best performance. Various synthesis 

techniques have been explored to grow ZnO nanostructures. Broadly, these synthesis 

techniques can be separated into two main categories: vapour-phase technologies and 

solution-phase technologies. 

2.4.2.1 Vapour phase techniques 

Vapour phase techniques are well studied because of their unequal advantages on 

producing high-quality ZnO crystalline nanostructures. However, due to that the 

process is heavily relied on the carrier gas and source material vapours, these techniques 

normally require either expensive vacuum facilities or relative high synthesis 

temperatures (typically ranging from 400-1400 oC). The high temperature processes 

restrict the usage of many common substrates.[128-130] Furthermore, these methods have 

challenges for achieving good sample uniformity and efficient production yields. 

Typical vapour phase techniques can be separately discussed as below: 
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 (1) Vapor transport technique  

Vapor transport technique is a very popular technique for ZnO nanostructure 

synthesis.[131] A variety of ZnO nanostructures have been synthesised by this method. 

It is based on transport of growth source vapor to a target area (i.e., substrate) where 

they react to form ZnO.[131] This technique generally requires a horizontal tube furnace 

with gas control system to carry out nanostructure synthesis (Figure 2-15).[131] As 

demonstrated in Figure 2-15, the source material is placed at the centre of the high 

temperature area in the tube furnace for material vapor generation. The carrier gas 

(and/or reaction gas) is introduced from the right end of the tube and pumped out at the 

left end. The source material vapor can be transported by the carrier gas to the substrate 

for nanostructure growth. The growth vapor can be obtained from directly decompose 

ZnO powder, but it requires quite high process temperature (ZnO melting temperature 

is around 1975oC).[131] To reduce ZnO decomposition temperature, carbothermal 

method (source material is ZnO mixed with graphite) has been developed. ZnO reacts 

with graphite at 800 to 1100 oC and produce CO, CO2 and Zn vapor for ZnO 

nanostructure growth.[131] An alternative to significantly reduce the requirement of 

process temperature is using Zn metal (melting point is around 420 oC) as source 

material.[131] Therefore oxygen is required for ZnO formation which needs to be 

particularly controlled to avoid ZnO formation away from substrate.[131] In addition, the 

vapor pressure ratio of Zn/O is critical for ZnO nanostructure formation and structure 

morphology control.[131] 



35 

 

 

Figure 2-15 Schematic illustration of the horizontal tube furnace for vapour phase 

transport process.[131] 

The growth of ZnO nanostructures by vapor transport process usually follows the well-

known metal catalyst-assisted (i.e., Au, Fe) vapor-liquid-solid (VLS) approach (vapor-

solid approach if without the catalyst).[131] Various ZnO nanostructures (i.e., nanobelts, 

nanorods, nanowires, nanosprial) can be produced by catalyst free vapor-solid 

approach.[131] ZnO nanobelts with the typical thickness and widths with the range of 

10-30 nm and 50-300 nm can be obtained by catalyst-free vapor-solid approach with 

ZnO power as source material.[128, 131] ZnO nanopropeller arrays were obtained on 

catalyst-free Al2O3 substrate by a two-step process temperature approach.[131, 132] 

Though catalyst is not essential for formation of ZnO nanostructure using vapor 

transport process. The vapor-liquid-solid (VLS) process can provide more control of 

nanostructure growth (i.e., morphology, location and density). Besides, ZnO 

nanostructure can also be patterned by applying catalysts assistant growth.[131, 133] By 

patterning the catalyst (Au) thin film on the sapphire substrates, selective ZnO 

nanowires growth was achieved through VLS process.[121] The ZnO nanowires grown 

only on the Au coating (patterned catalyst) areas where the typical diameters are in the 

range of 20-150 nm.[121, 131] Using self-organized polystyrene nanosphere as a mask on 
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GaN substrates during catalyst (Au) deposition, well-ordered ZnO nanorods ([0001] 

oriented) were obtained at 750 oC by Zhou et al.[134]. 

(2) Oblique angle deposition  

Oblique angle deposition (OAD) is a geometrical vapour deposition technique. This 

technique is a deposition configuration in which the source material vapor arrives at the 

surface of a substrate at an adjustable oblique angle (Figure 2-16 (a)).[135, 136] The 

nanostructures formed by OAD is based on the ‘‘shadowing effect”.[136] As 

demonstrated in Figure 2-16 (b), the initial arrived material particles assemble together 

and form some larger material particle clusters.[136] These initial formed clusters will 

cause a shadow area behind themselves which blocks the deposition of any further 

material vapor.[136] The continuous arriving source material particles lead to the 

formation of separated and tilted nano-columns ((Figure 2-16 (c) to (d)).[135, 136] This 

growth behaviour can be controlled by adjusting incident deposition angle to create 

some controllable properties such as porosity.[136] The source material vapor can be 

supplied by various techniques. Such as sputtering deposition, electron beam (E-beam) 

evaporation technique and plasma enhanced chemical vapor deposition (PECVD).[135, 

136] By using OAD technical with an incident angle of 70o, Chu et al.[137] obtained well 

crystallised ZnO nanorods arrays with a substrate temperature at 350 oC by sputtering 

(substrate temperature). The synthesised ZnO nanorods have an average length of ∼725 

nm and the rod diameter of 150–300 nm.[137] Toledano et al.[138] found that the porosity 

of ZnO nanostructures can be adjusted by controlling the deposition angles in a range 

between 0° and 85°.[138] The refractive index of the nanostructured ZnO films can also 

be tuned from 1.5 to 1.9 with the deposition angle changed from 85° to 0°.[138] Though 

nanorods and even more complex nanostructures (i.e., zig-zag nanorods arrays, nano-
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spiral arrays) can be obtained by OAD with substrate position manipulation. This 

technique is still facing challenges such as the formation of other non-column based 

nanostructures, simplification of fabrication process, low product yield and relative 

high cost.[136] 

 

Figure 2-16 (a) Schematic view of oblique angle deposition; (b) to (d) illustration of the 

shadowing effect for nanostructure growth during the OAD.[135] 

2.4.2.2 Solution phase techniques 

The advantage of solution phase techniques to grow the ZnO nanostructures is that the 

nanostructures can be obtained at a relative low temperature (normally below 200 oC). 

Furthermore, most of solution phase techniques are simple, low cost and 

environmentally friendly compared with most high temperature (and/or vacuum) gas 

phase techniques. Solution phase techniques are strongly dependent on chemical 

reaction conditions which can be readily adjusted. As a low-temperature processes, they 

hold a great promise in integrating with variety of substrates for future foldable and 



38 

 

portable electronics.[116] They also are possibly emerging gas-phase techniques to 

achieve complex/accurate nanostructure control. Major challenges of these techniques 

are in the difficulties in precise control of the synthesis process, accurate doping control 

and ability for reproducible uniformity on a large-scale substrate/sample. These 

solution-based techniques typically include: 

(1) Electrochemical deposition  

Electrochemical deposition (ECD) is based on cathode and anode in the growth solution 

with an external power supply. The source material cation in the growth solution is 

reduced at the cathode to form nanostructure. It is widely used in making thin films on 

large surface due to its strong external driving force which can be easily controlled by 

not only changing growth solution parameters but also changing external power 

supplied to the electrodes. The ECD has been successfully used for synthesis of uniform 

ZnO nanostructures (i.e. NRs and nanotubes) on a large sized conductive substrate, 

even if the substrate is curved.[116, 139] Zinc (Zn) or platinum (Pt) metal anode is 

commonly used in ZnO ECD process. Pt anode does not involved in the ZnO formation, 

but completes the electrical circuit.[140, 141] Zn anode not only completes the electrical 

circuit but also supplies zinc ions (Zn2+) for growth (Eq. 2-13). [140, 141] 

Zn → Zn + 2                                     (Eq. 2-13) 

The ZnO growth solution normally contains an oxygen precursor (i.e., molecular 

oxygen, nitrate ions or hydrogen peroxide) and Zn2+.[19, 141] Zinc salt (i.e. zinc chloride 

or zinc nitrate) is commonly used in the growth solution to provide Zn2+.[19, 141] The 

reduction of the oxygen precursor at the surface of substrate generates hydroxide ions 
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(OH-) in the growth solution during the ECD process (reduction of oxygen precursors 

as shown in Eq. 2-14 to Eq. 2-17).  

Molecular oxygen                   O + 2H O + 4e →  4OH                            (Eq. 2-14) 

O + 2H O + 2e → H O + 2OH                        (Eq. 2-15) 

Nitrate ions                 NO + H O + 2e ↔ NO + 2OH                        (Eq. 2-16) 

Hydrogen peroxide                       H O + 2e → 2OH                                (Eq. 2-17) 

The generated OH- then react with the Zn2+ to form ZnO on the surface of the cathode 

(Eq. 2-18). 

Zn + 2OH → ZnO + H O                           (Eq. 2-18) 

With an external electric filed presented during the growth, the obtained ZnO NRs 

showed a good alignment of NRs and strong adhesion to the target surface.[142] Elias et 

al.[141] prepared ZnO nanorods arrays with tailored dimensions on FTO substrates using 

molecular oxygen as oxygen precursor in the zinc chloride/potassium chloride/water 

mixed growth solution. The obtained ZnO NRs have a height between 1 to 3.4 µm and 

a diameter between 65 and 110 nm.[141] In addition, due to the external driving force 

present during growth, it can also be used as an effective way of doping ZnO 

nanostructures by adjusting power supply and adding doping element into relative 

reactants in the growth solution.[116, 143-145] For example, Cui et al.[145] obtained 

vertically aligned Ni doped ZnO nanowires on the silicon substrates using a nickel 

nitrate , Zn(NO3)2  and hexamethylenetetramine C6H12N4 mixed electrolyte at 90 oC.[145]  

(2) Templated assistant growth  
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Template assistant nanostructure synthesis is commonly used in ZnO nanostructure 

growth. A template can be utilized to force the material to form a desired morphology. 

Various templets with nano-channels and/or mesoporous structures have been explored 

for morphology control of the nanostructures. Generally-used and commercially 

available templates are anodic aluminium oxide (AAO) templates, nano-structured 

glass and polycarbonate based membrane templates. Among them, in the literatures, 

the most commonly used for 1-D nanostructure synthesis is AAO which meets the 

requirements of cost efficiency and capability of large area synthesis.[116, 146] The AAO 

template commonly coupled with ECD process for achieve good crystallization. The 

template is firstly attached to surface of the substrate.[116] Then the whole set is placed 

as the cathode in the ECD growth solution. Under the electric field, cation growth units 

(i.e. zinc ions) diffuse towards the templated attached substrate (cathode) which goes 

into the gaps and/or pores of the template.[116] Simultaneously, hydroxide ions (OH-)  

are generated at the cathode and thus the ZnO is formed into the nano-sized channels 

and/or pores of the template.[116] The ZnO nanostructures can be obtained by selectively 

removing the template.[116] Zheng et al. reported that the large-scale uniform ZnO NRs 

arrays can be obtained by one-step template assistant ECD.[146] However, due to ZnO 

and Al2O3 are both amphoteric oxides, there is still challenge on selectively removing 

AAO template without causing damages of ZnO nanostructures.[116] As an alternative, 

polycarbonate template have been studied and used for ZnO NRs synthesis. Zhou et al 

reported [147] that by reliably varying the nano-channel size of the polycarbonate 

template, the resulted ZnO NRs diameters can be adjusted from 60 to 260 nm.[147] In 

addition, this method also can easily produce other MO (i.e., CuO) in the same 

morphology.[116, 147] Besides porous membranes with nano-sized channels, biological 
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template could also be used for ZnO nanowires synthesis. Atanasova et al.[148] showed 

that ZnO NWs can be fabricated by solution growth process using λ-DNA as a template. 

Continuous ZnO NWs of about 10 µm in length were obtained, and the authors found 

that the electrically resistance of the obtained ZnO NWs is the order of several ohm.[148] 

 (3) Hydrothermal growth in aqueous solutions 

Lots of researchers have reported the controllable growth of oriented ZnO NRs/NWs 

using the hydrothermal aqueous solution processes. Normally a solution containing zinc 

ions (Zn2+) and a source of hydroxide ions (OH-) is used. The OH- will react with the 

Zn2+ to form ZnO. Several zinc salts can be used in the process (i.e. zinc acetate 

dehydrate[149], zinc chloride[150]) to provide Zn2+, and the OH- source could be generated 

using ammonia and ammonium chloride. The advantages of using aqueous solution 

methods include: low temperature (below 100 oC), cheap chemical agent and easier 

operation, in addition to the low cost and great potential for scale-up.[116, 151] As this 

method will be used in our project, it will be reviewed and discussed in detail in the 

following section. 

2.4.2.3 Aqueous solution growth process 

The aqueous solution hydrothermal growth method is one of the commonly used 

solution phase synthesis technologies. In this growth process, an alkaline solution 

reaction condition is commonly required for the ZnO nanostructure formation, as the 

divalent metal ions do not hydrolyse in acidic solution environments.[152-154] For the 

classical aqueous solution growth of ZnO nanostructures, a ZnO seed layer is 

commonly applied on the desired substrate surface which is crucial to obtain a uniform 

growth of the nanostructures and good adhesion with substrates.[116] Pre-seeded 
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substrates are then placed into aqueous reaction solutions which normally contains OH- 

to achieve a proper supersaturation for nanostructure growth (as shown in Figure 

2-17).[116, 151] When the aqueous reaction solution is set to the right temperature (40 to 

100oC depending on the reactions), nanostructured (and/or micro-structured) ZnO starts 

to epitaxially grow from the seed layer by a heterogeneous nucleation process.[116] 

 

Figure 2-17 Schematic process of the aqueous solution growth for the fabrication of ZnO 

nanorods.[151] 

Many growth parameters (briefly summarised in Table 2-2) have been previously 

explored to manipulate the morphology of aqueous solution synthesised ZnO 

nanostructures, including pH effect to the growth of morphology, reaction temperature, 

concentration of reactants and different additives effects in the solutions. The most 

commonly used chemical reagents can be briefly summarised as below:  

(1) Soluble Zn source reagents/materials, for example, zinc nitrate (Zn(NO3)2), zinc 

acetate (Zn(O2CCH3)2), zinc sulphate (ZnSO4), zinc chloride (ZnCl2) and zinc formate 

(Zn(CHO2)2); 
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(2) Basic reagents, for examples, ammonia hydroxide (NH4OH), sodium hydroxide 

(NaOH), hexamethylenetetramine (HMTA, C6H12N4), ethylenediamine (C2H4(NH2)2, 

EDA) and triethanolamine (TEA, C6H15NO3);  

(3) Additives, for examples, ammonia chloride (NH4Cl), citrate, polyethylenimine 

(PEI), poly ethylene glycol (PEG), polyvinylpyrrolidone (PVP), sodium dodecyl 

sulphate (SDS) and polyvinyl alcohol (PVA); 

Table 2-2 Brief summary of different methods and results of solution processed ZnO 

nanostructures.[155-177] 

Reactant pH morphology 
Key growth factors for structure 

and crystal control 

Zn(NO3)2, NH4OH 7.5 to12 
NRs and 

nanoparticle 

Reaction duration time,  
reaction solution pH and 

temperature [156-158] 

Zn(NO3)2, 
HMTA(C6H12N4) 

7 to13 
NRs, nanotubes, 

NWs and 
nanoplates 

Reaction time, as well as 
influence of seed layer and 

substrates [159-162] 
Zn(NO3)2, Citrates and 

C6H12N4 
≥7 

NRs with good 
order 

Influence of additive(citrate) 
effect on the morphology [163] 

Zn(O2CCH3)2, 
Zn(NO3)2, Sodium 

hydroxide 

6.8 to 
13.2 

NRs with good 
order 

Influence of additive, reaction 
time, reaction solution pH and 

concentration [163, 164] 

ZnCl2 and NH4OH 10 to 13 
Flower-like and 

rotor like 
nanostructure 

Effects of reaction solution  
pH and usage of different 

substrate [165, 166] 

ZnCl2, thiourea 
(SC(NH2)2), NH3·H2O 

and NH4Cl 
>7 

NWs, tube-like, 
flower-like and 

tower-like 
nanostructure 

Reaction duration and 
temperature, substrates pre-

treatment effects [167, 168] 

Zn(NO3)2 and NaOH >7 
NRs, nanoflower 

and nanodisk 
Influence of reaction pH 
adjusted by NaOH [169-171] 

Comparison of  
various growth 

reaction solution 
6 to 13 

NRs and star-like 
nanostructure 

Different reaction condition had 
been studied, influence of 

different reactants, pH, duration 
substrates and ionic strength [155] 

Zn metal foil, ZnSO4 >7 
Nanobelts arrays 

and NRs 

Concentration of different 
reactants in the reaction solution 

and reaction temperature 
influence [172-174] 

Zn(C5H7O2)2 xH2O 
and organic 
surfactants 

7 to 13 NRs, flower-like 
Influences of surfactants: PEG, 

CTAB and PVA [175-177] 
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So far, varied dimensional (0D to 3D) ZnO nanostructure materials can be achieved 

using the aqueous solution process by adjusting the synthesis parameters. As one of the 

most important effects on nanostructure growth, supersaturation is well known for its 

effects on crystal growth rate as well as nanostructure morphology. Figure 2-18 shows 

the superstation levels and their effects on ZnO nanostructure growth rate as well as 

growth behaviour. Under different supersaturation conditions, different growth 

behaviours can dominate growth. 

 

Figure 2-18 A brief summary of relationship between supersaturation in the growth solution, 

crystallite growth rate and crystal morphology.[155] 

In relatively low degrees of supersaturation condition (Zone I in Figure 2-18), 

heterogeneous nucleation dominates. ZnO crystal faces growth is mainly dominated by 

the outward displacement of a growth spiral generated by screw dislocations.[155]  On 

the other hand, in the very high degree of supersaturation condition (Zone III in Figure 

2-18) homogeneous nucleation is dominant.[116, 155] The crystal faces grow rough and 

continuous linear growth occurs. ZnO morphology is dominated by dendritic to 
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spherulitic which has been affected by diffusion in the bulk solution (due to increased 

viscosity).[116, 155] Between low and high degree supersaturation, the intermediate range 

(Zone II in Figure 2-18), growth occurs through a mixture of nucleation processes. 2D 

growth mechanism is dominated in this condition.[116, 155]  

The reaction conditions strongly influence the supersaturation of the solution and result 

in changes in morphology of ZnO nanostructures. The crystallographic characteristic is 

another key factor that determines the growth process as well as final morphology of 

the nanostructure. An insight understanding of the nucleation process as well as 

nanostructure formation is critical to optimise the growth conditions so that the growth 

and morphological evolutions (including microstructure, density, crystallisation, grain 

size and its distribution) of nanostructures could be tailored. As it is well known that 

the nanostructure crystallisation properties and morphology are critically linked to the 

function of devices, hence it is required for controllable properties tuning for the 

optimal device performance. Therefore, a deep understanding of synthesis mechanisms 

and a possible reaction model are needed to enable structure tuning, and this would be 

helpful for the device application. Better understanding of growth factors and 

mechanism will be the first step for achieving this objective. 

2.4.2.4 Growth mechanisms in the solution phased process 

Generally speaking, in the aqueous solution growth, the formation of ZnO (solid phase) 

is a result of growth source accumulation and condensation. During the whole growth, 

nucleation processes and chemical reaction processes are involved for achieving the 

nanostructures.[116, 178] In the growth solution, once the driving force causes the system 

to depart from its equilibrium condition, generally a nucleus of an initial crystal is 
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formed and the growth begins.[19] This growth process can take place in various ambient 

phases (i.e. solid and liquid phase). The essential differences in these processes are 

summarised in Table 2-3.[179]  

Table 2-3 Characteristics of crystal growth in liquid phase.[179] 

 Melt phase Solution phase 

  
High-

temperature 
Solution 

Hydrothermal 
solution 

Ordinary temperature 
solution 

State Condensed ◄─────────────────────►      Diluted 
Driving force Heat transfer ◄─────────────────────►  Mass transfer 

Growth 
temperature 

High High-medium Medium-low Low 

Solute-
solvent 

interaction 
None Strong Stronger Strongest 

Growth 
mechanism 

Adhesive-
type 

2D nucleation growth or spiral growth 

 
In the solution based process, as shown in Figure 2-19, the crystal growth starts in a 

heat and mass transfer coupled environment. In micro-scale, temperature, concentration 

and/or temperature differences all affect the nucleation. From the energy point of view, 

this process can be considered as changes of the free energy associated with the 

precipitation of an inorganic solid from the solution phase.  

In detail, the free energy change (ΔG) is the sum of the energy used in forming a particle 

by coagulating atoms (-ΔGv) and the energy obtained by formation of the surface 

(+ΔGs), which can be expressed as follow:[115, 180-182] 

∆G = −∆G + ∆G             (Eq. 2-19) 
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Figure 2-19 A brief image summary of crystal growth in solution phase with possible 

associated diffusion and convection (a) growth in a container filled with growth solution (b) 

enlarged image in area 1 marked in (a) which stands for a small crystal with corresponding 

surrounding environment.[179] 

As shown in Figure 2-20, for normal sphere sharped nuclei with radius r, the energy 

ΔG required for nucleation is increased as r increases, reaches a maximum energy ΔG* 

at rc and then decreases after this point (where dG d⁄ = 0). rc which gives the highest 

energy ΔG* is called the critical nucleus. Free energy is added into the molecules to 

this initial cluster, until the radius reaches critical radius rc.[115, 183, 184] Once the cluster 

is larger than the relative critical radius, there is no such limitation for nucleation, thus 

new molecules can be easily added to clusters by diffusion (i.e. the supply of molecules) 

for continuing growth. The following step of continuous growth can be simplified as a 

thermally activated process associated with the specified reaction.[179-182] 
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Figure 2-20 Nucleation energy change ΔG as a function of a nucleus radius (r).[115] 

In solution, the nucleation can take place either in the bulk solution (homogeneous 

nucleation) or on the desired surfaces such as seed layer on substrates (heterogeneous), 

depending on the synthesis condition. Normally, they are happening in the same time 

in the solution.[185, 186]  

 

Figure 2-21 (a) Schematic illustration of the nucleation on a foreign flat surface, θ is the 

virtual contact angle between substrate and nucleating phase. (b) Simplified free energy 

changes as a function of radius for homogeneous and heterogeneous nucleation respectively. 

Activation barrier for homogenous nucleation process is higher than heterogeneous nucleation 

process by the interfacial correlation factor (shape of the heterogeneous system).[185, 186] 
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In the bulk solution, a homogeneous nucleation process begins at tiny nuclei in a 

supersaturated medium. The nucleation and growth from solution onto a substrate (or 

called foreign body) is also affected by the wetting property of the surface and the 

geography feature of the surface (as shown in Figure 2-21(a)). Thus, the energy change 

with an interfacial correlation factor can be expressed as: 

∆ = ƒ( )×∆                                (Eq. 2-20) 

where  ∆  is the changing of heterogeneous nucleation energy and ∆  is the 

changing of homogeneous nucleation. For a normal flat foreign body, the interfacial 

correlation factor ƒ(m) can be described as:[185, 186]  

                                   ƒ( ) = (2 − 3 + )/4                               (Eq. 2-21) 

where m is given by the following equation  

          = ≈                                       (Eq. 2-22) 

where  is the surface free energy between two phases.  

