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ABSTRACT 

This thesis investigates the use of eco-friendly copper (I) iodide or cuprous iodide 
(Cul), a p-type semiconductor material, with the incorporation of a chelating agent or 
organic ligand, called tetramethylethylenediamine (TMED@TMEDA) in the 
preparation for solid-state dye-sensitized solar cells (DSSC). The Cul solution 
incorporated with the ligand was dispersed in acetonitrile solvent and deposited on 
glass and indium-doped tin oxide (ITO) substrates. The thin film is characterized to 
study its suitability for applications in dye sensitized solar cell (DSSC), a low cost 
solar cell but having high energy conversion efficiency. From the characterization, 
compared to that of pure Cul film, its optical properties show improved band-gap 
energy, while its electrical properties show improved conductivity. An efficient solid
state dye-sensitized solar cell (n-Ti02/dye/p-CuI) with improved stability was 
fabricated. The TMED-capped Cul crystals not only controls pore-filling of the dyed 
Ti02 layer but also improves the electrical contacts between the Ti02 particles, which 
in general improves the efficiency of the DSSCs. Current-voltage characteristics of 
the cell showed a larger energy conversion, achieving higher energy conversion 
efficiency and improved stability. 
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CHAPTER ONE 

INTRODUCTION 

1.1 DEVELOP1\1ENT OF Cul AS HOLE CONDUCTOR FOR DSSC 

The property of a p-n junction plays an essential role in all semiconductor devices, 

such as in solar cells, diodes and transistors. In terms of electrical properties, electric field 

is created when p-type and n-type semiconductors are joined together creating a junction 

at the interface. The junction is formed through the flow of electrons from n-type and 

holes from p-type in opposite direction within the two types of semiconductor [ 1-2]. 

When a photon of light passes through the window of the solar cell, as illustrated 

in Figure 1.1, it will be absorbed by the atoms in the n-type silicon which will cause an 

electron to be freed, creating a negative charge (electron) and positive charge (hole) 

within the junction. By absorbing more photons, the electrons will gain sufficient energy 

to overcome the material's band gap energy and will be released into the depletion zone. 

By connecting the cathode to the anode with a conductor, the negative charges from the 

cathode will flow to positive charges at the anode, creating an electric current when the 

charges flow through an external load. On the other hand, the holes that are separated 

from the free electrons will travel to the positive charges of p-type material and gathers at 

the anode at the back of the electrical contact. When the negatively charged electrons 

approach the p-type semiconductor, it will combine with the positively charged hole and 

regenerate the neutrally charged photon [2-3]. The general concept of solar cells is that 

electric energy is produced through conversion of solar radiation. The production of 

electrical energy through conversion of solar radiation using silicon solar cells, with an 

efficiency of 6%, was first discovered by staffs of Bell Telephone Laboratories [3-4]. 

With recent advancement and modernisation in technology, where solar cells have 

become a source of alternative energy for human use, studies have shown that a common 

solar device could achieve a conversion efficiency of 15 to 20% [ 5-6]. 

However, the use of toxic chemicals have affected its reputation as a source of 

clean energy, and its high manufacturing cost has hindered it from being widely used. 



Such factors have stimulated this study to find alternative solar cells that is low in cost 

and uses materials that is safe to human beings and the environment. 

Back electrical 
contact 

FIGURE 1.1 
Schematic Diagram Of Conventional Silicon Based Solar Cell. 

Electron flow 

in depletion zone 
Electron-hole recombination 
creation 

Recently, researchers had found other alternative to the silicon based solar cells. 

Gratzel, et al. (1991) reported that they have created an environmental friendly solar cell 

called dye sensitized solar cells (DSSCs), which is based on photo electrochemical 

reaction, and its main function works on fast regenerative mechanism [7]. Under 

laboratory testing, DSSCs have achieved efficiency in the range of 7.1 % - 7.9%, which is 

similar to that of conventional solar cell [8]. The difference between DSSC and the 

conventional solar cell is that a type of dye is used as the light absorber and charge carrier 

in DSSC while silicon is used in the conventional solar cell. The inexpensive organic dye 

together with the low cost processes made it possible to commercially produce solar cells 

that exhibit energy conversion efficiency that is similar to silicon-based cells. 