 

Figure 2-22 (a) Phase changing as a function of reactant concentration (c) and solution pH for 

the ZnO relevant complexes system at 25 °C (b) the simulated structure of aggregation and 

nucleation of domains in the wurtzite ZnO.[178, 187] 
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Considering the chemical reactions in the aqueous solution of ZnO NRs growth, the 

synthesis processes are typically based on the following basic reactions:  

Zn + 2OH  ↔    Zn(OH)                               (Eq. 2-23) 

Zn + OH ↔ Zn(OH)                                 (Eq. 2-24) 

 Zn(OH) + 2OH ↔ [Zn(OH) ]                      (Eq. 2-25) 

[Zn(OH) ]  ↔  ZnO + 2H O                      (Eq. 2-26) 

ZnO + H O ↔  ZnO + 2OH                          (Eq. 2-27) 

In this reaction series, the Zn complexes Zn(OH)n
(2-n) (n=1, 2, 3, 4) could be in different 

forms depending on the reaction conditions (i.e., reaction solution pH, reactants 

concentration), which is generally accepted that it is associated with the hydroxyl ions 

to drive the solid ZnO formation (as shown in Figure 2-22 (a)).[19, 188] Thus the whole 

ZnO crystal growth can be briefly described as follows:[116, 178] the growth process starts 

from zinc ion (Zn2+) and hydroxide ion (OH-) which coordinate with each other and 

leads to octahedral geometry agglomeration of the complex. With the reactions 

continuing, the agglomerates become much larger and then reach to the condition (i.e. 

critical size) which the nucleation of the wurtzite ZnO dominates in the centre (Figure 

2-22 (b)).[116, 178] The aggregate contains stable core (initial ZnO part) area and active 

surface area. Unlike the stable core area, the active surface is mainly covered by Zn2+ 

and OH- which will maintain the aggregates and keep growing. Once reaching the 

critical size (rc) by continuing growth and reaction, the aggregate will exhibit as a 

nanometre sized wurtzite structure ZnO cluster and become thermodynamically 
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stable.[116, 178] These clusters thus will form precipitates either on seed layers or in the 

bulk solution as a basis for continuing crystal growth.[116, 178] 

2.4.2.5 ZnO nanostructures for DSSCs application  

A large reachable internal surface area is desirable for high performance DSSC 

photoanodes, which can lead to sufficiently dye loading for the capture of photons. The 

various morphologies of ZnO nanostructures achievable by aqueous solution growth 

processes support more opportunities to obtain morphologies with high surface area, 

which can contribute to dye loading and extend light path length in the photoanode. 

ZnO nanoparticles for the DSSC applications have been extensively studied by the 

inspiration of TiO2 nanoparticle based DSSC photoanodes (these types of the DSSCs 

are also known as Gratzel-type cells or conversional DSSCs). The strategy for using 

the ZnO nanoparticle as the photoanode is almost the same as that using nanocrystallite 

TiO2 particles in conversional DSSCs. In this kind of the DSSC, the nanocrystallite TiO2 

particles are displaced by ZnO nanoparticles while other parts remain unchanged. 

However, in the early research stage, most of the ZnO nanoparticle based DSSCs 

showed low performance, with the PCEs from 0.4 to 2.2% [189-191] which is much lower 

than those of the TiO2 nanoparticle based DSSCs. The low performance is similar to 

that of the early staged TiO2 particle based DSSCs, which means the performance of 

DSSC is very sensitive to photoanode factors (i.e. particle size and morphology, 

porosity of the MO photoanode, post-treatment).[11, 192] Wong et al studied the effects 

of ZnO nanoparticle properties (i.e. morphology porosity ) on the performance of  the 

DSSCs.[94] As shown in Figure 2-23, there is a complex relationship between the DSSC 

performance and nanoparticle morphology, defects as well as dye absorption. To 
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achieve a good DSSC, it is necessary to find an optimised photoanode which can 

support good electron transport, good match with dye molecules (fast electron 

injection), suppressed recombination (extended electron life time) and large amount of 

dye loading.[94] 

Among various types of nanoparticle films, some researchers demonstrated advantages 

of using nanoporous films formed by embedding particles with nanowalls vertically 

grown on the surface.[193] This type of nanostructure would be favourable for electron 

transport and could provide reasonable space for electrolyte diffusion through the gaps 

between each sheet/wall.[193] As reported by Hosono et al.[194, 195], nanoporous ZnO was 

applied to the DSSCs and an overall PCE of 3.9% was achieved by using a ~10µm thick 

ZnO film which was sensitised by the N719 dye.[194] The nanoporous film was achieved 

using a two-step process: firstly, layered zinc acetate was applied onto the substrates by 

hydrolysis of zinc acetate dihydrate in methanol at 60 oC; secondly, a post-heat 

treatment (above 150oC) was carried out to transform the layered zinc acetate into 

crystallised ZnO. During this process, the porous structured film was obtained by 

heterogeneous nucleation. PCE of 4.3% was also reported by using nanoporous ZnO 

photoanode by Hosono et al. In their research group, the N719 dye was replaced with 

D149 dye (an organic metal-free dye).[196] The enhancement in the overall PCE was 

attributed to the organic dye and shorter immersion time for preventing the formation 

of a Zn2+/dye complex which is normally considered as a passivation of dye. This is 

because the points of zero charge (PZC) of the TiO2 (linked with a pH value of 5.5–6.5 

[197]) is much lower than that of the ZnO (linked with a pH value of 8–9,[198] whereas 

the pH value for the dye solution was ~5.[90] Therefore, ZnO photoanodes using the 
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same dye solution for dye loading process have to compromise the immersion time and 

sufficient dye loading.[90] 

 

Figure 2-23 ZnO nanoparticle based DSSCs. (a) J-V curves of DSSCs assembled by different 

ZnO nanoparticle photoanode. (b) to (e) representative cross-section SEM images of the 

corresponding sample ZnO-1, ZnO-3, ZnO-5 and ZnO-7. The inset in each image ((b) to (e)) 

is the corresponding top view SEM image of the sample.[94] 

Other morphologies of ZnO structures, such as large nanoparticle with nanosheet 

cluster, nanotetrapods and nanobelts have also been studied for DSSCs. Not only 

because these structures may bring sufficient reachable surface area for dye loading, 

but also it is believed that the specific morphology/structure could provide electron 

transport and/or light trapping properties. Peng et al showed that the nanoflakes (NFs) 

with small sizes can cause a random light scattering.[199] They also found that the larger 

sized NFs (> 2 µm) could significantly improve the light trapping effects of the NFs 

film.[199, 200] ZnO nanoparticle with nanoplates dispersed in-between have been used as 

the photoanode for DSSCs applications, which results in a relatively low PCE of 1.6%, 

possibly due to the loss of reachable internal surface area.[201] Photoanodes based on 

micro-spheres (size around 4 μm), consisting of nanosheets interconnected to each other, 

were obtained by using acid capping agents during the hydrothermal process.[201] It was 
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found that the right ordered nanosheet morphology causes a great improvement in 

reachable surface area, and achieved DSSC PCE up to 2.6%.[193]. Similar strategy using 

a 3D ZnO tetrapod structures with four adjustable arms (1-20 µm) extending from one 

shared core was used as the building block for a photoanode film of the DSSCs (as 

shown in Figure 2-24).[202] The porous photoanode film was obtained by heaping up 

these blocks layer by layer deposition, which achieved a porous film with highly 

reachable surface areas. Additionally, the tetrapods contacted with each other by arms 

which was believed to be good for electron transport. The DSSCs showed an overall 

PCE of 1.2% to 3.3%.[202] 

 

Figure 2-24 SEM images of nanostructured ZnO build blocks (a) nanoporous material 

assembled by dispersed nanosheets in nanoparticles; (b) nanoporous film assembled by 

nanosheet-assembled spheres; (c) nanoporous photoanode made by interconnected ZnO 

tetrapods. The inset is high resolution images; (d) Schematic diagram of nanoporous film 

assembled by interconnected ZnO tetrapods.[193, 201, 202] 

Along with the research work, percolation theory has been used to study the influences 

of the network morphology/nanostructure on the electron transport behaviour/dynamics 

in the DSSCs based on MO nano-particulate photoanode. Using typical mesoporous 
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nanoparticle based photoanode as an example, electron transport through the 

mesoporous nanoparticles assembled network was correlated with the film thickness 

(or the coordination numbers of the particles) and porosity of the film.[203] Therefore, 

during electron transportation through MO nanoparticles based semiconductors 

mesoporous layer, there could have negative effects: (1) between the trap states on 

contiguous particles, a series of hoping events may happen;[203] (2) transport have been 

slowed down by trapping and de-trapping issue;[78] (3) random zig-zag pathway during 

the transport occurs.[203]  

Currently, ZnO one-dimensional (1D) nanostructured materials have been considered 

as one of the promising ways to overcome the problem mentioned above. Using an 

array of oriented single-crystalline ZnO 1D nanostructures instead of mesoporous TiO2 

nanoparticle film can incur the fast collection of photo-generated carriers throughout 

the DSSCs as the nanostructures can provide a direct path to the conducting substrate, 

thus suppressing the recombination losses.[204] Take single-crystalline ZnO NRs as an 

example, their excellent crystallinity and morphology feature provide good electron 

transport ability of the ZnO NRs. The electron transport in single ZnO NRs can achieve 

several orders of magnitude greater than general TiO2 nanoparticle based 

photoanode.[205, 206] The carrier collection can be enhanced by a radial electric field 

within each ZnO NRs which repels the injected-electrons from the surrounding 

electrolyte.[207] It could reduce the recombination of the majority-carrier electrons at the 

surface of each ZnO NR.[207] Recombination may remain diffusion controlled. [207] 

However, the rate of electron transport at the MO surface is mainly affected by the 

surface field rather than the ZnO diffusion constant for electrons in the NR core. [207] It 
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is therefore possible that diffusion lengths are significantly larger than those of 

nanoparticle based films.[207] 

ZnO NWs arrays were employed firstly as photoanodes in DSSC applications, by 

repeatedly replacing samples into fresh growth solution (with additive of PEI) under 

92oC. The length of ZnO NWs can be modified and controlled. The longest NW arrays 

could reach around 20-25 µm with the NW diameter around 130 to 200 nm (as shown 

in Figure 2-25), though the reachable internal surface area was only around 1/15 

compared to a conventional nanoparticle based mesoporous film.[95] The overall PCE 

was 1.2 to 1.5 % which is around 1/8 compare to a conventional nanoparticle based 

mesoporous film. The electron concentration of a single ZnO NW is 1-5×1018 cm-3 with 

a mobility of 1-5 cm2 V-1 s-1. [95] The electron diffusivity of a single ZnO NW is 0.05-

0.5 cm2s-1, which is much higher than those of the TiO2 nanoparticle based DSSCs 

under a light illustration working condition.[17, 95, 103, 104] 

 

Figure 2-25 (a) the representative SEM image of the ZnO NRs on FTO used as photoanode in 

DSSC. (b) Summary and comparative performance of NRs and nanoparticle based DSSCs.[95] 

To confirm that the ZnO NWs can bring the benefits for electron transport, Jsc as a 

function of nanostructure roughness factor (reachable surface area /projected surface 
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area) was studied.[95] As shown in Figure 2-25 (b), the DSSCs were made using the ZnO 

NWs, ZnO NPs or TiO2 NPs based DSSCs were chosen as the experimental group.[95] 

Either TiO2 NPs or ZnO NPs shows a prompt saturation and a subsequent decrease in 

the Jsc with continuing increased roughness. This indicated that the performance of the 

cell decreases above a certain MO photoanode thickness due to increased 

recombination losses. On the other hand, the ZnO NRs/NWs based photoanode shows 

a linear increase in the Jsc even though the photoanode are around 25 µm thick. This 

indicated that the ZnO NRs/NWs based photoanode could reduce the recombination 

losses because of its high electron transport efficiency.[95] The ZnO NRs/NWs DSSCs 

produced a higher Jsc than those of the NPs based DSSCs over the accessible range of 

roughness. [95] This confirms that the NRs/NWs support higher electron transport 

abilities in DSSCs when compared with NPs. Similar results have been reported for the 

DSSCs with higher PCEs.[95, 208-210] 

Since changing the NRs/NWs morphologies have been demonstrated as a potential way 

for improving electron transport in the pioneer’s work, many attempts have been made 

to explore this approach. One approach is using ZnO nanotube arrays as the morphology 

can not only support the electron conductive pathway but may also support more 

porosity by its typical cavity structures. It can be produced by a growth-etching aqueous 

solution method which contains typical NR growth and selective etching process for 

the tube like morphology.[116, 211] However, the performance of the ZnO nanotube based 

DSSCs only achieved PCE value of 1.6% due to etching/reaction with dye molecules 

in weak acid dye loading environment, which results in low injection efficiency and 

insufficient dye loading. Some researchers tried to increase the dye capability by 
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modifying the NRs/NWs structure, which can be achieved by dendritic structures or 

NRs/NWs structure filling with particles.[212] Dendritic structures formed by a 

NRs/NWs core-bone with branches were formed by more complicated processes than 

NWs/NRs required.[68, 116] Baxter et al. developed a multiple-generation growth for 

obtaining NW structures with branches for improving dye loading capabilities, however, 

only 1.1% PCE was achieved by this kind of DSSCs.[68] On the other hand, the 

NRs/NWs array-nanoparticles composite films have been demonstrated to significantly 

increase the overall PCE of the DSSCs from 0.84% (pure NRs) to 2.2% (NRs array- 

nanoparticles composites). This have been achieved by filling 5-30 nm NPs inside the 

NRs by Ku et al.[212] 

2.4.3 Hybrid ZnO nanostructures for DSSC applications 

In order to overcome the disadvantage of ZnO used in DSSCs, core-shell and hybrid 

structures have been proposed. Much effort has been made in this area for preventing 

the formation of Zn2+/dye agglomerates and improving the ZnO stability. This has also 

been considered as an efficient way to improve the interfacial electron injection and 

suppress recombination at the semiconductor/dye/electrolyte interfaces for achieving 

the best performance of the DSSCs. Modifying the ZnO, by applying another buffer 

layer on its surface, a high reachable surface area can be maintained and also the 

requirements for electron injection and suppressed electron back transfer and 

recombination can be achieved. Thus, successively using ZnO associated with other 

materials would improve the development of ZnO based DSSC. Different materials (i.e. 

TiO2, SiO2, ZrO2, Al2O3 and MgO) have been studied as the modification shell/layer 

for photoanode usage. Diversified materials support more choices of photoanode 
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material design with varying degrees of success in improving electron mobility as well 

as preventing electron back transport.[85, 86] Table 2-4 summarises some recently 

reported hybrid and/or core-shell structures for the DSSCs using different MO materials. 

Table 2-4 A brief summary of core-shell nanostructure based DSSCs.[31, 87, 213-220] 

Material/band 

gap (eV) 

Shell 

concentration 

or thickness/ 

dye 

   

Parameters  of DSSCs with (without) 

shell 

Summary 

Core Shell 
Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

TiO2 

(3.3) 

Al2O3 

(9.9) 

N719 [213] 
0.76 

(0.55) 

12.1 

(9.1) 

61.1 

(55.1) 

5.6 

(3.7) 
Thicker shell 
limits 
electron 
injection  

4 times coated 

/N719[213] 

0.86 

(0.55) 

2.45 

(9.1) 

65.6 

(55.1) 

1.4 

(3.7) 

TiO2 

(3.3) 

SiO2 

(8.9) 

N719 [208] 
0.71 

(0.74) 

10.6  

(9.1) 

58.1 

(55.1) 

4.4 

(3.7) 
Increase in 
Voc, larger 

Jsc obtained 
with N719 

0.53/Eosin 
[214] 

   0.60 

(0.58) 

0.55 

(0.37) 

54.0 

(54.0) 

0.18 

(0.12) 

TiO2 

(3.3) 

ZrO2 

(4.7) 

1:0.38/N3 [215] - - - 
2.27 

(0.42) Improve cell 

performanc. 
N3[220] - - - 

2.3 

(1.4) 

TiO2 

(3.3) 

MgO 

(7.2) 
N3[216] 

0.72 

(0.64) 

11.7 

(6.4) 

53.5 

(47.3) 

4.5 

(3.1) 

Large 

increase in 

Jsc 

ZnO 

(3.3) 

TiO2 

(3.3) 

10-25 nm 

shell /N3 [217] 
0.8 2.0 

60 

(36) 

2.0 

(0.9) Improve Voc 

Jsc and FF  0-34 nm shell 

/N719 [207] 

0.78 

(0.56) 

4.7 

(2.2) 

62 

(30) 

2.25 

(0.37) 

ZnO 

(3.3) 

SiO2 

(8.9) 
1:5/N719 [218] 

0.68 

(0.67) 

7.7 

(1.0) 

69.0 

(73.0) 

3.6 

(0.5) 

Greatly 

improved 

Jsc 

SnO2 

(3.5) 

TiO2 

(3.2) 

35%/N719 
[219] 

0.66 

(0.48) 

10.9 

(6.4) 

54.0 

(40.0) 

3.9 

(1.2) 

Improve Jsc, 

Voc as well 

as FF 

SnO2 

(3.5) 

Al2O3 

(9.9) 
6%/N719 [219] 

0.74 

(0.48) 

10.0 

(6.4) 

70.0 

(40.0) 

5.2 

(1.2) 
Improve Jsc 
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SiO2 has been used for the shell because it changes the surface charge due to the change 

in the isoelectric point of SiO2, and protects the ZnO surface from the acid solution 

environment. The formation of Zn2+/dye agglomerates can also be prevent.[31] As a 

result, an increase in Jsc (1.00 to 7.66 mA/cm2) has been observed, which results in an 

increased PCE from 0.52 to 3.2 %.[31, 218]  Similar improvement has also been reported 

by Shin et al., who demonstrated that using SiO2 decorated ZnO NP based photoanode, 

the DSSCs achieved an overall PEC of 4.4%.[221] 

TiO2 is considered as a suitable material for the buffer layer for forming a shell on the 

core nanomaterial, because its chemical stability and good matches with most types of 

dye molecules. A typical solution process for applying a modification TiO2 layer on the 

ZnO nanostructure can be realised by simply immersing/dipping ZnO sample into a 

reaction solution containing titanium alkoxide (Ti(OBu)4), followed by annealing 

process at 400 oC for crystallisation.[95] The TiO2 layer on the nanostructure was also 

achieved by electrochemical deposition.[222, 223] However, these techniques have limited 

capability for accurate thickness control. Atomic layer deposition (ALD) is commonly 

used technique for the synthesis of a high-quality nanoscale thin layer (1 nm to 50 nm), 

and has been employed for coating TiO2 modification layer on ZnO. Law et al. had 

successfully achieved thickness control of TiO2 layers on the order of 1 nm.[207] As 

shown in Figure 2-26, the core-shell structures of ZnO-Al2O3 and ZnO-TiO2 NRs were 

easily obtained using this method. In their experiment, the crystals of TiO2 were 

strongly dependent on film shell thickness (amorphous with thickness less than 5 nm; 

but changed to anatase TiO2 by a thicker shell (> 5 nm)).[207] On the other hand, only an 

amorphous Al2O3 shell was achieved in their study, which served as an insulator layer 
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and caused the decrease of Jsc. Similar to SiO2 layer, TiO2 buffer layer can also be 

served as a protection layer to improve ZnO stability (i.e. prevent the formation of 

Zn2+/dye complex).[207] The core-shell structure of ZnO-TiO2 was also believed to form 

an energy barrier that suppressed the injected-electrons back transfer to the surface 

which will recombine with oxide dye and/or redox couples in the electrolyte. Thus, the 

overall PCE of the cell was improved. The values of Voc and Jsc were also increased 

after the TiO2 shell was coated on ZnO, and the overall PCE performance of the DSSCs 

has been improved substantially to 2.25%.[207] Balaya et al also reported that after 

applying a 10-25 nm thickness TiO2 shell on the ZnO NRs, the FF of the cell was 

significantly increased.[217] 

 

Figure 2-26 Characterisation of the (a) to (b) ZnO-Al2O3 and (c) to (d) ZnO-TiO2 core-shell 

NRs. (a) & (c) the TEM images and (b) & (d) the relative electron diffraction pattern of the 

ZnO-Al2O3 and ZnO-TiO2 NR. The insect in (a) and (c) is the corresponding EDS element 

examination.[207] 

As explained above, amorphous Al2O3 has been studied as a shell on the ZnO NRs and 

designed for preventing electron back transport.[207] Compared with normally used 

energy barrier materials (i.e. TiO2 or SiO2), the Al2O3 shell as an insulating barrier was 
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found to lead to a slight increase in Voc of the DSSCs but a decrease in Jsc and PCE 

with increasing shell thickness.[207] The slight increase of Voc could be attributed to the 

Al2O3 shell which acts as a tunnel barrier when it is very thin. This improves Voc by 

reducing recombination.[207] However, the thick Al2O3 shell suppress electron injection 

more than recombination which decreases the DSSC performance.[207] 

Although the use of a modification MO semiconductor (i.e. Al2O3, TiO2 or SiO2) shells 

can improve ZnO nanostructure based DSSCs, the resultant effects on the DSSC 

performance with varying degree of success had been reported by pioneer research 

works. Further investigation is still needed for a detailed understanding of the shell 

effects as well as how to select suitable materials for the optimal enhancement of overall 

performance of the DSSCs. In general, the shell modification effects are related to two 

main effects:[18, 20] (1) the enhancement effect is affected by the surface morphology 

changing and the methods used for applying and/or synthesis MO shell materials on the 

target core; (2) different MO materials used for shell which have different chemical 

bonding between the cations (i.e. Si4+, Al3+, Ti4+) and O2+, and affect different 

interfacial states, thus leading to different results in electron-injection processes. 

2.5 Summary and motivation 

In brief, for further improving the performance of the DSSCs, there are several ways 

which can be applied:[11, 95, 224, 225] 

(1) Increasing the porosity (or reachable surface area) of MO photoanode, thus 

increasing the amounts of dye molecules absorbed on the surface of the photoanode 

material (MO semiconductor) for improving light harvest; 
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(2) Improving the electrical properties of the MO semiconductor to achieve a better 

electron collection efficiency (i.e. faster electron transport); 

(3) Suppressing the reverse reactions in DSSC and decreasing the recombination loss 

thus leading to an increase in the efficiency;  

(4) Synthesis high performance absorbers (i.e. dye) to harvest more light to increase the 

DSSC performance; 

(5) Modifying and improving the redox couples as well as additives in electrolytes to 

decrease recombination and improve stability and overall performance of DSSC; 

(6) Improving CE catalytic activity and meet the requirement of new designed 

electrolyte for achieving fast regeneration and charge transport. 

Herein, the objective of this thesis is to achieve the low-temperature synthesis strategies 

for producing crystallised ZnO based (crystallised TiO2 as shell) nanostructure with 

controllable morphology and composite which will be used as photoanode for typical 

DSSCs. Low-temperature synthesis crystallised ZnO NRs using aqueous solution 

process will be investigated in detail (i.e. influences of reactants, chemical reaction 

factor and additives effects on the ZnO NRs growth). A low-temperature modification 

method is developed for preparing the crystallised TiO2 layer which can be used to 

assemble ZnO/TiO2 core-shell structure. The ZnO nanostructure with TiO2 

modification layer will then be used as the photoanode and assembled to DSSCs. The 

influence of these ZnO nanostructure based photoanode properties on the DSSCs 

performance will be studied.  
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Chapter 3 Methodology 

In this chapter, details about all the experimental work and characterisation processes 

developed/carried out in this thesis are provided. Briefly, it can be divided into the 

following parts (Figure 3-1):  

  

Figure 3-1 Diagram of the experimental flow 

(1) Details of materials and reagents  

(2) Synthesis procedures 

(3) Characterisation of materials and nanostructures 
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(4) Dye sensitised solar cell fabrication and its characterisation 

Some of the specific procedures for the measurement will be described in the 

corresponding Chapters. 

3.1 Materials and Reagents 

In this thesis, unless otherwise stated, all chemicals and solvents used were at least 

reagent grade purchased from Sigma-Aldrich and used without further purification. 

Details of the source materials, chemicals and solvents are listed in Table 3-1. 

Table 3-1 Reagents, solvents and materials used in the work. 

Reagents and solvents Standard Supplier 

zinc nitrate hexahydrate 99.0% Sigma 

ammonium hydroxide 28 wt% in water, Sigma 

hexamethylenetetramine 99.0% Sigma 

ammonium chloride 99.5% Sigma 

aluminum nitrate nonahydrate 98.5% Sigma 

NaOH 98% Sigma 

LiI 99.9% Sigma 

iodine 99.99% Sigma 

4-tert-butylpyridine 96% Sigma 

tetrabutylammonium iodide 99.0% Sigma 

acetonitrile 99.9% Sigma 

acetone 99.8% Sigma 

ethanol 99.5% Sigma 

I2 99.8% Sigma 

N719 dye 95.0% Sigma 

polyethylenimine 

(PEI) 
Average Mn ~600 Sigma 

Material Standard Supplier 

Zn target 99.9 at%  

Pt Target 99.0 at%  

Ti3O5 99.9 at% Materion Inc. 

hot melt surlyn film 25~50 µm Solaronix 
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3.2 Synthesis procedures 

In this section, different synthesis instruments and processes will be introduced. 