Furthermore, of utmost importance, the materials used in the fabrication of DSSCs are 

environment friendly. 

Although liquid electrolytes based DSSCs under Air Mass (AM} 1.5 (1000W/m2
) 

simulated light have obtained I 0% efficiency [9] , but evaporations ofliquid cause by heat, 
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especially when the cell is improperly sealed, remain the major problem to the liquid 

electrolytes device stability. More specifically, performance of liquid cell may decline 

when the reaction between the water molecules or oxygen molecules with the electrolyte 

occur within the cell. Moreover, since the cell must be electrically wired with other cell 

to build a module or unit, it is quite difficult to get connected when chemically separated 

[10-11]. 

Consequently, the main objective among researchers is to improve the problems 

encountered with DSSC cells, and most researchers would prefer to replace the 

electrolyte-based DSSC with solid-state based DSSC. Several attempts have been made 

in converting electrol:,,te-based DSSC to solid-state based DSSC, such as utilizing ionic 

liquid electrolyte. Others have tried using p-type semiconductor and polymer electrolyte 

instead of iodine-based electrolyte [12-13]. From the attempts, it has been found that the 

stability and efficiency of the cell is good when p-type semiconductors is used, hence 

making it the best option in the fabrication of solid-state DSSCs. Some factors must be 

considered when using p-type semiconductor for fabricating solid-state DSSC [14-15] 

that has been illustrated in sub-chapter 2.2 of chapter 2. 

A number of p-type semiconductors have been identified and tested but most of 

the materials only fulfil some of the conditions; the materials include well-used materials 

in p-type semiconductors such as silicon carbide (SiC) and gallium nitrate (Ga::\), both 

having a large band-gap. However, both SiC and GaN require high temperatures during 

deposition, and such deposition method is unsuitable as it will certainly worsen the dye in 

DSSC. From the extensive studies conducted by researchers, it has been found that a 

group of p-type semiconductor can fulfil all the conditions stated above. This group of 

materials are based on copper compounds, such as copper (I) iodide (Cul), copper (I) 

bromide (CuBr), or copper (I) thiocyanate (CuSCN) [12, 16-17). Among all copper based 

materials tested, Cul and CuSCN shows good characteristic and their conductivity are 

more than 10-2 Scm·1
• These materials can also be deposited using solution or vacuum 

deposition method to form a layer that has the ability to conduct holes [ 17). Cul was first 

successfully tested for solid-state DSSC in 1995 by Tennakone, et al. [ 18]. Under 

simulated sunlight at about 800Wm-2
, around 1.5 - 2.0 mA/cm2 output of current density 

3 



was produced. It is likely the most impressive currem aensny proauced to date. Further 

studies conducted by Tennakone, et al. on solid-state DSSC using Cul, around 2.4% 

improvement in efficiency has been reported when they replaced cyanidin dye with a Ru

bipyridyl complex [19-20]. From the operations point of view, efficiency and stability are 

two important aspects that must be taken into account in a photovoltaic device. 

1.2 OBJECTIVES OF THE RESEARCH 

The problems and some of the solutions mentioned in Section 1.1 are the current 

progress in dye sensitized solar cells (DSSCs) where Cul is used as p-type material or as 

holes conductor. Hence, using Cul as the main precursor, this research proposes to 

provide an alternative approach to overcome the weakness and disadvantage of solid

state DSSCs by introducing a new chelating agent or stabilizer that functions as a ligand 

in synthesizing Cul solution for DSSC. The contribution of this new chelating agent is to 

suppress the growth of the Cul crystal with respect to their function as an electron bridge. 

The function of the chelating agent is similar to THT used by T ennakone, et al. in Cul 

solution, but the agent will not require complicated chromatography process. The 

chelating agent to be used in this research is called tetramethylethylinediamine (TMED 

@ TMEDA). Also, with the use of this new solution, the nanostructure Cul thin film 

properties, including optical and electrical properties, will be studied. The main 

objectives of this research are: 

1. To investigate the effect of introducing TMED as chelating agent in the 

process of fabrication nanostructure Cul thin film toward the structural, 

optical and electrical properties of the thin film. 