Nanostructures are synthesised by the low temperature aqueous solution growth 

approach and modification layers achieved by plasma enhanced electron beam (e-beam) 

evaporation will be described in the Sections 3.2.1 and 3.2.2, respectively.  

3.2.1 Growth of ZnO nanostructures 

3.2.1.1 Pre-treatment of substrates 

(1) Substrate cleaning 

For the preparation of the nanostructured materials grown on the substrate, the 

requirements of the surface quality are critical. This is mainly because that any surface 

defects (i.e. metal tarnished, organic tarnished, tarnished dust, etc.) on the substrate will 

cause negative effects on the whole growth process. Therefore, it will affect the quality 

of the materials and the performance of the devices. Accordingly, the cleaning of the 

substrate becomes one of the critical steps of nanomaterial fabrication. Substrates are 

all cleaned using a typical solvent clean (acetone bath and ultrasonic clean for 10 

minutes, then ethanol 5-10 minutes ultrasonic clean) followed by a deionized water 

rinse and N2 blow dry process.  

(2) Seed layer preparation 

In the aqueous solution ZnO nanostructure synthesis, the ZnO seed layer is important 

to control the growth of ZnO nanostructure. It defines heterogeneous nucleation as well 

as nanostructure growth on pre-seed surface. Therefore, most common substrates can 

be used for ZnO growth such as, Si (100) wafer, flexible polymer, silica, TCO coated 

substrates, as long as the seed layer can be applied on the material properly (i.e., good 
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adhesion with substrates) and the material is compatible with the reaction temperature 

and chemical solution.  

ZnO seed layer was applied on the surface of the substrate using a typical DC 

magnetron sputtering process. A metal Zn target was used as the source material and a 

working mixture gas of Ar and O2 was used with a flow rate ratio of 50 sccm / 50 sccm. 

The deposition was started once the base chamber vacuum reached to 5.0×10−6 mbar. 

ZnO seed layers with a thickness of 50 nm were deposited using power of 400 W. For 

the substrates used as the photoanode for assembling DSSCs, an ITO layer of 250 nm 

thick (18 /) were deposited onto the cleaned glass substrates surface using a 

magnetron sputter system (MicroDyn○R ) before the deposition of ZnO seed layer.[1] In 

this process, a high purity In-Sn alloy (>99.99%, 90:10) target was used as the source 

material with sputtering power set at 1.64 kW. The mixture of Ar and O2 with a flow 

rate ratio of 80 sccm / 36 sccm had been used as working gas. The substrates holder 

was rotated for improve uniformity at a rotation rate of 1 cycle/second. The deposition 

was started once the base chamber vacuum reached to 1.0×10−5 mbar. The film 

thickness was set at 250 nm which had been monitored by a quartz crystal thickness 

sensor and controlled by the computer.[1] 

3.2.1.2 Low temperature aqueous solution method for nanostructured materials 

For a typical growth process (as shown in Figure 2-17), the transparent aqueous reaction 

solution was prepared by dissolving various concentrations of zinc nitrate hexahydrate 

(Zn(NO3)2 • 6H2O) with different reactants for achieving various morphologies as well 

as properties. Reactants such as ammonium water (NH4OH), ammonium chloride 

(NH4Cl), Hexamethylenetetramine ((CH2)6N4), hydrochloric acid (HCl) and sodium 
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hydroxide (NaOH) were used for starting the reaction with different function. NH4OH 

and NH4Cl were used for providing enough NH4
+ to react with Zn2+ and achieving a 

complex to serve as a Zn buffer in the reaction. (CH2)6N4 and NaOH were employed 

for supporting OH- and adjusting pH value (HCl and/or NaOH) of the reaction solution 

(measured by Orion Star A211 pH meter, Thermo Scientific) to a desired value. 

Additives such as PEI and metal cation (in this thesis Al3+ was chosen) were used for 

nanostructure morphology and property control, and the details will be further 

discussed in the corresponding chapter 4 and chapter 7. 

Various chemicals were used in order to optimise growth parameters, simultaneously 

understanding the relationship between growth parameters and supersaturation, and the 

driving mechanisms of nucleation growth. Although solution processed ZnO 

nanostructures have been studied for years, the growth mechanism of ZnO 

nanostructures is still not fully understood.  It is still required further investigation to 

develop a low-cost, controllable and easy processing solution synthesis method. 

Therefore, in this work, a series of experiments were carried out (as shown in Table 3-2 

and Table 3-3) to find the optimised parameters for the DSSC applications.  

 

Figure 3-2 Solubility plot as a function of pH/[NH4
+]with possible reactions in the inset 

table.[2] 
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Table 3-2 Experiment factors for the solution synthesis of ZnO NRs investigation. 

Growth in hexamethylenetetramine aqueous solution (section 4.2.1) 

Factors 
Zn(NO3)2 and (CH2)6N4 

concentration (molar ratio 1:1) 
Duration 

hours (hrs) 
Temperature 

Temperature effects 
(section 4.2.1.1) 

0.05 M 

3 hrs and 12 
hrs for 35 oC 

3 hrs for  
the rest  

(45 oC-95 oC) 

35 oC to 95 oC 

Influence of reactants 
and durations 

(section 4.2.1.2) 

0.030 to 0.110 M 3 hrs 90 C 

0.025 M 
0.050 M 

0-10 hrs 90 oC 

Growth in an alkaline solution (section 4.2.2) 

Factors 
Zn(NO3)2  

concentration 
T 

Duration 
hours 
(hrs) 

PEI [NH4
+] pH 

Influence of pH and 
reactant 

concentration 
(section 4.2.2.1) 

0.020 M 80 oC 3 hrs 0 0.025 M 10 to 12 

0.005 to 0.2 
M 

80 oC 3 hrs 0 0.025 M 10.55 

Influence of 
ammonia (section 

4.2.2.2) 
0.020 M 80 oC 3 hrs 0 

0 to 
0.55 M 

10.51 

Influence of 
additive PEI 

(section 4.2.2.3) 
0.025 M 80 oC 0- 20 hrs 

5-50 mM 
0 -5 mM 

0.025 M 10.51 

 
In order to predict the solubility of ZnO, all the reactions under certain factor (i.e. 

reactant concentration) was assumed as equilibrium between ZnO and aqueous reaction 

solution. A simplified solubility plot calculation was used for analysing experimental 

results in the alkaline growth solution (calculation Matlab code show in appendix).[2] 

The possible chemical reactions in the growth process with relative equilibrium 

constant are listed in Figure 3-2.[2] The z-axis ([NH4
+]) shown in Figure 3-2 represent 

the applied reactant concentration in the growth solution after pH adjustment. The y-

axis indicated the maximum concentration of Zn2+ (all the zinc containing species) 

without formation of ZnO. The 3D-image in Figure 3-3 indicates there is a boundary 
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condition in the reaction solution, if the reaction elements (Zn2+, NH4
+ and OH-) 

condition (i.e. concentration) is below the boundary plane, there will be no ZnO 

precipitation occurring. On the other hand, if the conditions reach above the boundary 

plane, there will be a supersaturation condition, where the ZnO solid may start 

participation.[2-5] 

 

Figure 3-3 Schematic process of the hydrothermal growth with syringe pump. 

Al doped ZnO (AZO) nanoflake synthesis (Chapter 7) was prepared using the following 

experimental setting (Table 3-3). The basic solution was 100 ml transparent aqueous 

solution containing 25 mM zinc nitrate hexahydrate and 400 mM ammonium chloride 

with a pH value of 10.8 (adjusted by NaOH).[6] The ITO coated PET substrate was 

placed upside down in the solution in a sealed reaction vessel, connected with a syringe 

pump (as shown in Figure 3-3). All the synthesis was performed at 80 oC by placing the 

reaction vessel into a pre-heated water bath. During the film growth, aluminium nitrate 

nonahydrate (Al(NO3)3 • 9H2O) with final total concentrations of 1 mM to 4 mM was 

injected into the solution through the syringe pump, and control of the nanostructures 

was achieved by varying the injection speed and concentration (Figure 7-1).[6] The 

concentrations of the solutions used for injection at a speed of 2 mL/hour were set at 1, 

2, 3 and 4 mM, which were denoted as samples AZ1, AZ2, AZ3 and AZ4, respectively. 

The injection speeds were varied between 2 mL/hr to 4 mL/hr with a total injected final 
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content of 2 mM, which were denoted as samples AZ1S-2 mL/hour, AZ2S-3 mL/hour 

and AZ3S- 4 mL/hour.[6] The duration of the reaction was fixed at four hours. One 

control group was set to investigate the in-situ MCU effects; one sample (AZ1-C) was 

prepared using the hydrothermal solution method with the same chemical solution and 

reaction conditions as AZ1 but without in-situ microfluidic unit.[6] Additional, to clarify 

the substrate effect on the nanostructures, sample AZ1 had also been synthesised on 

one piece of ITO coated glass substrate (AZ1-G). For thickness effect test, the duration 

of the growth was varied from 1 to 12 hrs (1, 2, 4, 8, 12) with 4 mM of the Al source 

solution used for injection at a speed of 2 mL/hr, which were named as AZ4-1hr, AZ4-

2hr, AZ4, AZ4-8hr, AZ4-12hr. After synthesis, all the samples were rinsed with DI 

water and dried with N2 gas before testing and/or other process.[6] For DSSC 

photoanode testing, a layer of anatase TiO2 (~ 50 nm) was deposited on the as-prepared 

samples using a low temperature deposition process optimised in Chapter 6. 

Table 3-3 Experimental setting for the solution synthesis of AZO nanostructures.  

Fixed parameters for 
all the following 

experiments 

Zn(NO3)2 Temperature pH [NH4
+] 

0.025 M 80 oC 10.8 0.4 M 

Factors Sample Al(NO3)3 Duration Injection rate 
Influence of injection 

concentration 
AZ1 1 mM 4 hrs 2 ml/hour 
AZ2 2 mM 4 hrs 2 ml/hour 
AZ3 3 mM 4 hrs 2 ml/hour 
AZ4 4 mM 4 hrs 2 ml/hour 

Influence of injection 
rate 

AZ1S 2 mM 4 hrs 2 ml/hour 
AZ2S 2 mM 4 hrs 3 ml/hour 
AZ3S 2 mM 4 hrs 4 ml/hour 

Influence of growth 
duration 

AZ4-1hr 4 mM 1 hrs 2 ml/hour 
AZ4-2hr 4 mM 2 hrs 2 ml/hour 
AZ4-8hr 4 mM 8 hrs 2 ml/hour 
AZ4-12hr 4 mM 12 hrs 2 ml/hour 

Control group 
 Sample Al(NO3)3 Duration injection rate 

without MCU AZ1-C 1 mM 4 hrs N/A 
ITO coated glass slice 

used for substrate 
AZ1-G 1 mM 4 hrs 2 ml/hour 
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3.2.2 Low temperature synthesis and crystallisation of TiO2 modification layer  

In this thesis, a typical electron beam (E-beam) thermal evaporation with a home-made 

plasma source was employed for achieving a crystallised TiO2 modification layer on 

ZnO nanostructures. The main apparatus was an E-beam evaporation system (SATIS 

MS LAB 380 series), which had two E-beam sources and a sweep generator as 

demonstrated in Figure 3-4 (a) to (c). The electron beam was produced from a heated 

filament under a high vacuum and focused onto the evaporant (target material) by 

magnetic fields (see Figure 3-4 (d)). The source material was placed at the bottom of 

the system and the substances were placed on top of the chamber. Once the base 

pressure reached at 5×10−5 mbar, the source material was heated and melted, and then 

the working gas was introduced from the bottom part of the chamber. The carrier gas 

was coming from the bottom because it is good for carrying source material and getting 

more chance to react with the working gas. Because of the relatively low temperature 

of the substrate, the evaporated materials were condensed then grown on the target 

surface. In a typical deposition process, oxygen and nitrogen gases were used for 

achieving oxide or nitride films under an operating pressure at around 10-4 mbar. By 

using the software with the SATIS MS LAB 380 evaporation system, the electron beam 

energy as well as the magnetic field can be adjusted. This could achieve a stable and 

controllable evaporation rate of the source material. After several calibration runs and 

updating the parameters into the software, film deposition rate can be easily controlled. 

The film thickness was monitored using a quartz crystal micro-balance (QCM) sensor 

beside the substrate holder.[7] 
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Figure 3-4 (a) SATIS MS LAB 380 E-beam evaporation system. (b) Schematic drawing from 

side view of the deposition chamber. (c) Plan view of the deposition chamber floor. (d) E-

beam evaporation working principle. 

Various deposition parameters were investigated in order to achieve an optimised 

deposition process for TiO2 shell coating. In order to avoid the influences of other 

impurities, high purity Ti3O5 granules were chosen as the evaporation source. Ti3O5 has 

a lower evaporation temperature which could effectively avoid outgassing and particle 

ejection, compared with the pure TiO2 evaporant. Most importantly, the evaporated 

vapour of the Ti3O5 powder produced only one titanium species (Ti-O), leading to a 

uniform film composition.[7, 8] Effects of the working gas (O2) and plasma enhancement 

on the morphology, crystallinity as well as their functional properties of resultant TiO2 

films were investigated. The working gas was a mixture of Ar and O2. For 

understanding O2 effects to the film, the Ar flow rate was set to be 10 sccm, but the O2 
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flow rate was set at 10, 15, 20, 25 and 30 sccm. The base pressure was 5×10−7 Pa and 

deposition was done at room temperature (RT) without heating. Plasma analysis was 

carried out using a Faraday Cup (CCC Technology, USA) to obtain the plasma current 

density and ion/adatom arriving rate which can be adjusted by adjusting plasma power 

source (i.e. working voltage and current).[7] Deposition parameters and plasma analysis 

results are listed in Table 3-4.[7] During deposition, plasma enhancement was provided 

by a thermionic plasma source, which enabled ionizing the working argon atoms and 

the processing oxygen gas molecules. The plasma source position and relative distances 

between other components (inside E-Beam deposition chamber) are summarized in 

Figure 3-4 (b) & (c). The ion energy and arrival ratios of the ion to adatom were varied 

during film deposition and they were chosen in this study as the optimum rates for 

densification, but without causing severe re-sputtering effects based on the parameters 

reported from reference.[7] The deposition rate was ~0.20 nm/s and the substrate holder 

was rotated at 20 rpm.[7] 

Table 3-4 Deposition and plasma analysis parameters for PIAD TiO2 films.[7] 

Samples 

O2 flow 
rate 

(sccm) 

Ar flow 
rate 

(sccm) 

Voltage/current 

(V/A) 

Plasma 
current 
density 

(mAcm-2) 

Ion/adatom 
arrival rate 

 

T10 10 10 N/A N/A N/A 

T15 15 10 N/A N/A N/A 

T20 20 10 N/A N/A N/A 

T25 25 10 N/A N/A N/A 

T30 30 10 N/A N/A N/A 

T10P13(P13) 10 10 212/13 0.63 6.2 

T10P17(P17) 10 10 212/17 0.78 7.6 

T10P21(P21) 10 10 212/21 0.93 9.1 
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3.3 Material and nanostructure characterisation 

Crystalline structures of the deposited films were analysed using a Siemens D5000 x-

ray diffraction (XRD) spectrometer, with a Bragg–Brentano configuration and a Cu Kα 

line as an excitation source (40 kV/30 mA). The scan speed was set as 2 degree/min 

with 0.05 degree/step. Qualitative analysis was performed by comparing the XRD 

spectra with the reference JCPDS PDF card.[7] 

Scanning electron microscope (SEM), model S-4100 Hitachi SEM, with an 

Oxford Instruments INCA Energy Dispersive X-ray Spectrometer (EDS) was 

used for morphology study as well as element confirmation. Transmission 

electron microscope (TEM, JEOL, 3010 and JEM-2100) were used for core-shell 

structures and single crystal features of the nanostructure confirmation. The 

thickness of the nanostructured films had been measured by stylus profilometry 

(Dektak XT, BRUKER) and cross-section SEM images. 

Atomic force microscope (AFM, NanoScope III, Digital Instruments) was utilised to 

study the surface of the resultant films. For the AFM, typical scans were taken over an 

area of 5 µm × 5 µm at a constant scan speed of 1 Hz. The film roughness was obtained 

based on analysis of the AFM images. Hardness (H) and Young’s modulus (E) of the 

material as a function of the displacement of the nano-indenter were obtained from the 

loading–unloading of the indenter using a TriboScope nanomechanical test instrument 

(Hysitron Inc., USA) in conjunction with the Atomic Force Microscope. A Berkovich 

diamond indenter with a tip radius of 135 nm was used.[7] 

Optical properties were investigated using a spectrophotometer. Optical transmittance 

(T) and reflectance (R) measurements were carried out using a NKD-8000 Aquila 
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spectrophotometer with a scan speed at 5 nm/step and scan range from 350 nm to 1050 

nm. Photoluminescence (PL) spectra was measured using a LS 55 Fluorescence 

Spectrometer (PerkinElmer) at room temperature with 325 nm excitation wavelength. 

The scan range was set from 350 nm to 600 nm, and scan speed was 120 nm/min. 

 

Figure 3-5 Set-up of absorption spectroscopy experiment and Beer-Lambert law. 

Measurements of optical absorption and scattering properties were performed using a 

double beam ultraviolet–visible (UV-Vis) spectrophotometer (Lambda 40, 

PerkinElmer). An integrating sphere appendix was used for studying scattering effects. 

For solution samples, all the measurements were carried out by filling testing samples 

in quartz cells (Figure 3-5) at room temperature. The scan range was set from 220 nm 

to 700 nm, and scan speed was 60 nm/min. The corresponding concentration of the 

testing solution was obtained by Beer-Lambert law. In this thesis, molar absorption 

coefficient for dyes solution had been obtained by the Beer-Lambert plot (Figure 3-6), 

which is a graph of absorbance against concentration. The corresponding molar 

absorption coefficient was calculated by the gradient of straight line. If the Beer-

Lambert plot turns out as non-linear, then it means that the absorption is independent 

of concentration which is not observed in this thesis. 
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Figure 3-6 An example of a Beer-Lambert plot with linear fitting line for determining molar 

absorption coefficient. 

3.4 Dye sensitised solar cell fabrication 

3.4.1 Sensitised photoanode  

To fabricate the DSSC devices, the nanostructured photoanodes were immersed 

into a solution of N719 dye (0.3 mM) dissolved in a solvent of MeCN/t-Butanol 

(1:1) in a dark environment for overnight for complete dye uptake.[9-11] The 

sensitised samples were rinsed with the same solvent to remove the excess 

physical absorbed dyes.[11]  

3.4.2 Preparation of Pt counter electrodes 

To prepare the CE, a hole (~1-mm diameter) was drilled through ITO coated 

substrates (glass slices and PET) using a diamond drilling bit. After cleaning 

process, the Pt catalyst was deposited onto the ITO surface using a DC sputter. 

The thickness of the Pt layer was set to 5 nm. 
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3.4.3 Electrolyte 

The electrolyte used in this thesis was a solution containing 0.1 M LiI, 0.1 M I2, 

0.5 M 4-tert-butylpyridine, and 0.6 M tetrabutylammonium iodide in acetonitrile. 

3.4.4 DSSC assembly  

The sensitised photoanode and Pt decorated CE were assembled as a sandwich 

structured cell (Figure 3-7) and sealed using a hot melt Surlyn gasket (25 - 50 

μm). It should be noted that the photoanode in this sandwich structure has an 

active area of ~0.28 cm2. The as-prepared electrolyte was then injected through 

the hole of the back surface of the CE to the DSSC by placing it in a small vacuum 

chamber to achieve a vacuum back-filling. At the end, the hole though the CE 

was sealed by the hot melt Surlyn film covered with one piece of thin cover 

glass/PET. 

 

Figure 3-7 Configuration of sandwich structured dye sensitised solar cells with represented 

digital image of DSSC sample list in the inset. 
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3.5 DSSC characterisation  

3.5.1 Photovoltaic characterisation 

For the DSSCs, the photo current-voltage (I-V) results were measured under both light 

and dark conditions (Figure 3-8 (a)) using an electrochemical instrument 

(PGSTAT302N, Auto lab) or 2400 Source Meter (KEITHLEY) while the cell was 

covered by a mask (same area as active area of photo anode) to prevent extra light.[11] 

With the specific area during testing, the current density (J) can be obtained and used 

instated of current in practice, thus the I-V curve can be changed to a J-V curve. AM 

1.5 solar illumination (100 mWcm-2) was provided by a solar simulator 

(SCIENCETECH Inc. SF150 or Abet Tech. Sun 2000) with an AM 1.5 filter. The 

output light intensity of the simulator was calibrated (100 mWcm-2) using a reference 

Si photodiode, which had been calibrated at 100 mWcm-2 by GBSOL. With the 

obtained J-V results from samples, important parameters such as Voc, Jsc, and FF as 

well as PCE can be obtained (Figure 2-5). The meanings of these parameters were 

discussed in Chapter 2.  

 

Figure 3-8 Typical J-V curves under light and dark condition. 
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3.5.2 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is a well-known perturbative 

characterisation method which can be used to study the dynamics of an electrochemical 

process. It measures the responses of a testing sample after applied frequency-changed 

electrical perturbation. For the DSSC, EIS has been employed for recording the 

impedance response of the cell and studying the various interface behaviour in the cell 

(i.e. the photoanode/dye interface, photoanode/electrolyte interface and CE/electrolyte 

interfaces). The recorded data usually require a model (it is also known as equivalent 

circuit) to analyse. Applying a suitable equivalent circuit, results can be extracted from 

EIS measurements. Due to the complex working principle in the DSSCs and its 

complicated structure, an equivalent circuit suitable to describe the DSSCs is difficult 

to obtain. However, the normally used and well know equivalent circuits are still 

reasonably good to qualitatively analyse the interface behaviour (i.e. recombination and 

contact resistance). The typical MO (i.e. TiO2) photoanode could be explained using a 

transmission line model shown in Figure 3-9 (a) which considered different interfaces 

as well as component of DSSCs.[12, 13] This model can be simplified to Figure 3-9 (b) if 

the MO photoanode become more conducting (i.e. the photoanode under high voltages 

or the MO material has better electron mobility).[12-14] Generally, a Nyquist plot as 

shown Figure 3-10 (a), with a Bode impedance plot as shown Figure 3-10 (b) is 

commonly used for analysis of DSSCs. 
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Figure 3-9 (a) Typical equivalent circuit of the DSSCs. (b) A simplified equivalent circuit of 

the DSSC.[14] 

A typical Nyquist plot of the DSSC generally has three sections (Figure 3-10 (a)):[15] 

(1) the first semicircle (from the right) is the low frequency range (<1 Hz), which is 

assigned to the electrolyte diffusion; (2) the second semicircle is the middle frequency 

range (from 1 Hz to 10  kHz), which is linked with the charge transfer across interfaces 

amongst the semiconductor/dye/electrolyte; (3) the last semicircle is the high frequency 

ranges (in the kHz range and above), which is related to the electrochemical reaction at 

the Pt CE. As the only parameter varied in the DSSC of this study is the photoanode, 

the second –semi-circle is the part of the interest.[11] By applying a suitable equivalent 

circuit to fit the Nyquist plot, the electron transfer and recombination behaviour 

information on the photoanode/dye/electrolyte can be extracted. The Bode plot, is 

explicitly linked with frequency information, thus it is better to consider both plots for 

gathering more information about the properties of the tested DSSCs.[11, 14-16] 

In this thesis, the EIS measurements were recorded using the AUTOLAB 

PGSTAT302N potentiostat with a frequency response analyser (FRA) software. The 

cells were measured in a frequency range from 0.1 Hz to 1 MHz. The applied bias 
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voltage and its amplitude were set as open-circuit and 10 mV.[11, 16] The obtained 

impedance spectra results were analysed using a Z-view software (Scribner Associate 

Inc.) with a simplified equivalent circuit (Figure 3-9). 