11. To demonstrate the effect of introducing TMED as chelating agent in the 

process of fabrication nanostructure Cul thin film toward the performancf 

of n-Ti02/dye/p-Cul solid-state DSSC device. 

4 



1.3 SCOPE OF RESEARCH 

The aim of this research is to produce simple, low cost and high quality Cul thin 

films. The preparation of Cul thin film using sol-gel method is one of the ways that fulfils 

the requirement. In one case, the solution of Cul precursor is prepared using ecetonitrile 

as solvent, and in another case TMED is added to the Cul solution. The deposition of Cul 

thin films were achieved using drop and spin coating technique. Several parameters were 

taken into consideration for optimizing the Cul thin films to the desired characteristic. 

Such parameters are different molarities of Cul, different volumes ofTMED that is added 

to Cul solution, the effed of annealing temperature, and the comparison of different 

deposition methods. 

Before the deposition of Cul thin films take place, while the solution of Cul 

precursor still in the form of liquid, particle size measurement was conducted. This 

measurement is conducted to analyze the change (if any) in particle size of the main 

precursor before and after being deposited as thin films. After the Cul thin films were 

deposited with different parameters at every time of preparation, several measurements of 

its structural properties had been carried out using various instruments, such as scanning 

electron microscopy (SEM) or field emission scanning electron microscopy (FESEM) 

and atomic force microscnpy (AFM). Furthermore, energy dispersive x-ray spectroscopy 

(EDX) has been used to identify the element in the sample such as the presence of 

contaminants in the specific region. Other measurements are X-ray diffractometer (XRD) 

for determining the crystal structure and orientation of Cul thin films, UV-Vis-NIR 

spectrophotometer and photoluminescence spectroscopy (PL) measuring optical 

properties and finally, two probes current-voltage (l-V) measurement system for 

electrical properties. 

Performance of dye sensitized solar cell (n-Ti02 I dye I p-Cul) was also 

considered as part of this research. Cul parameters used for fabricate DSSC is based on 

the characteristic of optimized Cul thin films. The Ti02 thin film for this cell was 

prepared using squeegee method with constant thickness and rhodamine B, and 

ruthenium dye was used as photon absorber. The process started by soaking the Ti02 thin 
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film into dye solution for 24 hours. The film is dried for some time before the deposition 

of Cul solution on top of the Ti02/dye films took place. Cul was deposited on Ti02/dye 

films using spin coating method and also drop and dry method; the methods are used to 

determine which of the two methods produce a better outcome. After the Cul deposition 

is completed, the films were annealed at a certain temperature for some time. Finally, the 

fabricated cell is measured for its efficiency. 

1.4 THESIS ORGANIZATION 

This thesis is arranged as follows: 

Chapter 1 discusses the overview of the DSSC, including how the device 

operates, its development and current status, and the related problems. This chapter also 

discusses in general the history and progress of DSSC based on Cul as p-type material 

and as holes conductor. The objectives of the research are also included in this chapter. 

In Chapter 2, literatures on DSSC are reviewed, from the history and development 

of electrolyte-based DSSC to the development of solid-state DSSC. 

Chapter 3 discusses the methodology or experimental technique used in this 

research. Cul with and without chelating agent TMED thin film preparation using sol-gel 

spin-coating method and drop and dry method is discussed. All samples preparation, 

synthesis and characterization details including their parameter and theory are discussed 

in this chapter. 

Chapter 4 presents the details of the characterization results and discussion of 

prepared p-type Cul thin film by drop and spin-coating method onto glass and lTO/FTO 

substrates. The study includes thin film surface morphology, optical and electrical 

properties at different molar concentration of Cul and annealing effect 

Chapter 5 described the characterization of TMED-chelate Cul thin film using the 

method and measurement properties that used in chapter 4. 