 

Figure 3-10 Typical (a) Nyquist plot with equivalent (b) Bode plot of a DSSC when 

performing EIS measurement under Voc. 

3.5.3 Transient measurement  

In this thesis, transient photo voltage/current was measured to understand electron 

transport and recombination kinetics. The theory in this work is based on the following 

assumptions:[14] 

(1) Electrolyte is homogeneous and any variation in its concentration can be neglected;  

(2) Total electron concentration (n) in the MO photoanode is considered as the 

dominant transport of charge within the DSSC. The concentration refers to the ratio 

between the number of electrons and the volume of the effective medium.[14] 

(3) Contribution of electric caused by electron transport is negligible;  

(4) Quasistatic assumption. The charges are all considered to be in equilibrium on the 

timescale of all the interrelated measurements in the thesis ( –which is not involve 



97 

 

either in the transport nor recombination process; –concentration of conducting 

charge).[11, 14] Therefore, the total electron concentration can be expressed:[14, 17]  

= +                                             (Eq. 3-1) 

Under a typical working condition of the DSSCs, the  can be assumed much larger 

than  which result in n ≈  (this assumption will be applied to the whole thesis)  

(5) The optical light perturbation is strongly absorbed after illuminated into the cells 

shown in Figure 3-11. 

 

Figure 3-11 Idealised schematic plot of the profile of Δnini while the excitation pulse 

illumination strongly absorbed from CE side.[14] 

(6) To simplify the approaches of analysing photocurrent/voltage transient, for 

photocurrents, it is assumed that time is long enough to complete thermalisation of 

electrons with trap states and variation of the effective diffusion coefficient (Dn) is not 

significant with changing of position. 

(7) For photo-voltage transient, the capacitance of the MO is assumed as an 

approximate constant during the measurement. Additionally, small changes of voltage 

are proportional to changes in electron concentrations at the surface of substrate:[14] 

∆ ∝ ∆  ( = 0)                                        (Eq. 3-2) 
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Under the consumptions (1) to (7), the well-known multi-trapped framework proposed 

by Bisquert and Vikhrenko [18] is suitable to explain transient behaviour. In the proposed 

model, the variation of n can be expressed as the sum of generated, transport and 

recombined electrons:[14, 19] 

= + ( ) −                                        (Eq. 3-3) 

where G is the rate of electron generation as a function of position, Dn is the effective 

diffusion coefficient which can be expressed as:[14] 

= ×(1 + ) = ×(1 + )                  (Eq. 3-4) 

where D0 is the diffusion coefficient of free electrons in ECB of the MO and it has a 

relationship [20] with the tracer (or jump) diffusion coefficient (D) as: [14] 

=                                                 (Eq. 3-5) 

and electron lifetime ( ) is defined as: [14] 

=                                                  (Eq. 3-6) 

τ0 is the lifetime of free electrons (nc).[14]  

Therefore, a small perturbation can be introduced to a DSSC operated at a steady state 

condition and its return to the initial working condition can be recorded. [14] While a 

light perturbation introduced to the DSSC results in an increase of electrons (with the 

variable Δn) into the semiconductor of the device, the variation of n can be expressed 

as:[14] 

( ∆ )
= + (

( ∆ )
) −

( ∆ )
                     (Eq. 3-7)  
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The perturbation electron lifetime, τn, is define as below: [14] 

=                                                  (Eq. 3-8) 

Considering the background conditions of the tested device are at steady states, , (Eq. 

3-8) can be simplified to: [14] 

∆
=

∆
−

∆
                                               (Eq. 3-9) 

Once a pulse (strongly absorbed) was introduced into the devices from the CE side of 

the DSSC (i.e. 1/α << d), the corresponding photocurrent changes are directly linked to 

the electrons diffused across the semiconductor photoanode. (Figure 3-12). The initial 

(t=0) distribution of charge is estimated using a delta function:[14] 

∆ ( , = 0) = ∆  ( − )∆ 2⁄                                  (Eq. 3-10) 

where ΔQini  is the total initially generated charge.[14]  

 

Figure 3-12 Idealised schematic images of the excess electrons changing with variation of 

time (t) and position (x) after one light pulse. The insert shows an idealised example 

calculation plot of distribution profiles (Eq. 3-11). of excess electrons generated after light 

pulse.[14] 
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Considering boundary conditions:[14] 

(1) Δn (x=0, t>0) =0 (current collection at the substrate); 

(2) 
∆

= 0, ( = ) (no electron crossing the CE boundary); 

Evolution of the charge concentrations as a function of time after the light pulse can be 

expressed as: 

∆ ( , ) =
∆ ∑ cos (2 + 1)( − 1) − cos (2 + 1)( + 1) ×

exp −
( )

+                                            (Eq. 3-11) 

Considering Fick’s law of diffusion at x=0,[14] 

( ) = − ( = 0)                                 (Eq. 3-12) 

The corresponding current can be written as:[14, 21, 22] 

∆ ( ) =
∆ ∑ exp −

( )
+           (Eq. 3-13) 

Under the assumption of strong absorption that time is sufficiently long, thus  in Eq. 

3-13 can be negligible. The excess electrons reach to the outer electrode and the 

corresponding current decrease can be expressed as:[14] 

∆ ( ) ≈
∆

exp − +                      (Eq. 3-14) 

Therefore, the photocurrent relaxation time (τj) in the system for Δj includes the 

recombination during transport is:[14] 

= +                                     (Eq. 3-15) 
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For photovoltage transient measurement, the process is similar to the photocurrent 

measurement, but the DSSCs are measured under an open circuit working conditions 

so that there is no complete circuit for current exit the cell.[14] Thus after a pulse light 

introduces the perturbation, the voltage decay is related to the variation of 

corresponding electron concentrations at x=0 (substrate position) and is independent of 

the initial pulse generation in the DSSC.[14] Eq. 3-9 can be reduced to the following 

express:[14] 

∆
= −

∆
                                            (Eq. 3-16) 

The photovoltage decay after the perturbation introduced by the excitation pulse can be 

obtained as below:[14] 

∆V( ) ≈
∆ ( , )

=
∆

exp −                      (Eq. 3-17) 

Using the same initial boundary conditions as we have used in the transient current, the 

above equation can be described as the changes in photovoltage at position x=0: 

 ∆ ( ) =
∆

×exp[− / ]× ∑ exp −
( )

+ exp
( )

  (Eq. 

3-18) 

According to the research results reported by Barnes et al. the first two series ( ց = 0, 1) 

of this equation are sufficient to express ∆  unless L>>d.[14] Thus, the process can be 

simplified to extract τn using simplified process as shown below,
[14] 

∆ ∝ [ / ]                                        (Eq. 3-19)  

In this thesis, photocurrent and photovoltage transient measurements were 

carried out using a self-build measurement set-up according to Ref [14]. The set-
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up contains background normal white light emitting diodes (LEDs) and green 

LEDs (λpeak =530 nm) controlled by a programing ARDUINO board. The wave 

form generator (33220A, KEYSIGHT) was employed to operate the pulse LEDs. 

The illumination was from CE of the DSSC. The electron kinetics in the resultant 

DSSCs was investigated by measuring the transient electrical signals 

(voltage/current) after the optical pulse (perturbation).[6] The time corresponding 

to voltage/current decay measurements was recorded using an oscilloscope 

(MSO-X, 3054A, Agilent).[6] The current was determined by Ohm’s Law from 

measuring the voltage drop across a measurement resistor (36 Ω) which was 

operated in series with the DSSCs. Multi-runs were performed for noise 

reduction.[6] 

 

Figure 3-13 Experimental set up and apparatus used for transient measurement of the DSSC. 

The light perturbation is supplied by a waveform signal generator and the respond of the 

DSSC is collected by an oscilloscope. ARDUINO digital card is used for synchronization 

control all the relative facilities as well as delivery data to oscilloscope. 
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Chapter 4 Fabrication of ZnO nanorods array 

4.1 Introduction 

ZnO nanostructures have attracted great research interests due to their unique electronic, 

piezoelectric and optical properties, which are strongly contingent on their morphology, 

crystallinity and composition. Particularly, ZnO 1D nanostructures (i.e. NRs) provide 

large surface areas and direct pathways for electron transport, which makes them as one 

of the most promising candidates for the photoanode used in the DSSCs.[1] Much effort 

has been devoted to optimise synthesis methods, improve understanding of chemical 

synthesis process and investigate their fundamental function properties.[2-4] 

One of the most promising processes for production of the ZnO NRs is the aqueous 

solution based method which typically requires zinc salt and hydroxide sources in a 

basic aqueous solution. As a low temperature and cost effective process, it has a great 

potential in scale up ZnO synthesis. Much effort has been made to optimise the growth 

factors (i.e. temperature, reactant concentration, additives and pH) as well as understand 

their growth behaviour. However, much effort is still needed to find out the best 

governing factors (such as supersaturation condition in the reaction solution) and the 

detailed understanding of growth behaviour.[5-7] 

In this chapter, we examined effects of reactants, chemical reaction factor and additive 

effects on the ZnO NRs growth. By analysing experiment results, the effects of the 

reaction parameters on NRs growth and the relationship between ZnO NRs growth and 

supersaturation conditions of the solution were obtained.  

4.2 Results and discussion 

As discussed in the Chapter 2, ZnO is a kind of amphoteric oxide which can be  
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dissolved in either alkalis or acid solution with an isoelectric point value at around 

9.5.[8] Typically, an alkaline growth environment is required for the ZnO 1-D 

nanostructure growth in aqueous solutions.[4] Similar to most aqueous solution methods, 

ZnO NR growth is largely dependent on the chemical composition of the reaction 

solution. The influences of the chemical composition of the growth solution such as 

reactants, pH of reaction solution, reactants concentration, reaction temperature, 

reaction duration and additives on the ZnO nanostructure will be studied. Table 4-1 is 

a list of the experimental conditions to be discussed in this chapter (detailed 

experimental conditions have been listed in Section 3.2.1 and Table 3-2).  

Table 4-1 Summary of experimental parameters for the solution processed ZnO NRs growth. 

Parameter pH 
Duration 

(minute) 

Temperature 

(oC) 

Concentration 

(mM) 
Additive 

OH 

source 

Condition 7-12 
0-600 

0-900 
45-95 

30-110 

0-600 

PEI, 

(NH4
+), 

(CH2)6N4 

(CH2)6N4 

NaOH 

and 

NH4.OH 

Influence 
Density 

Saturation 

Growth 

& 

reaction 

Reaction rate 

morphology 

Morphology 

and NRs size 

Bulk 

nucleation 

suppress 

Supersat-

uration 

and pH 

 

4.2.1 Growth of ZnO NRs using hexamethylenetetramine aqueous solution 

4.2.1.1 Temperature effects  

The growth solution containing Zn(NO3)2 - (CH2)6N4 group is one of the most 

commonly used reactant combinations for the aqueous solution processed ZnO NRs 

growth.[7, 9] However, the effects and exact functions of the (CH2)6N4 during the ZnO 

NR growth are still unclear. Functions of (CH2)6N4 have been suggested as: (1) a pH 

buffer which can continually supply OH- to the reaction;[4, 10] (2) morphology control 
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agent which can be adhered to the non-polar faces of the crystal (i.e., NRs) during its 

inherent growth along the polar direction of the wurtzite ZnO. It is necessary to carry 

out a series of experiments for gathering the basic knowledge of synthesis of ZnO NRs 

in Zn(NO3)2 - (CH2)6N4 aqueous solution and achieving the optimised growth 

parameters with a good reproducibility. 

 

Figure 4-1 Top view SEM images of ZnO NRs arrays synthesised at different reaction 

temperatures (a) 45 oC, (b) 65 oC, (c) 75 oC , (d) 90 oC and 95 oC. All other parameters 

(Zn(NO3)2-50 mM, (CH2)6N4-50 mM, growth duration of 3 hrs) were fixed except variable 

temperature. All scale bars are 500 nm 

Temperature is one of the key parameters in the solution processed ZnO nanostructure 

growth.[4, 11] In general, the temperature is not only related to the choice of substrates, 

but also the reaction rate. The temperature effects were investigated by varying the 

solution temperature from 35 oC to 95 oC. As shown in Table 3-2, all other parameters 

(Zn(NO3)2-50 mM, (CH2)6N4-50 mM, growth duration of 3 hrs) were fixed except 

variable temperature. The corresponding morphologies of the obtained ZnO NRs are 

shown in Figure 4-1.When the reaction temperature was set at 35 oC, no ZnO NRs and 
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precipitates were observed in this study. Though further extending the reaction time up 

to 12 hours under the reaction temperature at 35 oC, the reaction solution was still 

transparent without visible precipitation and visible ZnO nanostructures on the pre-seed 

substrates. During this low temperature (35 oC) process, (CH2)6N4 had an extremely 

low decomposition rate which slowed down the ZnO growth reaction.[12-14] This will 

suppress the reaction solution to reach a supersaturation state for forming solid ZnO.[7] 

After increasing the reaction temperature to 45 oC, ZnO NRs was observed on the pre-

seeded substrate (Figure 4-1 (a)). Discrete hexagonal shaped rods of initial-growing 

ZnO NRs were observed but with a large space among each other. In Figure 4-1 (b), a 

ZnO NR array was achieved at the reaction temperature of 65 oC. With further increase 

of the reaction temperature from 65 oC to 95 oC (Figure 4-1 (c) to (e)), the density and 

diameters of the ZnO NRs were increased with the temperature raise. Typically, all the 

ZnO NRs showed a hexagonal shape.  

 

Figure 4-2 Temperature effects on the diameter and length of ZnO NRs. All other parameters 

(Zn(NO3)2-50 mM, (CH2)6N4-50 mM, growth duration of 3 hrs) were fixed except variable 

temperature. Error bars represent standard deviation. 

In Figure 4-2, the temperature effects on the morphology factors (length and diameter) 

of the resultant ZnO NRs are summarised. The length and diameter of ZnO NRs 
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increase with the reaction temperature up to 95 oC. The growth occurs along the c-axis 

as well as lateral of the ZnO NRs. Higher temperature activates the chemical reaction 

in this aqueous solution which results in a faster growth rate for the ZnO crystal growth 

at the initial stage (i.e. beginning growth at the seed layer). Therefore, more ZnO seed 

crystals on the seed layer could gain more opportunities to reach the crystal critical size 

for further growth, which can be considered as one reason for the denser morphology 

we observed.[4] 

Therefore, it can be concluded that the lowest growth temperature is 45 oC for the ZnO 

NRs growth on the pre-seeded substrates. The process temperature strongly affect the 

growth rate and morphology (density and diameter). Therefore, there is a proper range 

of the growth temperatures for the well-arranged ZnO NRs array, i.e. 75 to 90 oC 

commonly used in this research work. 

 
Figure 4-3 A series of SEM images of ZnO NRs grown with the reactants concentration of (a) 

30 mM, (b) 40 mM, (c) 50 mM, (d) 70 mM, (e) 90 mM and (f) 110 mM. All other parameters 

(growth at 90 oC for 3 hrs) were fixed except variable reactants (Zn(NO3)2 and (CH2)6N4 with 

molar ratio 1:1) concentration. 
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4.2.1.2 Influence of reactants and durations 

Typically, the concentration of the reactants will influence the chemical reaction thus 

affect the growth of ZnO NRs. To evaluate this, the concentration of reactants 

((CH2)6N4 and Zn(NO3)2 with a molecular ratio of 1:1) was varied from 30 to 110 mM, 

with other factors fixed (growth temperature set at 90 C and duration for the growth is 

3 hours) as shown in Table 3-2. Figure 4-3 displays the morphological transformation 

of the ZnO NRs caused by changing the chemical concentrations of the reaction 

solution. Figure 4-3 shows the hexagonal ZnO NR arrays obtained with different 

reactant concentrations from 30 to 110 mM. The SEM images clearly reveal the 

morphology evolution of the ZnO NR as a function of reactant concentrations. The 

morphology is changed gradually from discrete 1D ZnO NR arrays to dense 

nanostructure (i.e. dense thin film assembled by larger sized NRs). For the samples 

grown with the lowest concentration of the reaction solutions used in this experiment 

(i.e. 30 mM), the NRs showed a low density and a less faceted shape than the others. 

At a relative low concentration (30-50 mM) condition (Figure 4-3 (a) to (c)), the density 

(as well as diameter) of the ZnO NRs were increased with the reactant concentration. 

For higher concentrations (70 to 110 mM) as shown in Figure 4-3 (d) to (f), the ZnO 

NRs started to grow together, forming larger sized NRs and the spaces between each 

NRs were decreased. In the case of the highest concentration (110 mM) used in our 

study, a dense thin film was obtained.  Similar to the most other chemical reaction cases, 

the reaction solution with a higher concentration yields a faster reaction speed. During 

the ZnO nanostructure growth, the changes of the concentration of the reactants 

((CH2)6N4 and Zn2+) will vary the supply of “nutrition” (i.e. OH-, Zn2+) for ZnO crystal 

growth. The higher concentrations of the reactant solution used in the growth process, 

the more ZnO precursor can be formed. The dense nanostructures obtained at a high 
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concentration can be explained by the Ostwald-ripening mechanism in the aggregation-

crystallisation growth process.[15] Under a high concentration of “nutrition” growth 

source, {0110} planes of the crystal particles are more energy favourable which will 

lead to an enhanced absorption-aggregation phase during the growth. This will result in 

that the growth rate along radial direction has a similar speed as the preferable c-axis 

growth, which typically is the fast growth direction under a normal growth condition.[7] 

This will accelerate the growth of the ZnO crystal, which results in an increased size of 

the ZnO NRs and dense nanostructures. This can be confirmed by the cross-section 

morphology in the investigation of effects of the reaction durations (shown in Figure 

4-4). 

 

Figure 4-4 Cross-section SEM images showing the morphological evolution of ZnO NRs 

obtained with set concentration and varied reaction duration time. All other parameters 

(Zn(NO3)2-25 mM, (CH2)6N4-25 mM, 90 oC; Zn(NO3)2-50 mM, (CH2)6N4-50 mM, 90 oC) 

were fixed except variable reaction duration time. (a) 25 mM-90 minutes; (b) 25 mM -150 

minutes; (c) 25 mM -210 minutes; (d) 50 mM-90 minutes; (e) 50 mM -150 minutes and (f) 50 

mM -210 minutes. All scale bars are 500 nm. 
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To reveal the effects of growth duration, the tests were carried out by varying reaction 

durations using a fixed concentration of reactants under a fixed growth temperature at 

90 oC (Table 3-2). The reactant concentrations were set at 25 and 50 mM, respectively. 

As shown in Figure 4-4, the diameters and lengths of the ZnO NRs were all increased 

when the reaction duration was increased under both reaction concentration conditions. 

The detailed relationship between the ZnO NRs length and growth duration are shown 

in Figure 4-5, which was obtained by varying reaction durations under two different 

reactant concentrations (i.e. 25 mM and 50 mM). The growth of the ZnO NRs under a 

higher concentration showed a faster average growth rate. Additionally, the ZnO NRs 

synthesised under both reaction concentration conditions (25 mM and 50 mM) 

demonstrated a similar trend, which shows that the growth rate gradually decreased.  

 

Figure 4-5 Dependence of the ZnO NRs length on varying growth time under reaction 

concentration of 25 mM and 50 mM, respectively. All other parameters (Zn(NO3)2-25 mM, 

(CH2)6N4-25 mM, 90 oC; Zn(NO3)2-50 mM, (CH2)6N4-50 mM, 90 oC) were fixed except 

variable growth time. 

The whole growth process can be explained based on the chemical reaction occurring 

in the aqueous solution of Zn(NO3)2 and (CH2)6N4. The ZnO formation starts from 

thermal decomposition of (CH2)6N4, which will release OH-, NH4
+ and formaldehyde. 

The produced OH- thus drives the formation of ZnO as a typical reaction product in an 
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alkali solution process.[4] By maintaining the reaction solution at the given temperature 

(i.e. 90 oC in this case), the (CH2)6N4 provides a convenient source of OH-
 which leads 

to the continuing reaction. Eventually, the reactants tend to be exhausted, causing a 

decreased reaction rate.[4] As a result, the reaction normally stops after 2-3 hours in this 

study due to the depletion of the chemical reactants in the solution. The growth resumes 

by replacing the samples into a fresh growth solution (the detailed experiment process 

listed in section 3.2.1). However, after 450 minutes, or further extending growth 

duration to 600 minutes with all fresh growth solution, the length of ZnO NRs does not 

change apparently under two reaction concentration conditions (Figure 4-5). This may 

be caused by two main reasons:[4] (1) the longer reaction duration will cause sealing of 

the ZnO NRs with each other because the NRs not only grow from the c-axis direction 

(along length) but also grow in the radial direction. The growth rate along the radial 

direction is much slower than the growth rate along the preferable direction; (2) in the 

growth process, as the ZnO NRs form not only on the pre-seeded substrates but also in 

the bulk solution. This homogeneous nucleation growth in the bulk reaction solution 

will consume the growth precursor nutrition. This results in that only a limited amount 

of the growth nutrition has been used for the formation of ZnO NRs on the pre-seed 

surface, which slows down the growth rate. The ZnO crystal with larger sizes requires 

more precursors to continue growth. As a result the growth rate decreases after a long 

term growth. 

The investigation into the morphology evolution of the ZnO NRs using Zn(NO3)2 and 

(CH2)6N4 with various reaction conditions (concentration, temperature and duration) 

indicates that the density, length as well as size of the ZnO NRs increased with the 

temperature. Similar trend has been observed for reaction concentrations.  By studying 
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the concentration effect, the higher concentration resulted in a faster growth rate, but 

the growth rate decreases with extended growth durations. 

4.2.2 ZnO NRs growth in an alkaline solution 

If only (CH2)6N4 is used in the NRs growth, only shorter (< 4 µm) ZnO NRs can be 

obtained with good morphology control and reproducibility. A major drawback of this 

growth method is that ZnO growth happens not only on the pre-seeded target surface 

but also in the whole aqueous solution simultaneously. This causes a competition to 

consume the source material in the solution, which results in a decreased growth rate 

of the ZnO NRs on the target surface. In addition, further increase of the growth 

duration may cause fusion of the NRs and loss of the internal surfaces. Therefore, we 

proposed a feasible process, i.e. using additives in an alkaline solution to suppress ZnO 

formation in the bulk solution but also maintain the features of the NRs without growing 

together.  

4.2.2.1 Influence of pH and reactant concentration on the growth of ZnO nanorods  

The growth solution supersaturation condition is the key driving force for the ZnO 

formation, which is affected by pH (OH- for ZnO growth) and reactant concentration. 

The solubility can be used as an indicator for the solution supersaturation. To study the 

relationship between supersaturation degree (calculated solubility as indicator) and NRs 

growth behaviour, various NR length have been chosen to evaluate the influence of the 

reactant concentration and solution pH on the ZnO NRs in an alkaline growth 

condition.[16] 
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Figure 4-6 (a) pH effects on ZnO NRs growth. All other parameters (Zn(NO3)2-20 mM, 

[NH4
+]-25 mM, 80 oC, 3 hrs) were fixed except variable pH of the solution. (b) zinc source 

concentration effects on ZnO NRs growth. All other parameters ([NH4
+]-25 mM, 80 oC, 3 hrs, 

pH 10.5) were fixed except variable zinc source concentration; solubility plot as a function of 

pH under experiment using solution condition with superstation changing with varying (c) pH 

and (d) zinc source concentration. 

Figure 4-6 (a) & (b) shows the effects of the pH and zinc source concentration on the 

ZnO NRs growth, respectively. All the other reaction conditions were fixed during this 

testing as shown in Table 3-2, i.e. the growth solution of 25 mM; temperature of 80 oC 

and duration 3 hours. The pH of the growth solution was tailored using proper amounts 

of HCl and/or NaOH. After introducing pre-seeded substrates into the reaction vessel 

with 100 ml solution, the vessel was heated to 80 oC for 3 hours. The corresponding 

data of the solubility as a function of pH with the superstation rate varying by modifying 

pH (Figure 4-6 (c)) and zinc source concentrations (Figure 4-6 (d)) are also shown in 
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Figure 4-6 for a comparison. Comparing the length results of the ZnO NRs with the 

calculated solubility plots, it can be noted that the growth rate is linked with the 

superstation condition of the growth solution. When a low pH value was used in this 

study (lower than 10), there was no NRs obtained and the seed layer was etched. From 

Figure 4-6 (c), it demonstrates that the solution is not in a supersaturation condition in 

this range.  In the pH range between 10 and 11, the growth of ZnO NRs increased with 

pH increase because the degree of the supersaturation (this can be considered as the 

growth driving force) in the solution increased. However, this driving force not only 

boosts the growth of pre-existing seed layer for ZnO NRs on substrates, but also 

increases the homogeneous nucleation in the bulk reaction solution. Additionally, in the 

growth solution, a higher degree of the supersaturation is favourable for homogeneous 

nucleation in the bulk reaction solution which could consume the nutrition quickly and 

suppress the ZnO NRs growth on the sample surface.[16] This explains that higher pH 

values ranged from 11 to 12 used in the experiments did not result in an improvement 

in the NRs growth. Similar growth behaviour can also be observed by varying zinc 

source concentrations with the other parameters fixed as constants. Comparing Figure 

4-6 (b) and 4-6 (d), a proper increase in the supersaturation rate will result in an increase 

of NRs growth. The higher reactant concentration will result in a higher degree of 

supersaturation as well as increase in the ZnO particle formation in the bulk solution, 

which competes with the ZnO NRs growth on the pre-seeded substrates. In the growth 

solution with a higher degree of supersaturation, the growth rate will be faster than the 

heterogeneous nucleation process of ZnO NRs growth, thereby suppressing the ZnO 

NRs growth on pre-seeded substrates. Thus, the reduced growth of ZnO NRs in the 

growth solution with a higher degree of supersaturation was observed.[16] 
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4.2.2.2 Influence of ammonia on the growth of ZnO nanorods 

Ammonium hydroxide is frequently used as both hydroxide source and Zn source 

buffer reaction medium (ammonia react with zinc ions and form complex (Zn(NH3)n
2+, 

n=1, 2, 3 or 4). The experimental observation of the effect of the ammonia on the NRs 

growth is summarised in Figure 4-7 (a), with the other growth parameters fixed during 

the experiments (Table 3-2). With the increase of [NH4
+] (in the low concentration 

range between 0 and 0.3 M) in the growth solution, growth rate of ZnO NRs was 

increased. With further increase of the [NH4
+] up to 0.55 M, a decreased ZnO NRs 

growth rate was observed. However, in the calculated solubility curve shown in Figure 

4-7 (b), with given values of pH and [Zn2+], the supersaturation rate was decreased as 

the increase of [NH4
+]. This improved ZnO NRs growth within a certain [NH4

+] 

concentration range though the degree of supersaturation was decreased. This 

improvement is caused by the Zn(NH3)n
2+ buffer effect as well as suppression of ZnO 

particle formation in the bulk reaction solution.[17, 18] The [NH4
+] introduced in the 

growth solution can react with zinc ions and form Zn(NH3)n
2+ complexes which can 

continuously supply zinc ions for supporting the NRs growth even under lower degree 

of supersaturation of the growth solution. Even though the degree of supersaturation 

was decreased, the NR growth was not suppressed but improved by increasing [NH4
+] 

in a proper range (0 to 0.3 M). However, a high concentration of (NH4
+) in the reaction 

solution under a set pH condition will reach to an excessively low degree of 

supersaturation, resulting in very slow growth of ZnO NRs. [17, 18] 

In summary, we studied the relationship between the supersaturation condition and 

growth behaviour of the solution processed ZnO NRs. The experimental results provide 

a guide on the driving force of the ZnO NRs growth. Suppressed ZnO NRs growth on 
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the pre-seed substrates was observed when a critical degree of supersaturation is 

reached, which is caused by the competition growth of the ZnO between those on the 

pre-seeded surface and homogeneous nucleation growth in the bulk reaction solution. 

With a lower degree of the supersaturation and a proper value of [NH4
+] applied, the 

homogeneous nucleation can be suppressed and ZnO growth on the pre-seed substrates 

can be improved. 

 

Figure 4-7 (a) [NH4
+] influence on the ZnO NRs growth. All other parameters (Zn(NO3)2-20 

mM, pH 10.5, 80 oC, 3 hrs) were fixed except variable [NH4
+]; (b) a calculated solubility plot 

as a function of solution pH value with variable concentration of [NH4
+]. 

4.2.2.3 Influence of additives on the growth of ZnO nanorods 

The homogeneous nucleation process in the solution condition can be further 

suppressed by using a higher concentration of ammonium hydroxide, which can 

effectively decrease the degree of the supersaturation (i.e. by applying NH4
+ for 

complex as demonstrated in above section). However, this will also suppress the ZnO 

NRs growth on the pre-seeded substrates. To solve this, PEI was introduced into the 

reaction solution in order to suppress the ZnO homogeneous nucleation in the bulk 

reaction solution. Additionally, the PEI is one additive which is normally used for 

reducing the growth along the radial direction, through its absorbing on the NRs wall 

side.  
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Figure 4-8 SEM images of ZnO NRs obtained with variable PEI added into the solution. (a) 

50 mM, (b) 30 mM, (c) 15 mM and (d) 5 mM. All other parameters (Zn(NO3)2-25 mM, 

[NH4
+]-25 mM, pH 10.5, 80 oC, 1.5 hrs) were fixed except variable PEI concentration The 

scale bars in the images are 500 nm. 

The influence of the PEI was tested by varying the amount of additives added into the 

reaction solution (Table 3-2). The PEI concentration in the reaction solution was varied 

from 5 mM to 50 mM, and in this range, ZnO NRs growth was suppressed with the 

increase of the PEI addition (Figure 4-8 (a) to (d)). It can be noticed that, the alignment 

of the ZnO NRs deteriorated and the NRs stopped growing in the growth solution which 

contains the highest amount of PEI (50 mM). The large amount of the PEI in the 

solution will not only inhibit the crystal growth in the bulk solution, but also have 

chance to be absorbed on the surface of the ZnO seed layer on the target surface. Thus 

it may disturb its initial nucleation on the target surface, and stop growth of ZnO NRs. 

This influence on the ZnO NRs growth was reduced with the less PEI used in the 

solution as shown in Figure 4-8 (a) to (d).  
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Figures 4-9 (a) Images of the reaction bottles after 6 hours reaction with different PEI amount 

added. Cross-section SEM images of ZnO NRs obtained with variable PEI added into the 

solution. (b) 1 mM, (c) 3 mM and (d) 5 mM. All other parameters (Zn(NO3)2-25 mM, [NH4
+]-

25 mM, pH 10.5, 80 oC, 6 hrs) were fixed except variable PEI concentration Scale bars in the 

SEM images are all 2.5 µm. 

To further investigate this effect, the low concentrations (1 mM to 5 mM) of the PEI 

was used (Table 3-2). The influence of the PEI on suppression of the ZnO particle 

formation in the bulk solution has been observed (shown in Figures 4-9 (a)). When the 

5 mM PEI was added, a transparent solution without large amounts of white particles 

was obtained after reaction and up to 8 µm ZnO NRs was obtained without adding new 

solutions during growth (in a single reaction bath). Figures 4-9 (b) to (d) show cross-

section SEM images of the ZnO NRs obtained after 6 hours growth in a single reaction 

with different amount of PEI added in the solution. As demonstrated in Figures 4-9 (a) 

& (b), 1 mM PEI added in reaction solution is not sufficient to suppress the nucleation 

in the bulk reaction solution , thus resulting in formation of particles (as can be seen 

from the cloudy solution as well as large amount white particles on the bottom in 

Figures 4-9 (a)). As shown in Figures 4-9 (b), larger particles contaminate the ZnO NRs 

by adsorbing on the top of the NRs. Compared with samples prepared by increased 

amount of PEI (3 and 5 mM) used in the solution, the ZnO NRs obtained by using 1 

mM PEI additive is the shortest (~ 1.5 µm). With further increase of the PEI additive 
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concentration up to 5 mM, both the ZnO NRs length and aspect ratio are increased with 

more additives added inside the solution (as shown in Figures 4-9 (c) & (d)). In addition, 

when the 5 mM PEI was added into the solution, formation of large amount of ZnO 

particles in the bulk solution has been suppressed (as demonstrated in Figures 4-9 (a)). 

After the growth process, the solution is still transparent without a large amount of 

white particles at the bottom of the bottle.  

 

Figure 4-10 (a) ZnO NRs length plot as a function of growth duration at opmitized growth 

condition with 5 mM PEI added. All other parameters (Zn(NO3)2-25 mM, [NH4
+]-25 mM, pH 

10.5, 80 oC) were fixed except variable growth duration. Representive SEM images of ZnO 

NRs in varied length (b) 2.5 µm; (c) 8 µm and (d) 11 µm. Scale bars in the SEM images are 

2.5 µm. 

A proper amount of the PEI added in the reaction solution played a key role of the NRs 

growth. Generally, small amount of the PEI is used as an additive in ZnO NRs growth 

due to its selective absorption on the NR surface.[17, 18] During the growth, the PEI may 

preferentially cover on a given surface (i.e. (010) of the ZnO NRs, therefore increase 

their aspect ratio while the NRs keep growing along <001> direction.[17, 18] In addition, 

the PEI may play a disruption role for the initial ZnO nucleation in the bulk solution. 

The homogeneous distributed PEI molecular in the bulk solution could clad/wrap the 

initial formed ZnO crystals/particles, thus preventing their further growth.[17, 18] 

Figure 4-11 shows normalized XRD patterns of the ZnO NRs fabricated using varied 

growth parameters (i.e. temperatures, growth durations, concentration and additives). 
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Obviously, all the images exhibit one high intensity diffraction (002) peak of wurtzite 

ZnO (ZnO PDF-card JCPDS No. 36-1451). All the as-prepared ZnO NRs possess a 

highly-preferred orientation with c-axis. This is mainly due to the c-plane is the 

thermodynamically favourable plane of ZnO wurtzite.[4, 19] No other impurity peaks 

were observed except low intensity ZnO (100) peaks, indicating that all the obtained 

ZnO NRs have a crystalline structure. 

 

Figure 4-11 XRD patterns of ZnO NRs obtained by different aqueous solution reaction 

factors.  

Figure 4-12 shows the PL results of ZnO NRs which had been measured at RT. All the 

ZnO NR samples showed one strong near band edge emission peak at ~385 nm and 

several weak peaks with visible range light emission at around 423 nm, 450 nm and 

485 nm. The PL spectrum of the pure ZnO nanostructures is composed of two parts: 

the yellow-green light emission zone (i.e. the visible region light emitting) and 

ultraviolet light emission (i.e. the near band edge emission).[20, 21] Yellow-green light 

emitting peak is generally much wider, whereas the near band edge peak is relatively 

sharp. Specific luminescence mechanism for these two regions are not clear, but most 

of researchers agreed that the ultraviolet light emitting is mainly due to exciton 

recombination and inter band transitions, and yellow-green light emitting is mainly 

caused by various intrinsic defects of ZnO samples (i.e. the oxygen vacancies (Vo), the 
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substitution impurity (OZn/ZnO), the interstitial oxygen (Oi), the zinc vacancy (VZn) and 

the interstitial zinc (Zni).[20-22] The strong near band edge emission peaks at caused by 

the band edge emission show a little differences in their intensity, but no clear peak 

shift was observed. This indicates that there is no clear optical band gap changes of 

these samples (Sample 1 to Sample 4). The intensity changes may be caused by the 

morphology variations. The varied surface and/or morphology may lead to different 

proportions of emissions from the related surfaces (which are associated to band edge 

emission).[20, 21] 

 

Figure 4-12 Room temperature PL spectrum of different ZnO NRs samples obtained by 

different aqueous solution reaction factors 

4.3 Summary 

In this chapter, influences of various growth parameters (i.e. type of reactants, 

concentration of reactants, pH, temperature, growth duration and additive) on the 

morphology and growth of ZnO NRs in the solution method were investigated and 

discussed. We found the temperature, concentration and duration of the reaction 

influence on the growth and morphology control in the reaction solution only 

containing Zn(NO3)2 and (CH2)6N4, which demonstrated a good controllable growth of 

short ZnO NRs (0-4 µm). Ammonia involved in the alkali aqueous solution with the 
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PEI used as additives could be used for achieving longer ZnO NRs (0-15 µm). Using 

both ammonia and PEI can suppress the ZnO formation in the bulk solution which helps 

the ZnO NRs growth on the pre-seeded substrates. The observation of the experimental 

results also indicated that the calculated solubility can be used as an indicator for 

supersaturation which has a strong relationship with ZnO NRs growth. Crystalline and 

optical properties of the as-prepared ZnO NRs samples by variable reaction factors 

indicated all the ZnO NRs samples are single crystalline with highly oriented wurtzite 

structure.  
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Chapter 5 Low temperature synthesis of crystallised TiO2 

thin films 

5.1 Introduction 

As discussed in Chapter 2, TiO2 for the DSSC application has been extensively studied 

since 1991 and it has been used as the first high efficiency DSSC photoanode material.[1] 

TiO2 presents its advantages including good chemical bonding with dyes, good stability 

in acid dye socking process and good photo-electron acceptor after dye bonding and 

good long term stability in DSSC working cycles. Its band structure matches well with 

most available dyes.[2, 3] In addition, crystallised anatase TiO2 generally allows a better 

dye bonding and photo-electron transportation efficiency is much higher than those of 

the amorphous TiO2 as well as other TiO2 crystal phase.[4-6] It is ideal to be used as a 

modification layer on the top of ZnO nanomaterial to improve the stability of the ZnO.  

However, to achieve anatase TiO2, a strong acid reaction environment and high 

temperature (400 to 500 oC) process are normally required.[6-8] For the standard 

preparation processes of the mesoporous TiO2 photoanode preparation processes, an 

annealing process is commonly used for removing organic additives and/or 

crystallisation of amorphous TiO2.[9] High temperature or strong acid required processes 

limit the choices of substrates (restricting the usage of temperature and/or pH sensitive 

substrates), reactants as well as combination of other materials (i.e. strong acid reaction 

environment will etch ZnO). Various techniques or methods have been studied for 

achieving either low temperature or mild reaction environment processes to synthesise 

a crystallised TiO2 modification layer. However, limited success was achieved so far.[7, 

8, 10] There are still challenges on how to achieve a good crystallised TiO2 modification 
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layer with a simple set-up and a cost-effective way without using complicated 

techniques, a strong acid reaction environment or a high temperature process.  

Anatase TiO2 layer can be obtained without the need of high temperature processing, 

i.e. using a plasma ion assisted deposition (PIAD).[11, 12] This is possible because the 

energy of the deposited adatoms with ion assistance increases the probability of lattice 

relaxation and transitions from a metastable state to a stable state.[12-14] However, the 

PIAD process is rarely applied to prepare DSSC photoanodes as it is considered that 

the resultant increased density and reduction in surface roughness could reduce the 

surface porosity and internal areas, thus reducing the dye loading abilities.[12] 

The major objective of this chapter therefore is to develop a low-temperature process 

for preparing the anatase TiO2 layer which can be used to assemble the ZnO/TiO2 core-

shell structure. Particularly, optimisation of the low temperature process for fabrication 

of anatase TiO2 will be discussed. Effects of process gas, deposition rate, plasma and 

plasma energy on structure and properties of as-prepared TiO2 film will be investigated.  

5.2 Results and discussions 

The effects of O2 gas flow rate and plasma-enhancing effects on structure and functional 

properties of the TiO2 films will be firstly studied. Table 3-4 (in section 3.2.2) 

summarises all the experimental conditions.  

5.2.1 Structure and morphology 

Figure 5-1 shows the XRD patterns of the films prepared with and without plasma 

enhancement, respectively. As shown in Figure 5-1 (a), the TiO2 films obtained under 

different gas flow conditions without plasma treatment are all amorphous, whereas 

Figure 5-1 (b) shows that the films obtained with plasma enhancement show several 



129 

 

peaks. Comparing with JC PDF #21-1272 marked as small bar in Figure 5-1 (b)), the 

observed peaks correspond to anatase phases of (101), (004), (200), (105) and (211).  

No other TiO2 phase peaks (i.e. rutile or brookite) were observed. It can also be noticed 

that peak intensity of TiO2 anatase increases slightly with the increase of the current 

density (from sample T10P13 to T10P17). With further increase of current density 

(from samples T10P17 to T10P21), there is no observation of increased intensity. 

Detailed data have been listed in Table 5-1 which shows the variation of the diffraction 

angles and Full Width at Half Maximum (FWHM) of the anatase TiO2 (101) diffraction 

peaks. It is observed that the (101) peak shifts towards to lower angle as the plasma 

current densities increases. Additionally, the FWHM value of the (101) peak shows a 

similar decreased trend. These indicate that an increase in the plasma current density 

leads to an increase in the crystal sizes.[11] The changes of temperature during the 

synthesis were recorded by a temperature sensor beside sample holder. The temperature 

was changed from 19 oC to 60±5 oC during deposition. This confirmed that the 

enhancement in crystallinity in this synthesis is not caused by thermal heating effects 

but mainly caused by enhanced adatoms movements by plasma treatment.[11, 12] 

 

 

 

 

 
Figure 5-1 XRD patterns of the as-prepared TiO2 samples. (a) TiO2 deposited with different 

oxygen flow rates without plasma enhancement (T10-10 sccm; T20-20 sccm;T30-30 sccm); 

(b) deposited under 10 sccm O2 flow rate with different plasma current densities.(T10P13-

0.63 mAcm-2;T10P17-0.78 mAcm-2;T10P21-0.93 mAcm-2).[12]  
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Table 5-1 XRD analysis results of the TiO2 films prepared with different plasma current 

densities.[12] 

Sample 
Current density 

(mAcm-2) 
2θ (deg) FWHM (deg) 

Grain Size 

(nm) 

T10P13 0.63 25.48 1.10 7.4 

T10P17 0.78 25.34 0.63 13.1 

T10P21 0.93 25.31 0.61 13.4 

 

Figure 5-2 shows representative AFM images of the TiO2 films as functions of different 

deposited conditions (variations of oxygen flow rates, with and without plasma) with 

their corresponding height scale bars. Based on the AFM analysis, it can be observed 

that the resultant TiO2 film has an increased root mean squared (RMS) roughness when 

the O2 flow rate was increased from 10 sccm (T10) to 30 sccm (T30). As plotted in 

Figure 5-3 (a), the values of average RMS roughness are increased from ~1.5 nm to 

~2.1 nm. Those films obtained with plasma enhancement during deposition at a fixed 

O2 flow rate of 10 sccm show a sharply decrease in the average RMS roughness. Films 

obtained under O2 flow rate of 10 sccm has an average RMS roughness of ~1.5 nm, 

whereas those films obtained with plasma enhancement have relatively low RMS 

roughness values (~0.725 nm). Plasma current density (in the range of our experiment 

setting) has little effect on the surface roughness compared to those from the gas flow 

rate. As shown in Figure 5-3 (a), with the increase of the plasma current density (0.63 

to 0.93 mAcm-2), the roughness changes slightly from 0.72 to 0.73 nm, indicating that 

significant re-sputtering effect did not take place.[15] These conclusions can also be 

confirmed from the AFM and SEM images as shown in Figure 5-2 and Figure 5-3 (b) 

to (d). For the samples deposited without plasma enhancement, the increased O2 flow 

rate results in a rougher surface (Figure 5-2 (T10 to T30) and Figure 5-3 (e) to (g). It 

can be noticed that cracks were observed occasionally on the samples deposited at 
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higher O2 flow rates which are probably due to large film stress and porous structures 

in the films. In the case of the films obtained with plasma enhancement, there is no 

significant difference in surface morphology as shown in Figure 5-2 (P13 to P21) and 

Figure 5-3 (b) to (d).[12] Only slightly increased surface roughness was observed with 

the increase of the plasma current density.[12] 

 

Figure 5-2 Representative AFM images of TiO2 film as a function of different deposited 

conditions with their corresponding height scale bar, which is consistent with the sample. (i.e. 

P13 means T10P13; P17 means T10P17; P21 means T10P21).[12] 

5.2.2 Physical properties of as-prepared films 

Refractive indexes (n) of the deposited films are shown in Figure 5-4 (a) and (b) and 

these are extracted from T-R spectra results (representative images have been listed in 

Figure 5-4 (c)). In Figure 5-4 (a) and (b), the plot shows the refractive index as a 

function of wavelengths for different samples. With the decrease of O2 gas flow rate, 
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the resultant samples show increases of n values in the whole wavelength range (from 

350-800 nm).[12] 

 

Figure 5-3 RMS roughness values (a) of TiO2 film as a function of different deposited 

conditions with their corresponding SEM images (b) T10P13; (c) T10P17; (d) T10P21; (e) 

T10; (f) T20, and (g) T30. Scale bars in SEM images are 1 µm.[12] 

The n values of the films at a wavelength of 550 nm are increase from 1.8 to 2.1 with 

the oxygen flow rate is decreased from 30 sccm (T30) to 10 sccm (T10).[12] This 

decreased trend of n values of the films prepared in different oxygen flow rates is 

generally attributed to the variation of the packing density, which can be explained 

using the effective medium formula:[16] 

                                   =  + (1 − )     (Eq. 5-1) 

where ns and nv are the refractive indexes of the solid part and voids, respectively.[12] 

The packing density of the film  is dependent on the evaporant or adatom energy. As 

the O2 flow rates and hence partial pressures are increased, the mean free path is 

shortened and the kinetic energy of the adatoms is dissipated due to molecular collisions 
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within the evaporant.[12, 17] This effect can be simplified to the images in Figure 5-5 for 

a better understanding. With the increased O2 flow during the deposition, the evaporated 

adatoms do not arrive to substrates from a unique angle any more but chaotically arrive 

from random directions. Therefore, the condensing adatoms have less kinetic energy to 

promote surface diffusion, thus a higher O2 gas flow rate generally results in a lower 

film packing density.[12] 

 

 

Figure 5-4 Refractive indices of thin films (a) deposited under different O2 flow rates without 

plasma; (b) deposited under 10 sccm O2 gas flow rate but with different plasma current 

densities; (c) representative T-R spectra results for tested films (d) UV–vis absorption spectra 

of samples prepared with/without plasma. Inset is correlative enlarged spectra.[12] 

For the films prepared with plasma, the refractive index is increased from 2.39 to 2.45 

(As shown in Figure 5-4 (b)) with the plasma current density increased from 0.63 to 

0.78 mAcm-2, but there is no further increase up to the plasma current density of 0.93 

mAcm-2.[12] In the PIAD process, plasma assistance during deposition provides enough 

energy to enhance the packing density of the deposited films, thus increasing the 
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refractive index.[12] However, if the plasma energy is above a critical value, it could 

cause re-sputtering or bombardment effects, thus affecting the packing density of the 

film, which can explain the plateau effect at a plasma current density of 0.78mAcm-2.[12] 

Further increasing in the plasma current density will not change the densities of the 

films as well as refractive index.[12] 

 

Figure 5-5 Diagrammatic sketch of the evaporated species (material) path under different 

vacuum conditions: chamber under (a) low pressure and (b) high pressure.[17] 

The UV-Vis absorption spectra of TiO2 films without/with different plasma conditions 

are shown in Figure 5-4 (d). With plasma assistance during deposition, a slightly higher 

absorption and a shift of the absorption edge from UV towards the visible range are 

observed in the inset Figure 5-4 (d). It can be noticed that, for sample T10P17 and 

T10P21, there is no significant differences of absorption edge which also show a plateau 

at the plasma current density of 0.78 mAcm-2 (T10P17). This is mainly attributed to a 

combined effect of reduction of O2 vacancies and densification in the film 

microstructure, caused by the plasma enhancement during the deposition.[12, 18]  

Hardness and Young’s modulus of TiO2 films have been measured and are summarised 

in Figure 5-6.[12] In Figure 5-6 (a), Young’s modulus and hardness of the samples 

without plasma enhancement are plotted as a function of deposition gas flow rate. A 
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decreasing trend of both Young’s modulus and hardness with the increasing of O2 gas 

flow rate can be observed.[12] This observation further confirms the formation of denser 

microstructures and/or lower levels of porosity in the resultant samples prepared using 

O2 gas flow rate at 10 sccm.[12, 19, 20] In the case of plasma assisted samples prepared 

using the same O2 gas flow rate at 10 sccm, it can be seen the enhanced Young’s 

modulus and hardness readings compared to those without plasma treatment, indicating 

formation of denser microstructures.[12, 19, 20] However, samples prepared under 

different plasma current densities did not show much difference, which agrees the 

previous results on surface morphology as well as structures.[12] 

 

Figure 5-6 Hardness and Young’s modulus of TiO2 films (a) deposited under different O2 flow 

rates without plasma treatment; (b) deposited under 10 sccm O2 flow rate but with different  

plasma current densities (13A-0.63 mAcm-2,17A-0.78 mAcm-2,21A-0.93 mAcm-2).[12] 

 

5.2.3 Stability and chemical properties of as-prepared films 

The stability and chemical activity in the solution environment of as-prepared films 

were evaluated by photocatalytic study, which strongly depended on the material 

surface chemical activity properties. Degradation of aqueous solutions of methylene 

blue (MB) was used to measure the photocatalytic activity of the obtained TiO2 

samples.[12] Samples were immersed in the MB solution for 30 minutes in a dark 

environment to establish an adsorption equilibrium. A UV-lamp with a power of 4 W 
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and a peak wavelength of 365 nm was used to activate films for degrading the MB 

solution.[12] The concentrations of the MB solution were determined using a UV–Vis 

spectrophotometer by comparing the adsorption peak at 665 nm (the adsorption peak 

of the MB).[12] To keep the testing temperature constant, a water heat sink was used to 

put the MB container inside.  