Chapter 6 details the study on fabrication and the performance of the n

Ti02/dye/p-Cul and n-TiOz/dye/p-Cul (TMED) heterojunction solar cells. 
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Chapter 7 concludes the research conducted in this study while outlining related 

future works that can be carried out. 
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2.1 INTRODUCTION 

CHAPTER TWO 

LITERATURE REVIEW 

In the last 15 years, in the venture to develop new and environment friendly solar 

cells, solid-state dye-sensitized solar cell (DSSC) has become of great interest to 

researchers of solar cells [ 1-3]. The interest in this field of research first developed with 

the study on dye-sensitized photo-electrochemical cell (DSPEC). The operational 

principle of this solid-state is similar to the conventional silicon solar cells except that the 

liquid electrolyte is replaced with either a p-type solid-state semiconductor or organic 

materials that act as holes conductor [21-31]. Furthermore, DSPEC is better than silicon 

solar cells in terms of electron-hole separation for transporting charges to different types 

of semiconductors as the quality of the electrodes used in DSPEC is based on the purity 

and the crystalline structure of either the n-type or p-type semiconductor [32]. Unlike 

DSPEC, good electron-hole mobility in silicon solar cell is dependent on the purity and 

crystalline structure of the material to exploit the inner photovoltaic effect within the 

same compound. However, being a solid-state device, silicon solar cells could be easily 

produced and lower in cost than that of PECs, since problems such as leakage, corrosion 

and packaging which appear in liquid electrolyte could be prevented [33-38]. 

Even though solid-state devices have more advantages than electrolyte-based cells, 

the current development of solid-state DSSC is still not good enough to make it into 

device level. So far, the best reported efficiency of solid-state DSSC is less than 4% as 

compared to about 10%-11 % for DSPEC solar cells [8, 39-42]. In fact, the latest 

development in solid-state DSSC is still not able to compete with DSPEC. 

In principle, the difference between DSPEC and solid-state DSSC is that the 

former is a molecular electronic device based on chemical reaction on molecular scale, 

while the later works like p-n heterojunction whose behaviour can be described in terms 

of semiconductor physics [2]. Hence, one of the factors that might have contributed to the 
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Wlsatisfactory development of solid-state DSSC is that the knowledge of solid-state 

DSSC is based mainly on the knowledge already developed for DSPECs. 

2.2 HISTORY OF PEC 

Research on PECs began when silic-0n-based solar cell has already reached 3 x 

1 ()24 Joules per year of solar energy in the late 60s, after world economy was facing the 

oil embargo in 1973. The supply of solar energy that was produced then seemed to be 

able to meet the energy needs of the people in the world. It was also recognized that solar 

energy was a clean energy source which could relieve the environment problems arising 

from the use of fossil fuels [8). 

The invention of the rutile form single crystal titanium dioxide (Ti02) in the late 

1960s by Akira Fujimura was a very valuable discovery in the history of photo 

electrochemistry. It was the beginning of photo-splitting of water through the process of 

PEC as it showed the possibility of solar energy conversion into clean fuel of H2 [ 43]. 

Unfortunately, Ti02 show a very low efficiency of solar energy conversion since it only 

absorbs the blue part, ultraviolet, of the solar spectrum. In the meantime, the theory and 

concept of DSPEC was used as references when Tributsch et al. [44) found the 

photocurrents in semiconducting electrode via dye sensitization in 1972. The photon 

absorbed by sensitized dye on semiconductor electrode generated photoelectric power via 

electrochemical cells. Moreover, DSPEC concept was more convincing when such a cell 

could function Wlder red spectrum (visible light) and demonstrate good efficiency of 

solar energy conversion. In 1976, nearly 1.5% spectrum of solar efficiency is measured 

through incident photon of zinc oxide (ZnO) ceramic electrodes sensitized by Rose 

Bengal dye was reported by Tsubomura et al. [ 45). On further research, through incident 

photon within the dye spectrum, the same group reported an energy efficiency conversion 

of 2.5% (Matsumura et al., 1980) [ 46). The only alteration made in the experiment is by 

maximising the specific surface area of ZnO electrodes. 

A major breakthrough in DSPEC is in 1991 when Gratzel, O'Regan. et al [7) 

produced 7% energy conversion efficiency using electrolyte based DSSC using similar 
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concept as that of DSPEC. They used mesoporous Ti02 in their experiments to deposit 

the film electrodes which could produce very large surface area, and used ruthenium 

bipyridyl complex as the sensitized dye that could sufficiently attached to the surface of 

Ti02 electrodes while exhibiting a wide absorption band in the visible spectrum. Since 

then, the cell created by Gratzel, came to be known as Gratzel cell, has become the 

standard model for DSPECs and has received worldwide attention on DSPECs. In 2003, 

Gratzel et al. [ 4 7] has reported I 0.6% of solar energy efficiency when the cell was 

examined under full sunlight, and this value is very close to that the conventional solar 

cell. 

FIGURE 2.1 
Seema tic Diagram Of Electrolyte Based DSSC. 
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The schematic diagram in Figure 2.1 and 2.2 shows the structure and operational 

principal of the electrolyte based DSSC developed by Gratzel respectively. In general, the 
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cell consists of three main materials: n-type semiconductor, dye and electrolyte. The 

operation of the cell is as follows. Titanium dioxide (Ti02) is used as an n-type 

semiconductor and is sensitized with ruthenium, a kind of dye, to absorb the visible light 

photons. Wnen the dye absorb sufficient energy from sunlight, the electron in the dye will 

be excited and will then be transferred to Ti02, which acts as an electron bridge, and it 

will flow to the conducting glass. Dye excitation and transferring of electrons to Ti02 is 

called an injection process, after which the dye is positively charged due to holes. The 

charges will then be transferred to the electrolyte containing a redox mediator, one that 

works as an electrochemical reductor and oxidiser. After losing the charges, the dye then 

return to its reduction state and this process is called an interception process. The 

oxidised sensitizer is then reduced by the donor electron in the electrolyte, and the 

reduction process spreads till the positive counter electrode. The charges in the mediator 

will be regenerated when the electrons flow out of the cathode to the anode through the 

external circuit. 

2.2: 

The actual electrochemical process within the cell can be summarized as in Figure 

I. Excitation of dye by photon 

Titanium dioxide (Ti02) /Dye+ photon (hv) -+ Titanium dioxide (Ti02) / 

Dye* 

II Injection of electron into n-type semiconductor 

Ti02 /Dye*-+ Ti02 / Dye++ electron· (conductor band) 

III Interception process 

Ti02 /Dye-+ electron· (conductor band)-+ Ti02 /Dye 

IV Reduction of oxidized sensitizer by the donor electron of the electrolyte 

Ti02 /Dye++ 3/2 I (iodine)-+ Ti02 /Dye+ 1/2 h (iodide) 

V Re-charge of mediator by electron at counter electrode 

112 I3 + e· (conducting glass)-+ 3/2 I 

VI Reaction in the electrolyte between injected electron with electron 

acceptor 

I3 + 2 e· (conductor band)-+ 31 
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FIGURE2.2 
Operational Principle of Gratzel Cell. 
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The Ti02 solar cell, founded by Akira Fujimura, has become the semiconductor of 

choice for the mesoporous electrode in the Gratzel cell. Even though Fujimura et al. 

originally used the Ti02 in his experiments as a photo-function in the photo

electrochemical water splitting, but other researchers have shown that this material has 

many advantages in the case of sensitized photochemistry and photo-electrochemistry [ 43, 

48]. It is also an inexpensive in cost, is abundantly available and a non-toxic material. It 

is reported as highly stable in electrolytic solution and it has almost an ideal energy band 

positions for the PEC. Furthermore, Ti02 has become the dominant material for 

environmental photo catalysis. In the case of Gratzel cell, it is quite an efficient solar 

energy convertor. Under normal sunlight, the ruthenium dye can maintain 108 redox 

cycles without perceptible suffer of performance, assuming that it can stand up to 20 

years of continuous operation [47, 49]. 