 

Figure 5-7 (a) Time-course variation of C/C0 for the methylene blue solution for the TiO2 films 

prepared with and without plasma treatment. Stability of the TiO2 photocatalysts prepared with 

and without plasma treatment.(PCR step: photocatalytic reaction using as prepared TiO2 films;  

DRY step: samples taken out from MB solution and kept in dark at room temperature.)[12] 

For the photocatalytic analysis, the Langmuir-Hinshelwood pseudo-first-order kinetics 

model was used for low MB concentrations:[12, 21] 

= +     (Eq. 5-2) 

where C0 is the original MB concentration, C is the concentration at time (t), k is the 

pseudo-first-order rate constant, Ca is the concentration after adsorption. Figure 5-7 (a) 

shows the evolution of concentration of the MB solution, indicated by changes of values 

of ln(C/C0) plotted as a function of exposure time.[12] 

The reaction rates of photocatalytic activity obtained by fitting the data in Figure 5-7 

using Eq. 5-2.[12]. The obtained results are summarised in Table 5-2. The obtained k 

values indicate the reaction rate of photocatalytic activity (it also can be called as 
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degradation rate of the MB). From sample T10 to sample T30, the reaction rate of 

photocatalytic activity increased (k values decreased). This improved photocatalytic 

activity from sample T10 to T30 is mainly due to the increased roughness and porosity 

of the films. The increased surface roughness can provide more catalytic reaction sites 

and enhance absorbance of reactive species.[6, 12] Sample of T10 has the lowest surface 

roughness of all the amorphous samples, and hence the lowest degradation rate of the 

MB. With the same O2 flow rate, samples deposited with plasma assistance have a 

higher slope indicating a better photocatalytic efficiency due to the formation of anatase 

phase as proven from the XRD result.[12] The increased photocatalytic activity can be 

explained by formation of anatase films with a higher crystallised state and fewer 

defects or recombination centres for the excited hole-electron pairs.[10, 12, 22] Unlike the 

optical and mechanical properties which have peaked values at the plasma current 

density of 0.78 mAcm-2, the photocatalytic properties have not been greatly improved 

with further increase of plasma current density.[12] 

Table 5-2 Pseudo-first-order kinetics for photocatalytic degradation of MB for the TiO2 

samples.[12] 

Sample k Value Standard Error 

T10 -0.016 0.00148 

T20 -0.042 0.002 

T30 -0.055 0.00572 

T10P13 -0.039 0.00139 

T10P17 -0.041 0.00115 

T10P21 -0.041 8.99E-4 

 

The stability of the TiO2 films in chemical activity was determined by cyclically 

immersing the TiO2 samples into the MB solution to degrade them for 12 hours, 

followed by cleaning and then stabilising of these samples in a dark environment at 
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room temperature for 12 hours, before re-immersing into a fresh MB solution.[12] Five 

cycles were performed, and the degeneration (D) as a percentage was calculated using 

Eq.5-3  

D (%) = [(C0-CN)/(C0-C1)]100%   (Eq.5-3) 

where C0 is the concentration of the fresh MB solution, C1 is residual concentration of 

the MB solution after the first cycle, and CN is the residual concentration of the MB 

solution after the Nth cycle.[12]  

The stability test results are shown in Figure 5-7 (b), with normalised degeneration 

readings as a function of number of cycles.[12] After the first photocatalytic cycle, the 

photocatalytic performance of samples prepared without plasma assistance degraded 

significantly.[12] The PIAD films still maintain the degeneration rate as high as 97% 

after 4 cycles. Clearly, the excellent photocatalysts cycling performance and stability 

make the PIAD film a promising candidate for modification layer applications as well 

as low temperature substrates such as flexible thin membranes, low cost plastics or 

textured substrates.[12] 

5.3 Summary 

The low temperature PIAD process results in the formation of anatase phase, increases 

both hardness and Young’s modulus, and most importantly, increases the photocatalytic 

stability and efficiency though film surface roughness reduced, compared with those 

without plasma assistance.[12] The formation of anatase phase after using the plasma 

assistance is mainly responsible for the improvement in the photocatalytic performance. 

The improvement in the film microstructure and density is responsible for the increased 

refractive indexes and hardness.[12] The good optical properties, and improved 

efficiency and stability of the photocatalytic performance, as well as the nature of the 
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low temperature processing after applying plasma assistance verifies its advantages in 

the photocatalytic applications. Therefore, in the next chapter, we will use this PIAD 

process to make the solar cell devices.[12] 
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Chapter 6 Synthesis of ZnO/TiO2 hybrid core-shell 

nanostructures for DSSCs applications 

6.1 Introduction 

ZnO has been considered as one of the most promising wide bandgap semiconductor 

for photoanode use in DSSCs, due to its similar band-gap values compared to that of 

TiO2 but with a higher bulk electron mobility (three orders of magnitude higher than 

that of TiO2).[1-3] It is believed that the enhanced electron mobility of the photoanode 

can effectively separate the injected electrons from recombination sites (i.e. the 

adjoining oxidised species of the electrolyte). This could suppress the charge carrier 

recombination in the DSSCs, thus resulting in increased power conversion.[4] One 

effective approach for enhancing the charge collection ability of a photoanode is to 

anchor 1D ZnO nanostructures (such as NRs, NWs or NTs) onto a layer of the TCO 

rather than using TiO2 nanoparticles.[3, 5] This can introduce a direct electron pathway 

to improve electron transport, supply light-scattering centres to trap light, and achieve 

a good contact with the substrate, thus improving the DSSC’s performance.[3, 6] 

However, current DSSCs assembled using 1D ZnO nanostructure based photoanodes, 

demonstrated that their performances (i.e. PCE 0.4-2.2%) are still much lower than that 

of TiO2 mesoporous photoanode based devices.[2, 7] This is mainly due to: (1) a reduced 

internal accessible surface area (compared with commonly used nanoparticle based 

mesoporous films) which limits the dye molecular adsorption and results in a 

consequent reduction in photo-generated electrons;[8-10] (2) a low electron injection 

efficiency between the dye and ZnO which results in an increased recombination and 

energy losses; (3) the formation of Zn2+/dye complexes during the dye loading process, 
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which will act as recombination centres.[2] Therefore, there are many challenges to 

improve the PCE of ZnO-NRs based DSSCs. It is essential to increase their internal 

surface area, suppress recombination, and improve stability and dye injection 

efficiency.[1, 3] As explained in Chapter 2, ZnO nanostructures can be used as 

supporting/templates for preparing hybrid nanostructures or composite nanostructured 

semiconductors. Therefore, a proper combination of crystallised TiO2 and ZnO 

nanostructures could not only improve stability and dye matching, but also maintain a 

high electron mobility in the nanostructures. Additionally, with a crystallised TiO2 shell 

on top of ZnO, the formation of Zn2+/dye complexes on the surface of ZnO can be 

prevented, and also a n-n+ heterojunction can be formed, which can prevent the injected 

electrons from accumulating at the top surface of the ZnO nanostructures.[2, 3, 6] 

In this Chapter, a cost-effective low temperature process for achieving preparation of 

ZnO/TiO2 composites with controllable nanostructure, functional properties as well as 

applications in DSSCs will be discussed. Particularly, a low-temperature process is 

developed using two sequential cost-effective processes combining solution processed 

ZnO NRs (developed in Chapter 4) and plasma ion assisted deposition of anatase TiO2 

(developed in Chapter 5). Therefore, a new photoanode with high electron transporting 

ability is expected to be obtained.[3] 

6.2 ZnO/TiO2 nanostructure preparation 

The low temperature process developed to produce the ZnO/TiO2 nanostructure 

contains two sequential steps (see Figure 6-1). In the first step, ZnO NRs were grown 

on the pre-seeded ITO glass slices using a low temperature (90 oC) aqueous solution 

process as described in Chapter 4 (The detailed experiments process for aqueous 

solution processed ZnO NRs are listed in section 3.2.1.). Adjusting this process can 
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help to arrange the ZnO NR core morphology as well as the template function. In the 

second step, a TiO2 layer was coated onto the ZnO NRs by plasma assisted e-beam 

evaporation without external heating (as shown in Chapter 5). By controlling the 

deposition conditions, anatase TiO2 layer can be readily applied onto the ZnO NRs core 

and form core-shell nanorods and foxtail-like nanostructure. The morphologies and 

microstructures of resultant samples were studied using SEM, TEM and XRD. The 

photoanode function properties (i.e. dye loading and scattering effect) were tested 

before completing the solar device structure The performance of the DSSCs was 

evaluated using various techniques including J-V, EIS and transient measurement.[3] 

 

Figure 6-1 Illustration of the formation process of bare ZnO NRs and ZnO/TiO2 hybrid 

structures on ITO substrate.[3] 

6.3 Morphology and Structure 

Figure 6-2 shows typical SEM images (top view and cross-section) of the ZnO NRs 

(denoted as sample Z0) grown on ITO coated glass slides after 4 hours growth durations 

at 90 oC (as described in Chapter 3.2.1, growth in hexamethylenetetramine aqueous 

solution, Zn(NO3)2 and (CH2)6N4) concentration is 0.05 M (molar ratio 1:1)). The as-
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prepared ZnO NRs arrays have an average length of ~ 3 µm with a diameter typically 

ranging from 80 to 150 nm. After obtaining the ZnO NRs using the aqueous solution 

method, all the ZnO NRs coated samples were rinsed in deionized (DI) water and dried 

in air. Then the TiO2 modification layer was deposited onto the samples using plasma 

enhanced e-beam evaporation without substrate heating. The duration of the depositions 

was set to 15, 30, 60, 120, and 240 minutes, which was denoted as samples of TZ1, 

TZ2, TZ3, TZ4 and TZ5, respectively.[3] 

 

Figure 6-2 Top (a) and side (b) view exemplary SEM images of the bare-ZnO NRs (Z0). The 

scale bar is 2 μm.[3] 

Figure 6-3 shows SEM images of the bare ZnO NR arrays and ZnO NR arrays with the 

TiO2 modification layer prepared with varying deposition time. The uncoated ZnO NRs 

show a typical hexagonal morphology with a well-defined hexagonal shape as shown 

in Figure 6-3 (a-2).[3] After a 30 minute deposition, hexagonal shaped ZnO NRs coated 

with the TiO2 changed into a cylindrical morphology, and a central depression on the 

top of the NRs can be clearly observed in Figure 6-3 (b-1) and (b-2).[3] When the 

deposition duration was increased to 120 minutes, a foxtail-like TiO2 layer with rough 

surface was formed on the top of the NRs as shown in Figure 6-3 (c-1) and (c-2).  SEM 

and TEM images (Figure 6-4) clearly show the core-shell hybrid structures feature of 

sample TZ2 and TZ4.[3]  
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Figure 6-3 SEM images of morphology evolution of bare ZnO NRs to ZnO/TiO2 hybrid 

structure. Top view of (a-1) Z0, (b-1) TZ2 and (c-1) TZ4. 45º titled SEM of (a-2) Z0, (b-2) 

TZ2 and (c-2) TZ4; cross-sectional SEM image of (d) TZ4 and (e) TZ5. Inserts are enlarged 

section of the images.[3] 

 

Figure 6-4 TEM image of a single ZnO core-TiO2 shell hybrid structure with the modification 

time of (a) 60 minutes (TZ2) and (b) 120 minutes (TZ4). The scale bar is 20 and 100 nm, 

respectively.  

As shown in Figure 6-5 (a) and (b), the chemical element distribution in the 

nanostructure was studied by EDS along the rod direction (across the region marked 

with a white bar in Figure 6-5 (a)). Figure 6-5 (b) is the corresponding Ti and Zn 

element distribution from bottom (0 µm) to top part of the tested TZ4 sample along the 

straightened selected testing route. The changes of signals indicated the element 

distribution changes along the line scan direction.[3] This result confirmed Ti element 
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was distributed in the whole film and gradually increased with the position up to top of 

the nanostructure. The formation of the shell was also confirmed by TEM observation. 

Figure 6-4 shows a thin layer of TiO2 with ~20 nm (TZ2, Figure 6-4 (a)) and 50 nm 

(TZ4, Figure 6-4 (b)) thickness covering the wall-side surface of ZnO NRs. The 

thickness of the modification layer does not increased significantly on the wall side of 

the ZnO with further increasing the deposition time. However, the TiO2 modification 

layer was found to grow much faster on the tip of ZnO NRs.[3] This can be observed 

more clearly on the longer ZnO NRs facing directly towards the TiO2 source as they 

have higher probability to receive more TiO2. Another reason for this phenomena is the 

self-shadowing effects of the longer NRs during growth,[11] causing the apparent 

decrease of the density of the nanostructure as shown in Figure 6-3 (a) to (c). Figure 

6-3 (d) and Figure 6-3 (e) show the cross-section SEM images of the samples of TZ4 

and TZ5 which were produced with deposition duration of 120 minutes and 240 minutes. 

The TiO2 modification layer easily grows on the larger and longer ZnO NRs. 

Furthermore, the rapid growth of the foxtail-like TiO2 structures on the preferred ZnO 

NRs narrows the gaps between them.[3] 

 
Figure 6-5 (a) Cross section of the TZ4 and (b) the corresponding EDS line scan.[3] 

The above phenomena can be explained using electron shadowing effect of plasma as 

illustrated in Figure 6-6.[3] Atoms and ions are directed perpendicularly to the surface 

during deposition, and many of them will pass hit the bottom of the NRs, thus the 
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positive charges are gradually built up both at the bottom and on the surface of the NRs 

to repel extra ions arriving at the surface of evaporated material due to their low mass.[3] 

Initially, the ZnO NRs absorb the electrons thus inducing a negative charge on the 

surface.[3] However, as the TiO2 nano-layers (with less electron mobility) gradually 

build up on the ZnO NRs, distorted ion trajectories and reduction of the preferential 

growth of the TiO2 will cause the formation of the nano-sculptured foxtail structures.[3] 

 

Figure 6-6 Mechanism of electron shading phenomena during plasma enhanced deposition: 

species comes from evaporated Ti3O5.[3] 

The crystalline structures of the as-prepared samples were also investigated using XRD. 

Figure 6-7 shows typical XRD patterns of the pure ZnO NRs (Z0) and hybrid ZnO/TiO2 

samples obtained with varied deposition durations (30 min-TZ2 and 120 min-TZ4).[3] 

The Z0 sample shows a strong (002) peak, which indicates that the ZnO NRs have a 

typical wurtzite hexagonal structure with a preferential growth orientation of [0001]. 

The presence of the wurtzite hexagonal ZnO (PDF-#36-1451) is clearly identified for 

all the tested samples. For the hybrid samples, the diffraction peaks of the TZ2 and TZ4 

are indexed to a combination of wurtzite hexagonal ZnO and anatase TiO2 (PDF-#21-

1272).[3] It also can be noticed that, with increasing in deposition time of the TiO2 layer, 

the intensities of the anatase TiO2 (004) and (101) peaks increase. This is possibly 

caused by (1) the increased amount of anatase TiO2 presented in the hybrid 
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nanostructures; (2) with extend deposition time, some anatase TiO2 crystals may 

continue growing larger and crystallinity is improved.[12] Studies of morphology and 

structure confirmed that the optimised deposition is quite suitable for achieving core-

shell structure as well as obtaining crystallised samples without the need to use any high 

temperature process.[3] 

 

Figure 6-7 XRD patterns of bare ZnO NRs (Z0) and ZnO/TiO2 (TZ2 and TZ4) hybrid films 

grown on ITO substrates.[3] 

6.4 Scattering and dye loading capability of photoanode 

The reflectivity of the photoanode was investigated in order to understand the scattering 

effects of the hybrid structures.[3] Figure 6-8 (a) shows the diffuse reflectance UV-Vis 

spectra obtained from the photoanodes before dye absorption.[3] Apparently, the hybrid 

TiO2/ZnO films show a higher reflectivity than that of the pure ZnO NRs in the 

wavelengths ranging from 400 to 700 nm. The intensity of the reflection increases with 

the deposition durations, suggesting that a thicker TiO2 layer may lead to a stronger in-

plane light scattering effect, which is beneficial for light harvesting and DSSC 

performance.[3] The changes of image contrast in brightness can be clearly observed in 

Figure 6-8 (b). Generally, a brighter surface on the device indicates a stronger surface 
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scattering effect, which may cause an enhanced trapping effect for the interaction of 

dye with the light.[3] 

 

Figure 6-8 (a) Diffuse reflectance spectra of the Z0 and TZ1 to TZ5 films (b) Digital image of 

identical samples on ITO substrate.[3] 

In order to study the hybrid structure effect on the performance of DSSCs, dye loading 

was also investigated. Figure 6-9 shows the optical absorption spectra of the solutions 

desorbed from various samples after the dye loading.[3] The concentration of dye 

loading obtained are listed in the inset Table in Figure 6-9. Compared with those from 

the pure ZnO NRs (Z0), dye-loading capabilities of the TiO2/ZnO hybrid structures are 

increased from TZ1 to TZ4, mainly due to the increased internal surface areas of the 

hybrid films.[3] However, further increasing the duration above 120 minutes did not 

continuously improve the dye loading capability.[3] This is probably caused by the 

formation of: (1) larger sizes of the nanostructure, which normally results in less dye 

loading;[13] (2) denser foxtail structures, which could cover part of surface atop of the 

NRs, thus reduce the accessible internal surfaces area.[3, 13]  
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Figure 6-9. Absorption spectra of dye desorbed from Z0 and TZ1 to TZ5 films with an area of 

2.2 cm2.The inserted table is dye loading of corresponding samples: ZnO NRs (Z0) and 

ZnO/TiO2 hybrid films (TZ1 to TZ5).[3] 

 
6.5 Dye Sensitized solar cell performance 

To evaluate the light harvesting efficiency, the as-prepared hybrid photo-anodes were 

fabricated into DSSCs and their photovoltaic properties were studied.[3] Figure 6-10 

shows the J-V curves of the DSSCs made from the hybrid nanostructures. The 

photovoltaic data of all the DSSCs are summarised in Table 6-1.[3] 

 

Figure 6-10 Photocurrent-voltage (J-V) curves of DSSCs assembled by synthesised ZnO and 

ZnO/TiO2 photoanodes (a) light J-V; (b) dark J-V.[3] 

As demonstrated in the J-V curves, the measured Jsc of the pure ZnO NRs (Z0) 

photoanode is around 0.9 mAcm-2. A slight increase was observed in the values of Jsc 
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(up to 1.0 mAcm-2) with a short time deposition of a TiO2 layer on ZnO NRs (TZ1).[3] 

The improved photovoltaic performance is attributed to the presence of the TiO2 layer 

which could improve electron injection and formation of heterojunctions at the hybrid 

structure interface.[3] This layer could prevent back-transfer of electrons and suppress 

the recombination. In the TiO2/ZnO hybrid structure, the electrons were injected into 

the TiO2 shell structures (which was reported to improve charge injection between the 

dye and ZnO electrode[14]).[3] They were then transferred to the internal ZnO NRs, rather 

than diffusing towards the surface of the photoanode where they may recombine with 

holes.[3] Therefore, the Voc increase when the TiO2 was applied to the top layer of the 

ZnO NRs. Simultaneously, the presence of the TiO2 layer in this design could 

successfully prevent the formation of Zn2+/dye complexes, thus preventing the 

passivation of dye molecules, leading to an increased efficiency.[3] This is because the 

points of zero charge of the TiO2 (linked with a pH value of 5.5–6.5 [15]) is much lower 

than that of the ZnO (linked with a pH value of 8–9 [16]), whereas the pH value for the 

dye solution was ~5. Therefore, in the presence of the TiO2 shell, the formation of 

Zn2+/dye complexes might not happen.[3] Additionally, the increased deposition 

duration led to an increase of dye loading capability, and the hybrid structures showed 

the increased Jsc values (from 1.01 to 4.40 mAcm-2) and increased Voc values (from 

0.67 to 0.71 V), thus enhancing the PCE values from 0.49% to 1.83%.[3] 

However, the DSSCs made of the TZ5 hybrid structure showed a higher Voc value (0.70 

V) but a lower Jsc value (2.89 mAcm-2) and PCE value (1.06%).[3] This is mainly due 

to the lower dye loading capability for this photoanode, which is mainly caused by the 

formation of a relatively denser structure thus decreasing the total surface area. [3, 17] 

Additionally, the dropped FF could be another factor for the lower PCE due to the 

reduced electron mobility of the TZ5 photoanode in this work (will be further discussed 
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with EIS and transient results in the following sections).[3, 13, 18] Thus, it can be 

reasonably argued that an appropriate amount of TiO2 in these hybrid films is very 

important to improve the overall performance of the DSSCs.[3] Figure 6-10 (b) shows 

the dark J-V results for the DSSCs, in which the increase of the values of FF and Voc 

of the hybrid photo-anodes can be revealed. The potential distribution across the cell in 

the dark is not the same as that under illumination.[3, 19] It can be used to estimate the 

extent of the back electron transfer.[3, 20] Compared with the results from the ZnO NRs 

DSSC, the dark J-V of the hybrid foxtail DSSC showed a shift to a higher potential side 

and became smaller at the same potential above 0.6 V. These observation indicate a 

lower recombination rate for the hybrid foxtail DSSCs [3, 21, 22], which will be further 

investigated in the following section by EIS and transient measurements.  

Table 6-1 J-V parameters of DSSCs based on bare ZnO NRs (Z0) and ZnO/TiO2 hybrid films 

(TZ1 to TZ5).[3] 

Samples Jsc (mAcm-2) Voc (V) PCE (%) Fill factor (FF) 

Z0 0.996 0.673 0.27 0.41 

TZ1 1.066 0.670 0.49 0.68 

TZ2 2.768 0.680 1.09 0.58 

TZ3 3.232 0.682 1.32 0.60 

TZ4 4.401 0.709 1.83 0.59 

TZ5 2.894 0.706 1.06 0.52 

 

The Nyquist plots of the impedance spectra obtained in the dark environment for the 

DSSCs are shown in Figure 6-11, the equivalent circuit used in fitting the curves had 

been demonstrated in Chapter 3.5.2.[3] As previously discussed in Chapter 3, the 

Nyquist plots of the DSSCs generally have three sections:[3, 23] (1) A low frequency 

range (<1 Hz), which is assigned to the Warburg diffusion process of I-/I3
-; (2) Middle 

frequency range (from 1 Hz to 10  kHz), which is linked with the charge transfer across 
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interfaces among the semiconductor/dye/electrolyte; (3) High frequency ranges (in the 

kHz range and above), which is related to the electrochemical reaction at the Pt CE.[3]  

However, the EIS results do not show a clear transmission-line feature in this 

experiment, which is commonly attributed to a good electron transport in the 

semiconductor oxide (i.e. ZnO).[3, 24-26] For this reason, it is not possible to obtain 

reliable transport resistance values from the equivalent circuit fitting and the study was 

limited to analysing the recombination behaviour of the NRs and hybrid nanostructures 

based DSSCs.[3] 

 

Figure 6-11 (a) Experimental (line) and fit (dots) data of impedance spectra of DSSCs based 

on Z0, TZ1 to TZ5 photoanode measured at Voc applied bias in dark. Inset is equivalent 

circuit model used for fitting (b) Bode impedance plot of corresponding samples.[3]  

As shown in Figure 6-11, the diameter of the semicircles (related to EIS results in the 

middle frequency range) is increased with the increase in TiO2 deposition time, except 

for sample TZ5.[3] This clearly shows that the recombination resistance increase with 

TiO2 deposition time, which results in a lower recombination rate at the interfaces of 

the semiconductor/dye/electrolyte for the DSSCs using the anchored hybrid photo-

anodes. According to previous studies,[3, 27, 28] a core-shell structure would be a good 

way to suppress recombination by forming a surface energy barrier. In the case of this 

study, the ZnO core and TiO2 shell have similar energy levels, thus it is hard to form a 

strong energy barrier between them in terms of energy level.[3, 29] However, an n-n+ 
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heterojunction could be formed at the ZnO/TiO2 interface due to the difference of the 

electron concentration of ZnO/TiO2 (i.e. 1018 cm-3 in ZnO and 1010 cm-3 in TiO2).[3, 29] 

Therefore, a built-in potential could be formed in this n-n+ heterojunction to suppress 

the recombination, which can be described using the following equation [3, 29]: 

 =                                  (Eq. 6-1) 

where k is the Boltzmann’s constant, q is the electron charge, T is the temperature and 

⁄  is the ratio of electron concentrations between ZnO-core and TiO2-shell.[3, 27-29] 

This VBuilt-in potential could cause the injected-electrons to flow back against the 

concentration gradient, and eventually these electrons could be confined in the ZnO 

NRs. Therefore, the back transfer of the electrons can be suppressed and recombination 

resistance is increased.[3] The reason why the DSSCs made of the TZ5 hybrid film 

showed a lower recombination resistance could be due to formation of large and dense 

island structures of TiO2 which could lower the electron mobility in the hybrid 

structures.[3] 

 

Figure 6-12 (a) Representative transient photo current decay at a short circuit work condition 

of Z0, TZ2 and TZ4 (b) Fitted electron transport time constants (τtr) versus short-circuit 

current for all the samples.[3, 29] 
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Figure 6-11 (b) shows that, the peak frequency shifts to a lower value after adding the 

TiO2 layer, which indicates that this hybrid photoanode not only increases 

recombination resistance, but also results in a higher electron lifetime compared to the 

ZnO NRs sample.[3] The electron lifetime (e) can be estimated from EIS measurements 

by the following equation:[3] 

= 1/(2 )                                          (Eq. 6-2) 

where fmax is the maximum angular frequency of the semicircle in Figure 6-11 (a) at the 

middle range frequencies.[3] The calculated values of the electron lifetimes are 

summarised in Figure 6-11 (b), in which the peak-shift to the lower frequency side 

indicates a longer electron recombination lifetime.[3, 30] Figure 6-11 (b) can be used to 

explain the higher values of the open circuit voltages of this hybrid solar cell by adding 

a TiO2 nanostructured layer.[3] 

 

Figure 6-13 Performance parameters of ZnO/TiO2 photoanode based DSSCs (a) Jsc and Voc 

(b) PCE and FF with variable ZnO NRs core length. 

To further verify the above conclusions, electron transport ability of photoanodes in 

DSSCs was estimated based on the decay of photocurrent measurements (with results 

shown in Figure 6-12).[3] Figure 6-12 (a) shows a representative photocurrent decay of 

the DSSCs assembled by different photoanode.[3] The normalized curve shows that the 

pure ZnO Z0 decayed faster than those of the TiO2 coated samples (TZ2 and TZ4).  In 
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details, the values of electron transport (τtr) for the pure ZnO NRs based photoanode 

(Z0) DSSCs is much lower than all the TiO2 coated samples (Figure 6-12 (b)). It also 

can be noted that samples of TZ1 to TZ5 (all the TiO2 coated ZnO NRs based 

photoanodes) do not show significant changes with deposition duration. These results 

demonstrate that the electron transport in these photoanodes is mainly determined by 

the ZnO NRs properties.[3, 31] Compared with those from the conventional TiO2 

nanoparticle based mesoporous photoanode, electron transport ability of these 

ZnO/TiO2 hybrid photoanodes is at least two orders of magnitude faster, mainly 

because the ZnO nanorods were used as the basis for the devices.[3, 14] 

However, the largest PCE value obtained from this study (i.e. 1.8%) is still lower than 

those from the conventional TiO2 nanoparticle-based DSSCs.[2, 3] This is probably 

caused by the reduced internal surface areas of the 1D-hybrid nanostructures, thus 

resulting in a lower dye loading rate, when compared to a conventional TiO2 particulate 

mesoporous photoanode.[3] This can be improved by increasing reachable surface areas, 

for example, synthesizing longer hybrid nanostructures with higher aspect ratios or 

branched complex nanostructures.[2, 3] The capability in growing longer ZnO NRs with 

high aspect ratio have been discussed in Chapter 4 (section 4.2.2.3). The longer ZnO 

NRs have higher aspect ratio and may increase surface area for dye loading as well as 

high electron transport ability improving DSSC performance.[3] Therefore, as a 

confirmation, different length of ZnO NRs were tested using optimised duration as used 

in sample TZ4 before assembling to the devices. The ZnO NRs lengths were set to be 

3, 5, 7, 9 and 11 μm, then coated with TiO2, which were denoted as samples of TZ4-1, 

TZ4-2, TZ4-3, TZ4-4 and TZ4-5, respectively. Performance parameters of these DSSC 

made by the variable ZnO NRs core length are summarised in Figure 6-13. As expected, 

increasing the length of the ZnO NRs (TZ4-1 to TZ4-4) leads to an increase in the 
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DSSC performance (i.e. improved PCE, Jsc as well as Voc). While with further increase 

ZnO NRs length, the Jsc decreased sharply (TZ4-5). As the thickness of film is still not 

approaching the electron diffusion length in the ZnO NR DSSCs,[2, 9] it is reasonably to 

attribute this performance drop to the fusion of the ZnO NRs at the growth root which 

results in dense structure at the bottom part of the film (as shown in Chapter 4, Figure 

4-11 (d)). With widening of each ZnO NR, the reachable surface area for loading dye 

molecular is decreased. 

6.6 Summary 

In this chapter, crystallised ZnO-TiO2 nanostructure was achieved by sequential 

applying pre-developed low temperature processes comprising aqueous solution 

method and PIAD. Diffuse reflectance spectra demonstrated that the light-trapping 

efficiency of the TiO2/ZnO hybrid nanostructures was improved over that of the pure 

ZnO NRs due to the effective light-scattering caused by the hybrid nanostructures.[3] 

Results from dark J-V, EIS and photo current decay indicated a good electron transport 

capability associated with this hybrid photoanode, and the overall conversion efficiency 

was increased from 0.27% to 1.8%.[3] Further increasing the ZnO NR length without 

densification, a higher PCE (3.0%) can be obtained. The 1D ZnO core morphology with 

TiO2 shell can not only provide a direct pathway for charge transport, improve charge 

injection, but also prevent the formation of Zn2+/dye complex (thus reducing the 

recombination centres in the structure), and increase the surface area (thus resulting in 

a higher dye loading capability). Most significantly, this method provides an effective 

strategy to fabricate crystallised  TiO2 modification coatings without high temperature 

deposition or any post-annealing processes, making it an important technique for 

reduction of process costs and usage of temperature sensitive substrates/materials.[3] 
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Chapter 7 Low temperature processed nanoflakes for 

dye-sensitised solar cells 

7.1 Introduction 

The functional properties of ZnO nanostructured materials are largely dependent on the 

composition, crystal structure, morphology and their dimension. In particular, solution-

processed nanostructures of ZnO with controllable morphologies and suitable band 

gaps offer great potentials to improve electron transport abilities of the photoanodes 

used in the DSSCs. Due to their unique advantages including low cost, ease of 

preparation and structure/component design.[1-5] ZnO based nanostructured (e.g., 

NWs/NRs, nanotubes, nanoflakes and similar nanostructure) photoanodes can not only 

provide large accessible surface areas for binding dye molecules (or absorber), but also 

support the dye molecules (or absorber) and offer electron transport pathways with a 

reduced recombination. Though the ZnO has advantages including good electron 

transport with a suitable band gap and flexibility in morphology control, there are still 

many challenges of successful use of ZnO 1D nanostructured photoanodes for 

improving device performance. For example, the PCE is still lower than that of 

nanoparticle based photoanodes,[5-11] because of two major challenges: (1) lower 

internal surface areas of the 1D and 2D nanostructures (compared with those of the 

nanoparticles); (2) lower electron injection efficiency and poor chemical stability of the 

ZnO.[12, 13] As a result, a TiO2 layer is often used for modification of ZnO nanostructures 

to stabilize and improve the dye loading capability in the DSSCs (Chapter 6).[5, 14, 15] 

The benefit of ZnO nanostructured photoanodes can be further improved by 

intentionally introducing other elements into ZnO, i.e. introducing doping elements of 
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group III-(Al, Ga and In) or group IV (Pb, Sn) into the ZnO, which has been proven as 

an efficient method to enhance its electrical properties.[5, 16-18] Al doped ZnO (AZO) has 

been extensively investigated/used in solar cell applications because of its high 

conductivity, low cost and good optical performance.[5, 16, 19] Controllable growth of 

ZnO nanoflakes (NFs) with vertically grown arrays was also reported to improve the 

photoanode performance in DSSCs, and the NFs with designed morphology can 

significantly improve the light trapping and solar cell performance.[5, 20] Recently, Peng 

et al used simulation analysis based on finite difference in time domain with 

experimental verification and showed that the NFs with small sizes caused a random 

light scattering.[20]  However, once the NFs reached to a size larger than 2 µm, the 

randomly distributed directions of the NFs significantly improved the light trapping 

effects.[5, 20] 

 

Figure 7-1 Illustration of the strategies for fabrication of controllable AZO nanostructures (a) 

step 1 for pre-seed substrates; (b) step 2 for in-suit MCU aqueous solution method used for 

controllable AZO synthesis; (c) a reference experiment used in step 2 by conventional 

aqueous solution synthesis.[5] 
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Great effort has been made to achieve the required ZnO nanostructured morphology 

using various low-cost solution based techniques, such as microwave enhanced 

hydrothermal methods, electro-chemical and electro spraying technique.[5, 21-24] 

However, many challenges still exist.[5] It is difficult to control the vertically grown 

crystallised AZO NFs directly on the target substrate to achieve the desirable light 

trapping properties with improved adhesion and contact resistance;[5] The synthesis 

process is to be simplified (i.e. avoiding uses of chemical additives, multi-step process 

or high temperature processes).[5, 14, 25-28].  

Recently, the microfluidic synthesis of nanostructures have received considerable 

attention in synthesising nanostructure materials due to its several unique advantages 

on nanostructure control.[29, 30] Typically, microfluidic synthesis has been carried out 

using a small chamber (several microns to thousands microns) connected with micro-

seized channels from which the reaction solution will be introduced into the reaction 

chamber. The growth solution can be rapidly transported into the small reaction 

chamber by micro-channels from outside source (i.e., pressure pump). The reaction 

solution mixture and temperature can be precisely controlled by using multiple 

separated micro-channels and micro-heater during growth. Joo et al.[29] using micro 

channel as a reaction vessel which was attached on the target surface of ITO coated 

substrates for the fabrication of metal–insulator–semiconductor light emitting diode.[29] 

The micro channel not only works as the reaction chamber to control the reaction 

condition and position, but also acts as a bottom-up assemble vessel for multilayer 

assembly (ZnO NRs-insulating layer-solder).[29] Yang et al.[30] reported that ZnO 

nanorods can by locally synthesized on the micro-sized interdigitated electrode directly. 

The reaction solution was placed in a polydimethylsiloxane (PMDS) chamber which 



164 

 

was attached on the interdigitated electrode platform. After heating up the interdigitated 

electrode, the nanostructure was obtained on the electrode.[30] 

In this chapter, a unique low-temperature, template-free approach to produce vertically 

aligned AZO NFs and ZnO NRs/AZO NFs hybrid structures will be demonstrated and 

its usage as the photoanode in DSSC will be investigated.[5] In particular, ZnO 

nanostructures with composite and structure control have been achieved using a simple 

and cost-effective solution process. As shown in Figure 7-1, an in-situ microfluidic 

control unit (MCU) was designed and applied into an aqueous solution reaction vessel. 

The applied MCU works as a supplier of separate reactant. The additive reactant 

solution can be supplied directly to the seeded substrates area in the reaction vessel.[5] 

This process is performed with the microchannel in the MCU driven by a syringe pump. 

It results in a localized reaction zone where the desired surface/sample was exposed, 

thus producing a localised nanostructure growth.[5] The fresh precursor chemicals in the 

bulk solutions are continuously supplied to the reaction area using the convective mass 

transfer,[26] and the additive reagent solution is continuously supplied during the growth 

of the nanostructures.[5] The advantages of this method include:[5] (1) The 

nanostructures are directly anchored on the desired surface areas without any extra 

assembly process (no need for doctor-blade or spin coating processes);[5] (2) The 

reagents (such as the Al source in this work) could be directly delivered to the pre-

seeded reaction area which reduces any homogenous nucleation or consumption of the 

reagents in the bulk solution.[5] Therefore, the morphology and components of the 

vertically grown nanostructure on indium tin oxide (ITO) coated PET substrate can be 

readily controlled.[5] (3) ZnO NRs, AZO/ZnO hybrid nanostructures and AZO NFs are 

obtained vertically, which can meet the critical requirement (i.e., large accessible 

surfaces and long-range electronic connectivity) of a DSSCs photoanode.[5, 31, 32] 
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7.2 Results and Disscussion 

7.2.1 Nanoflakes of photoanode 

To verify the function and effect of the in-situ MCU in the aqueous solution synthesis 

process, one control experment group (AZ1-C, 1 mM) was designed using the 

conventional aqueous solution process (without in-situ MCU) with the same reactants 

and reaction conditions (i.e. temperature, solvent and duration) as the other samples. As 

shown in the SEM images (Figure 7-2 (a)), without applying the MCU, only needle-

like ZnO NRs can be observed on the pre-seeded substrate.[5] On the other hand, sample 

(AZ1) prepared by applying the MCU in the aqueous solution synthesis with Al3+ 

reactant supply shows a hybrid nanostructures of needle-liked NRs and hexagonal NFs 

on ITO coated substrates. To clarify the substrate effects on the nanostructures, sample 

AZ1 had also been synthesised on one piece of ITO coated glass substrate (AZ1-G, 1 

mM). The hybrid nanostructures obtained on ITO coated glass substrate (Figure 7-2 (b)) 

is similar to the hybrid nanostructures on ITO coated PET substrate (Figure 7-2 (c) & 

(d), AZ1, 1 mM). This observation indicated this morphology was not caused by the 

flexible PET substrates. The elemental composition of the nanostructures was 

investigated using EDS (as demonstrated in Figure 7-2 (e) & (f)). In the control group 

experiment (AZ1-C), the needle-liked NRs only contain Zn and O elements (Figure 7-2 

(e)). The additive Al3+ does not involve the formation of the nanostructure, but only 

acts as the electrostatic control agent. The face-selective electrostatic control caused by 

Al3+ can suppress the side wall growth of ZnO NRs which resulted in ZnO needle-liked 

NRs.[33] In the sample AZ1, the elemental compositions of the NRs and NFs were 

confirmed using EDS analysis as shown in Figure 7-2 (f). In the obtained hybrid 

nanostructures, the needle-liked NRs only contain Zn and O elements but hexagonal 
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NF contains Zn, Al and O elements. The morphology and nanostructures can be tuned 

by varying the supply speeds or concentrations of the additives (i.e. Al reactants in this 

work) with the MCU in the synthesis process.[5] The top views of the resultant 

ZnO/AZO nanostructures prepared at various injected concentrations of the additive 

Al3+ sources are shown in Figure 7-2 (c) to (d) and Figure 7-3.[5] 

 

Figure 7-2 Top view SEM images of nanostructures prepared without/with MCU. (a) AZ1-C 

(1 mM, without MCU); (b) AZ1-G (1mM with MCU, on ITO coated glass substrate); (c) & 

(d) AZ1 (1mM with MCU); (e) and (f) corresponding EDS obtained from selected area in 

sample AZ1-C and AZ1, respectively. Inset SEM image in (e) & (f) with dash line rectangle 

indicate the EDS testing area respectively.[5] 
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Figure 7-3 Top view SEM images of the ZnO/AZO nanostructures obtained with MCU by 

varying Al reactant supply concentration (a) to (d): (a) AZ2 (2 mM), (b) AZ3 (3 mM), (c) 

AZ4 (4 mM) and (d) AZ5 (5 mM).[5] 

As demonstrated in the control experiment group, when the in-situ MCU was applied 

in the aqueous solution synthesis with Al3+ reactant supply, hybrid nanostructures of 

ZnO NRs and AZO NFs (Figure 7-2 (c) and (d), AZ1, 1 mM) were obtained.[5] With 

further increase of the supplied additives (Al reactant) concentration (2 to 5 mM), the 

morphology changed gradually (evolution of the nanostructures is shown in Figure 7-3 

(a) to (d)).[5] The hexagonal-shaped AZO NFs gradually became dominant and were 

mostly interlaced with each other and perpendicular to the substrate surface. Under the 

synthesis conditions with lower injected concentrations of Al reactants (Figure 7-2 (c), 

AZ1, 1 mM), the needle-liked ZnO NRs were observed to be dominant in the resultant 

hybrid nanostructure.[5] As demonstrated in Figure 7-3 (a) to (b), increasing the Al 

reactant injection concentration (2 mM to 3 mM, i.e. AZ2 to AZ3) by using the MCU 

results in increased hexagonal AZO NFs instead of the needle-liked NRs. After 

increasing the Al reactant injected concentration up to 4 mM (AZ4), the hexagonal AZO 

NFs showed porous network structures with average pore sizes in a range of ~0.3-1 
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µm.[5] Inter-connected AZO NFs are composed of interwoven plates with a thickness 

of 70-140 nm as shown in Figure 7-3 (c).[5] Upon further increasing the injected Al 

reactant concentrations up to 5 mM (AZ5), a porous network structure with larger sizes 

was observed (Figure 7-3 (d)). A similar phenomenon of film microstructure evolution 

was observed after varying the injection speeds of Al reagents (Figure 7-4 (a) to (c)).[5] 

 

Figure 7-4 SEM images of AZO NFs films grown on ITO coated PET substrates with 

different injection speeds (a) 2 ml/hr-AZ1S (b) 3 ml/hr-AZ2S (c) 4 ml/hr-AZ3S. Scale bar in 

each image is 3 μm.[5] 

Cross-sectional SEM images of the represented samples revealed that the ZnO NRs and 

the porous network AZO NFs all started to grow from the seed layer and were mostly 

perpendicular to the seed layer.[5] Figure 7-5 (a) clearly reveals that the AZ1 hybrid 

nanostructures are a mixture of needle-like ZnO NRs and AZO NFs. As shown in 

Figure 7-5 (b), the AZ2 sample has vertically aligned flake nanostructures on the 

substrate with an average lateral size of ~ 3.9 to 4.7 μm.[5] When the Al reactant 

injection concentration was increased to 4 mM (AZ4), a networking morphology of the 

NFs can be observed as shown in Figure 7-5 (c). Further increasing the Al reactant 

injection concentration up to 5 mM, the network morphology became dense and the 

NFs were found to connect at the roots (Figure 7-5 (d)).[5] This may be due to the 

increased growth rate caused by a higher reaction solution concentrations and increase 

of the NF size as they grew larger, which was commonly reported for growth of ZnO 
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nanostructures using the solution based process.[5, 34, 35]  The formation of the NFs can 

be further confirmed from the TEM image shown in Figure 7-6 (a), which reveals a 

single AZO NF was obtained from the AZ4 with a hexagonal morphology.[5] The 

corresponding electron diffraction pattern is shown in the inset of Figure 7-6 (a) for the 

AZ4 NF along the [0001] zone axis, which is parallel to the vertical direction of its top-

side. Clearly it indicates the single crystalline wurtzite structure of the AZO NFs.[5] This 

could also be verified from the XRD results shown in Figure 7-6 (e). Elemental analysis 

and its distribution of the AZ4 NF sample was carried out using the TEM together with 

the equipped EDS. Element mapping results shown in the Figure 7-6 (b) to (d) clearly 

reveal that Zn, Al and O elements are homogeneously distributed inside the AZO NFs.[5] 

 

Figure 7-5 Side-view SEM images of represented AZO nanostructures (a) AZ1, (b) AZ2 (c) 

AZ4 and (d) AZ5.[5] 

Evolution of the resultant nanostructures with changing additive reactant concentration 

can be explained using both “competing reaction” and “heterogeneous nucleation 

growth” mechanisms.[5, 22, 34] During nanostructure growth, the ZnO precursor (i.e. 

solution-phase Zn(OH)n
2-n, Zn(NH3)n

2+, n=1,2,3,4) can either react with Al(OH)4
- to 

form AZO or react with OH- to form ZnO.[5] For the reaction conditions used in this 

experiment (pH range of the solution used) with continuous Al3+  supplied by MCU , 

the ZnO precursor reacts preferentially with the Al complex (i.e. Al(OH)4
-, etc.) because 
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it is thermodynamically favored.[5, 22, 36] During the growth process using the MCU, the 

Al3+ can be continuously delivered directly to the reaction zone, thus avoiding the 

possibility that most of Al reactants would be consumed by a homogeneous nucleation 

in the bulk solution.[5] Therefore, with the increase of the amount of Al3+ supplied to 

the reaction area (i.e. the solution surrounding the seeded substrate), the larger amount 

of Al complex will form during this period.[5] A large amount of Al complex will 

consume most of the ZnO precursor and thus suppress OH- reaction with these 

precursors to from ZnO. Therefore, with the increased injection concentrations of Al 

reactant added by the MCU, the ZnO NRs grown from the seed-layer gradually change 

into the AZO NFs as observed from the SEM analysis.[5] 

 

Figure 7-6 (a) TEM image of a single NF from AZ4;  Insert is the corresponding selected area 

electron diffraction (SAED) pattern of AZ4; (b) to (d) Element mapping of Zn, Al and O in a 

selected area (high light by dot line cube in (a)) of the NF, scale bar is 100 nm. (e) XRD 

patterns of AZ1-C and AZ4 on PET substrates.[5] 

The reflectivity of the nanostructured photoanode was firstly investigated to understand 

their scattering effect before being assembled into DSSCs. The diffuse reflectance UV-

Vis spectra is shown in Figure 7-7, which was obtained from the nanostructured 

photoanodes (AZ1 to AZ5) before their sensitization process. Obviously, insignificant 

reflectivity (between 0 to 5 %) was observed in the UV range for all the tested 

photoanodes (AZ1 to AZ5).[5] This was caused by the strong UV absorption of wide-
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band gap semiconductor (i.e. ZnO).[37] Additionally, all the tested photoanodes (AZ1 to 

AZ5) containing the AZO NFs showed higher reflectivity values in the wavelength 

ranges from 400 to 700 nm than those of the photoanode based on the pure ZnO NRs 

(AZ1-C).[5]  

Figure 7-7 shows that there is an increase of the intensity of the reflection as the  

percentage of the AZO NFs is increased in the nanostructured photoanode. This 

indicated that the light scattering effects were increased from samples from AZ1-C, 

AZ1, and then to AZ2. The increase of the scattering effect in the range from 400 to 

700 nm can be attributed to combined effects of hybrid nanostructures from both NRs 

and NFs.[38, 39] It can also be noticed that the intensities of the reflection started to 

decrease from samples of AZ2 to AZ5. This is probably because the AZO NFs started 

to be predominant in the hybrid nanostructure and their sizes (compare to NRs) could 

improve light trapping.[20] 

 

Figure 7-7 Diffuse reflectance spectra of the AZ1-C and AZ1 to AZ5 photoanode.[5] 

7.2.2 Characterisation of the DSSCs 

7.2.2.1 J-V testing 
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Figure 7-8 J-V characteristics of DSSCs assembled by nanostructured photoanode prepared 

under different Al reactant injection concentration. (a) and (b) the parameters of DSSCs 

extracted form J-V measurement. (c) the represented J-V curves of different structured 

photoanode under simulated AM1.5, 100 mW/cm2 solar irradiation (d) J-V curves of DSSCs 

made by AZ1 and AZ3 after 1th and 10th cycle bending at bending radius of 10 mm. Inset: 

photography by wrapping the DSSCs around a 10 mm diameter steel rod.[5] 

The resultant photoanodes were sensitised with N719 dye and then assembled into the 

DSSCs. The J-V testing was firstly carried out, and the key parameters of the solar cell 

performance extracted from the J-V curves are summarised in Figure 7-8 (a) and (b). 

Obviously, there is an enhancement of the DSSC performance after introducing the 

AZO NFs into the photoanode. The DSSCs based on ZnO NRs (AZ1-C) photoanode 

and ZnO NRs dominated (AZ1) hybrid nanostructured (NRs and NFs) photoanode 

showed that the average PCE value was  1.09% (Jsc = 3.27 mA cm-2, VOC = 0.59 V, FF 

= 0.56) and 1.66% (Jsc = 4.04 mA cm-2, Voc = 0.64 V, FF = 0.64), respectively.[5] The 

performance of the DSSC was significantly improved by using the AZ2 as the 

photoanode, which obtained a higher Al reactant injection concentration (2 mM) than 
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those used in the AZ1. Values of the Jsc and Voc were both increased with typical values 

of 7.82 mA cm-2 and 0.66 V, respectively, achieving a PCE of 3.19%. With further 

increase of the injection concentration (3 mM to 4 mM, AZ3 to AZ4) supplied by the 

MCU during growth, the AZO NFs began to dominate in the hybrid nanostructures.[5] 

The performance parameters of the DSSCs based on the AZO NF dominant 

photoanodes (AZ3 and AZ4) showed average PCE values of 4.10% and 4.50%, 

respectively.[5] However, the DSSC based on AZ5 photoanode, which was obtained 

with the highest Al reactant injection concentration up to 5 mM in this study, has a 

decreased average PCE of 3.37% (Jsc = 7.71 mA cm-2, Voc = 0.66 V, FF = 0.67).[5]  

7.2.2.2 Bending test 

The DSSC samples were bent under different bending cycles under +180o to -180o 

cyclic bending at a radius of 10 mm. Figure 7-8 (d) shows the J-V characteristics of 

DSSCs made from the AZ1 and AZ3 photoanodes under different bending cycles.[5] It 

can be noticed that no significant degradation in the J-V performance of the DSSCs was 

observed after the cyclic bending. Recently, flexible DSSCs were extensively 

investigated in order to improve their performance (e.g. using new materials of 

transparent conducting film or planar-structure design of electrodes).[5, 40, 41] According 

to those studies, the mesoporous TiO2 material layer was vulnerable to cracking and 

spallation.[5] After even one bending cycle, the performance of the devices was 

dramatically deteriorated. However, in this study, the performance of the DSSCs did 

not show apparent deterioration under cyclic bending (as shown in Figure 7-9). This 

suggests that the nanostructures indeed have good adhesion to the ITO coated flexible 

substrates and high resistance to cracking due to direct growth process.[5] However, as 

shown in Figure 7-8 (d), after bending from -180o to +180o with a bending speed at 0.1 
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Hz for 10 cycles, both the AZ1 and AZ3 devices showed degradation of their 

performance. The value of Jsc of the AZ1 was decreased from 3.81 to 0.40 mA·cm-2, 

and the value of Voc was decreased from 0.67 to 0.36 V.[5] 

 

Figure 7-9 One complete bending test cycle : stretch-release-compression-release.[5] 

For the AZO NF-dominated sample (AZ3), the Jsc value of DSSCs was decreased from 

9.68 to 5.33 mA cm-2, and the value of Voc was decreased from 0.66 to 0.41 V. During 

cyclic bending of the DSSCs, the nanostructured MO layer experienced significant 

repeated tensile/compressive strains.[5] This process apparently caused the fracture 

(and/or cracking) of the nanostructured MO photoanode, which may also cause the 

metal layer peeling off from the ITO conducting layer, thus significantly degrading the 

performance of the DSSCs.[5, 40, 41] Furthermore, the conducting property of the ITO 

electrode was degraded with increased bending cycles as shown in Figure 7-10. After 

4 cycles of bending from -180o to +180o, the resistance of the ITO electrode was 

increased sharply. This degradation of the conducting layer should affect the 

performance of the DSSCs. This could be improved by using specially designed 

conducting electrodes (for examples, planar-structured electrodes, or double mesh 

electrode) and/or transparent conducting materials with good flexible properties (e.g. 

graphene) to replace the conventional sandwiched solar cell structures.[5, 40-42] 
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Figure 7-10 Electrical conductivities of ITO-PET substrates under different -180o to +180o  

bending cycles. R0 and ∆R correspond to the sheet resistance of the ITO-PET substrates 

before and after bending.[5]  

7.2.2.3 Dye loading evaluation 

To gain a better insight into the improvement of the device performance, dye loading 

capability of the nanostructured photoanode was evaluated. The dye was desorbed from 

each sensitised photoanode into a typical desorption solution and measured using the 

UV–Vis spectrophotometer.  

 

Figure 7-11 Absorption spectra of dye desorbed from AZ1-C and AZ1 to AZ5 films with an 

area of 1.6 cm2. The insert table is dye loading of corresponding samples.[5] 

Figure 7-11 shows the optical absorption spectra obtained from the solutions desorbed 

from each nanostructured photoanode. An increasing trend in dye-loading capabilities 
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with the increased Al reactant injection concentrations (0 mM to 4 mM, AZ1-C, AZ1 

to AZ4) can be observed.[5] Compared with the pure ZnO NRs based photoanode (AZ1-

C), nanostructured AZO NFs show a better dye loading capability. The improved dye 

loading capability is mainly because the increased internal surface areas (due to the 

formation of network porous structures of the AZO NFs) result in an increased dye 

loading, thus an improved light harvesting ability.[5] 

However, compared with the pure ZnO NR based photoanode (AZ1-C), the AZ1 hybrid 

nanostructured photoanode did not show an apparent increase in the amount of dye 

loading like the other AZO based photoanodes. This is probably attributed to a 

reduction in the dye-accessible surface areas of the AZ1 photoanode nanostructure.[5] 

This could be caused by the following reasons: (1) Larger size AZO NFs (compared to 

the ZnO NRs in AZ1) grown in the rod-to-rod spaces of the ZnO NRs which could 

block the original surface area between a group of NRs (the spaces between rod to rod); 

(2) The amount of the NFs in the AZ1 is low and has not yet achieved a NFs network 

porous structure in this sample.[5, 43, 44] Although dye loading in the AZ1 hybrid 

structures was lower than that of the AZ1-C, all the key parameters of the DSSCs based 

on the AZ1 sample have been improved. Additionally, a similar trend was observed for 

the devices of AZ3 and AZ4.[5] Though the dye loading of the AZ4 sample was slightly 

lower than that of the AZ3, all the other key parameters of the DSSCs based on sample 

AZ4 were improved (Jsc = 10.55 mA cm-2, Voc = 0.67 V, FF = 0.64), resulting in an 

increased PCE value of 4.50%.[5] It is noticeable that the AZ5 device showed decreased 

Jsc and PCE values but a relatively large Voc value. This could be attributed to the 

significant decrease in dye loading in the sample of AZ5 (as shown in Figure 7-11) 

which could be caused by the reduction of surface areas because of the connections of 

the roots of the nanostructures.[5, 35] Bai et al reported the enhancement of all the key 
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parameters of the DSSCs while dye loadings were decreased for a photoanode made 

from hybrid nanostructures of ZnO nanowires network within TiO2 nanoparticle films.[5, 

44] They found that proper amount of ZnO NRs embedded inside TiO2 nanoparticle 

films could improve the overall performance of DSSCs although dye loading was 

reduced, due to the retardation of electron-recombination losses by improved electron 

mobility of the hybrid film.[5, 45, 46] It is worth noting that for the samples AZ3 and AZ4, 

solar cell performance, particularly the values of Voc and Jsc, were improved despite 

the slightly lower amount of adsorbed dye.[5] Specifically, the Voc value of the AZ4 is 

larger than that of the AZ3, which should be attributed to the suppressed electron-

recombination in these devices. Therefore, it can be predicted that the performance of 

the DSSCs can be further enhanced by improving dye loading ability of AZO NFs based 

photoanodes.[5] 

Normally, for the 1D &2D nanostructured photoanodes, a thicker nanostructured 

photoanode (i.e. the longer nanorods) could achieve a larger accessible surface area and 

thus improve dye loading ability of the photoanode, and the overall performance of the 

DSSC. Accordingly, the synthesis parameters used in the AZ4 photoanode (gives best 

DSSC performance in this study) were chosen to investigate the thickness effect of 

nanostructured photoanode (Figure 7-12). Figure 7-12 (a) reveals the thickness of the 

AZO nanostructure layer as a function of reaction time. It can be noticed that the growth 

during the reaction period of 0 hours to 4 hours is relatively fast. After 4 hours, the 

growth rate of the thickness of AZO nanostructured layer became slow. Similar to most 

solution based processes, long term reaction will results in the rapid growth of the 

nanostructures not only in length but also in diameter. As a result, the original separated 

nanostructures grow together, and the pores/spaces have been filled after a longer 

growth duration as shown in Figure 7-12 (b) to (d). 
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Figure 7-12 Dependence of the DSSCs on the growth duration under the injection 

concentration set to 4 mM. (a) film thickness plot as a function of growth time; (b) to (d) 

represented cross-section image of sample (b) AZ4–2hr; (c) AZ4–8hr; (d) AZ4-12hr, (e) PCE 

and FF (f) Jsc and Voc of DSSCs based on AZO nanostructure photoanodes prepared under 

different growth duration.[5] 

This also explains the degradation of the dye loading capability with increase of film 

thickness as shown in Figure 7-12 (a). Performance parameters of the DSSCs made at 

different durations are summarised in Figure 7-12 (e) and (f). As expected, the reaction 

duration influenced the performance as it did in dye loading of the photoanodes. The 

effects can be separated into two stages: (1) The nanostructured layer keeps growing 

thicker with a large porosity; (2) The nanostructured layer keeps growing thicker and 

becomes dense. In the first stage (from 0 hours to 4 hours), increasing the reaction 

duration leads to a significant increase in the value of Jsc as well as the PCE of the 

DSSCs. Photoanode prepared after one-hour growth showed nearly no output due to its 

little dye loading. When the duration was increased from 2 hours to 4 hours, the values 

of Jsc and PCE were increased from about 4.2 to 11.1 mA cm-2, 1.6 to 4.5 % 

respectively. When the reaction duration was further increased up to 12 hours, the 
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values of Jsc and PCE of the DSSCs started to decrease to 8.7 mA cm-2 and 2.3 %, 

respectively. As shown in the Figure 7-12 (b) to (d), during this second phase, long term 

reaction duration cause the structure widening and fusion together which results in 

reduction of accessible surface area for dye loading (as confirmed in Figure 7-12, dye 

loading degradation). Therefore, we can attribute the decreasing of the DSSC 

performance to the densification of the nanostructure after a long term reaction duration. 

The best performance of the device was achieved with the DSSC sample of AZ4 (after 

4 hours growth), which had the highest dye loading in this study.[5] 

7.2.2.4 Transient measurement 

To evaluate the electron transport property and the suppression of charge-carrier 

recombination in these nanostructure photoanode based DSSCs, optoelectronic 

transient measurements were carried out. Figure 7-13 shows the electron transport and 

recombination kinetics for the DSSCs made from different photoanodes (AZ1-C, AZ1 

to AZ5).[5] The charge carrier lifetime (τe,) can be evaluated by extracting the 

information from optical perturbation voltage (voltage decay) measurements as shown 

in Figure 7-14 (a). The inset in Figure 7-14 (a) shows a representative result of optical 

perturbation voltage (voltage decay) in the Voc values as a function of time (black 

dots).[5] The red line shows in the inset is the curve-fitted results using a single 

exponential decay. [47] The resultant τe values of different samples obtained over a range 

of light intensities are plotted against the corresponding Voc value as shown in Figure 

7-13 (a). It is noticed that the τe values were shifted to larger values with increasing 

injection concentrations of Al reactant (AZ1-C, AZ1 to AZ5), which demonstrated a 

similar trend to that of the Voc results as shown in Figure 7-8 (a).[5] This shows that the 

electron-recombination process was retarded. It can also be noticed that the τe values 
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are shifted significantly to larger values once the AZO NFs become dominated (AZ2 to 

AZ5).[5] The n-n+ heterojunction could be formed between the ZnO based 

nanostructures and TiO2 modification layers which would bring a built-in potential 

between them, thus suppressing the recombination. This build-in potential is 

proportional to the ratio of electron concentration between ZnO/AZO based 

nanostructures and TiO2 modification layers. [5, 15, 48, 49] In this case, the AZO has a 

higher electron concentration than ZnO, thus the increased ratio of electron 

concentration between ZnO/AZO based nanostructure and TiO2 modification layer 

results in a higher build-in potential, which further enhances the suppress of 

recombination.[5] 

 

Figure 7-13 Electron transport and recombination kinetics for DSSCs made by different 

photoanode (AZ1-C, AZ1 to AZ5): (a) Electron lifetime constant extracted from devices with 

varying pulse light intensity. (b) Electron transport constant estimated from current transient 

decay obtained under different pulse intensity. Insert of each image is an example of voltage-

transient/ current transient with an exponential decay fit, respectively.[5] 

The benefits of reduced charge carrier recombination in the AZO dominated samples 

can also be viewed in the dark current measurements as shown in Figure 7-14. It is 

generally agreed that, in the dark condition, the potential distribution across the cell is 

different from that under illumination.[5] The dark current proceeds from the reduction 
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of I3− by the electrons on the ITO electrode.[5, 44] It causes a decrease in photocurrent 

due to recombination, and can be used to estimate the extent of the back electron 

transfer.[5, 44] In Figure 7-14, the dark current as a function of sweep voltage was 

demonstrated. The measurements of the nanostructure based DSSC (AZ1-C, AZ1 to 

AZ5) showed a shift to a higher potential value and the dark current became smaller at 

the same potential (i.e. 0.6 V). [5] 

 

Figure 7-14 J-V characteristics of DSSCs based on nanostructures photoanode prepared under 

different injection concentration in dark condition.[5] 

These observations agreed with our electron lifetime constant results as shown in Figure 

7-13 (a) indicating a lower recombination rate between the transferred electrons and I3− 

ions for the AZO dominated photoanodes. To verify the assumption that the AZO NFs 

could improve the electron mobility of the DSSC photoanode, the current transient 

measurements were performed at short circuit conditions for the DSSCs made by AZ1-

C to AZ5 photoanode.[5] Each transient result was fitted by a single exponential decay 

as shown in the inset of Figure 7-13 (b) for one representative example. The electron 

transport time constant (τtr) of different samples obtained over a range of light intensities 

are plotted against the corresponding Jsc values as shown in Figure 7-13 (b). The 

samples of AZ2 to AZ5 did not show significant differences in the value of τtr, however, 
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their time constants are significantly lower than those of the AZ1-C and AZ1.[5] Again, 

the AZO NF dominated sample group shows a significant shift of electron transport 

time when compared with those of the ZnO-dominated samples. Consequently, the 

enhanced PCE of the AZO NF dominated samples (AZ2 to AZ5) can be attributed to 

the network structures with less grain boundaries and defects, thus realising the 

suppressed recombination for a fast electron transport, longer electron lifetime.[5, 50] 

Similar trends have also been observed in AZO NRs based DSSCs by Sining et al [5, 51], 

and they reported that the Al doped ZnO NRs showed a remarkable enhancement of 

performance because of their increased electrical conductivity compare to those of the 

pure ZnO NRs.[5] 

7.3 Summary 

An in-situ MCU in an aqueous solution synthesis process was developed to achieve a 

controllable approach to obtain AZO NFs and ZnO/AZO hybrid structures directly on 

flexible polymer substrates. Results from TEM, EDS and XRD analysis confirm that 

the morphology and composition of the nanostructure can be readily changed from 

crystalline ZnO NRs, to a hybrid structures of ZnO NRs/AZO NFs, and finally to AZO 

NFs. We then demonstrated that flexible DSSCs can be fabricated based on these 

nanostructures, and diffuse reflectance spectra suggested that the light-trapping 

efficiency of the AZO nanostructures was improved over those of the pure ZnO NRs 

due to an effective light-scattering caused by the NFs and hybrid nanostructures. The 

AZO NFs vertically aligned on the flexible substrates improved the accessible surfaces 

(i.e. benefit from improving dye loading) with a demand for a long range electronic 

connectivity (i.e. benefit for reducing recombination). As a result, the power conversion 

efficiency of the AZO-based DSSCs has been improved. The current transient study 
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indicated that electron transport property of AZO samples has been improved and 

recombination in the AZO dominated samples has been suppressed. This in-situ MCU 

aqueous solution method is promising for low cost, low temperature and efficient 

fabrication of hybrid nanostructures due to its simple setup and reliability.[5] 
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Chapter 8 Conclusions and future work 

8.1 Conclusions 

Various ZnO based nanostructures and anatase TiO2 modification layers have been 

successfully prepared using low-temperature synthesis processes in this thesis. The 

morphology control factors were firstly studied, including solution reaction conditions 

(i.e. concentration, temperature and duration) and deposition parameters (i.e. gas flow 

rate, plasma energy and duration). The material properties (i.e. morphology, optical 

properties and crystal structure) of the obtained nanostructures as well as the influences 

of these resultant nanostructures properties on the DSSCs performance have been 

investigated. Crystallised metal oxides (ZnO, TiO2, ZnO-TiO2, AZO-TiO2) have been 

successfully achieved using the low-temperature synthesis methods. They demonstrated 

easy morphology control as well as good photoanode properties. Followings are some 

detailed conclusions form this thesis: 

 Temperature, concentration and duration played important roles in the growth and 

morphology control in the reaction solution only containing Zn(NO3)2 and 

(CH2)6N4, which demonstrated a good controllable growth of short ZnO NRs (0-4 

µm).  

 Ammonia involved in the alkali aqueous solution with the PEI used as additives 

could be used for achieving longer ZnO NRs (0-15 µm).  The calculated solubility 

can be used as an indicator for supersaturation which has a strong relationship with 

ZnO NRs growth. Crystalline and optical properties of the as-prepared ZnO NRs 

samples by variable reaction factors indicated all the ZnO NRs samples are single 

crystalline with highly oriented wurtzite structure. 

 With plasma assistant deposition, the resultant film showed anatase phase, 
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increased hardness and Young’s modulus, and most importantly, increased 

photocatalytic stability and efficiency. The formation of anatase phase after using 

the plasma assistance is mainly responsible for the improvement in the 

photocatalytic efficiency. 

 The good electron transport properties of result nanostructure based photoanodes 

in DSSCs are confirmed by dark J-V, EIS and photo-current decay experiment. 

Using 3 µm ZnO NRs alone as photoanode, the resultant DSSC only achieved 

0.27%. With the different durations of TiO2 modification on top of ZnO NRs, the 

overall PCE can be extended to 1.8%. Using the optimised TiO2 modification 

duration modified on top of longer ZnO NRs, a higher PCE (3.0%) can be obtained.  

 We demonstrated a novel in-situ MCU assistant aqueous solution synthesis which 

achieved Al-doped ZnO nanostructures (ZnO/AZO hybrid and AZO NFs) directly 

on flexible ITO-PET substrates. The XRD, SEM, TEM and EDS studies showed 

morphology and composition of the nanostructures can be readily changed from 

crystalline ZnO NRs, to a hybrid structures of ZnO NRs/AZO NFs, and finally to 

AZO NFs.  

 After applied TiO2 modification layer on these nanostructures, the flexible DSSCs 

have been fabricated and studied. The properly controlled morphology of AZO 

nanostructured photoanode demonstrated increased dye loading capability. 

Transient current/voltage study shown the improved electron transport property of 

resultant DSSC as well as suppressed recombination. Result in an improved PCE 

(4.5%) 
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8.2 Suggested future work 

Various kinds of new absorber materials (i.e. new dyes, perovskite-methylammonium 

lead trihalide) and electrolytes have been emerging from the continuous development 

of the DSSCs. In this regard, the development of photoanode plays an important role in 

improving the overall efficiency. Additionally, the material cost of the photoanode and 

the complexity of the preparation processes directly affect the production and 

application potential. Therefore, good metal oxide photoanodes will be an important 

development direction for achieving cost effective DSSCs.  

The following work is suggested in the specific areas list below: 

 Improvement in aqueous solution process. NRs with controllable density and 

desirable crystal growth direction is one of the key aspects for the DSSC and its 

applications. We demonstrated using the PEI for aspect ratio control as well as 

improving utilization of the reactants by suppressing nucleation in the bulk solution. 

The preliminary results with reasonable improved growth rate and long NRs with 

high aspect ratio were achieved in this thesis. However, there are difficulties in 

preventing growth of roots of the NRs (i.e. NRs growth together) for much longer 

NRs and/or varying the NRs density in a thin to dense range would give more 

opportunities for the performance in DSSCs and related solar cell applications. 

Local catalyst synthesis would be an alternative option for achieving a better 

morphology control (i.e. density and aspect ratio). 

 Improvement of the in-situ MCU assistant aqueous solution process. In this thesis, 

a novel in-situ MCU was developed and demonstrated its advantages on 

performing localised reactions for achieving Al doped ZnO nanostructure. Further 

improvement of this process would give a better understanding of the solution 
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growth mechanisms with fluid dynamics. Further using this method with localised 

heating and microfluidic channel may achieve a programmable nanostructure 

growth at the target positions. This would be beneficial to complex nanostructure 

synthesis and optical trapping (i.e. gradient control of nanostructure in liner scale) 

for the DSSC applications. It is also believed that similar approach of this method 

can be used for the synthesis other metal oxide (i.e. TiO2, MoO3, NiO and MgO) 

materials.  

 DSSC development of using newly designed electrolyte and absorber. Liquid 

electrolyte based DSSCs generally suffer leakage and long-term durability 

problems. However, solid electrolyte generally causes poor-filling on the 

conventional particulate based mesoporous photoanodes which result in a reduced 

effective electron diffusion length to few micrometers thus degradation of overall 

DSSCs performance. The nanostructured photoanodes produced in this thesis can 

be used as an alternative approach for solving poor pore-filling problem. Thus it 

would be interesting to test these photoanodes for their performance in solid DSSCs 

and study electron transport dynamic. This further study may lead to development 

of optimised photoanodes for the solid state DSSCs. Further exploration of the 

potentials of these nanostructure photoanodes with new absorbers could also be an 

option for achieving high performance DSSCs. Chemical stability of resultant 

nanostructure under different absorber loading environments also needs to be 

evaluated.  
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Appendix 

Matlab codes used for ZnO solubility calculation 
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