However, the Gratzel cells that contain organic solvent and liquid iodine cause the 
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cell some problems like dye desorption, leakage and packaging [12]. These reasons will 

cause incomplete regeneration of reduction and oxidation process during cell operation, 

which could also affect the cell performance on the long term operational stability. 

Researchers have made some effort to overcome such problems by introducing methods 

which include utilizing electrolyte gel and high boiling point molten salt electrol)1e [50], 

and these methods has shown some progress. However, replacing liquid electrolyte with a 

solid-state holes conductor is considered as the best alternative path, and it might provide 

a complete solution to overcome the problems ofDSPECs. 

2.3 OVERVIEW OF SOLID ST A TE DSSC 

Replacing electrolyte-based DSSC with p-type semiconductor as holes conductor 

in solid-state DSSC was first announced by Tennakone et al. and his research group in 

1995 [14). They had conducted experiments by attaching together the solid-state solar 

cell from a flower pigment cyaniding-sensitized Ti02 nanoporous electrode as n-type 

semiconductor and a p-type Cul (copper (I) iodide) semiconductor. Using spin coating 

deposition technique, the Cul solution prepared through sol-gel process was filled into 

the voids of the cyaniding-sensitized Ti02 film. About 0.8% of energy conversion 

efficiency was produced from the cell under direct sunlight. Although the efficiency 

obtained is low, the result created the possibility of fabricating solid-state DSSC devices 

from inexpensive and low quality materials. 

The diagram illustrated in Figure 2.3 and Figure 2.4 shows structure and 

operational principal of solid-state dye sensitized solar cell (SSDSSC). The operating 

principle of solid-state DSSC is as follows. The dye, used as sensitizer, will inject an 

electron into the conduction band ofTi02 when the electron has absorbed enough energy 

from photons of light to exceed the band gap energy. Dye excitation and transferring of 

electron to Ti02 is called injection process. After the injection process, the dye itself will 

become positively charged by holes. At this moment, the positive charge is transferred to 

the p-type material as holes conductor. After the process, the dye reverts to its original 

state when it receives donor electrons from the p-type semiconductor. This process is 
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called the regeneration of the sensitizer. Through this process, the recapture of electrons 

from conduction band by the oxidized dye can be stopped. 

FIGURE 2.3 
Schematic Diagram of Cul Based Solid State DSSC. 
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On the other hand, the electrons in p-type semiconductor will be regenerated by 

electrons that flow out from cathode and completing the circuit via electron motion 

through the external load. 

The electrochemical operation of solid-state DSSC can be summarized as m 

Figure 2.4: 

I. Photo excitation through dye 
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Dye (D) +photon (hv)---+ D* 

II. Electron injection from dye 

D*-> D+-,- e· (conductor band) 

III. Electron transport 

e· (electrode)---+ e· (counter electrode)+ 

IV. Reductor regeneration 

Ox + e- ---+ Reduction 

V. Dye regeneration 

Reduction - D+---+ Oxidation+ D 

VI. Outcome 

Hv---+ electricity 

FIGURE 2.4 
Operational Principle of Solid State DSSC. 
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In terms of operational stability and manufacturing processes, almost all related 

researchers agreed on the advantages of a solid-state dye-sensitized photovoltaic device. 

However, the p-type semiconductor used in such devices and the dye used for sensitizing 

the Ti02 need to have special properties. The requirements that the elements need to 

fulfill was summarized by Tennakone et al. [ 14, 51]: 

(1) The p-type material chosen should from a large band gap so that it is 

transparent to the visible spectrum so that the photons can be absorbed by the 

dye. 

(2) Availability of deposition method to deposit the p-type materials without 

discomposing or worsening the dye layer on the Ti02 nanocrystallines. 

(3) The dye LUMO's (lowest unoccupied molecular orbital) level must be 

positioned over the bottom of Ti02 conduction band and its HOMO (highest 

occupied molecular orbital) level is located below the top edge of p-type 

materials valence band. 

So far, Cul is the best candidate to be used in the solid-state DSSC because it can 

be easily dissolved in organic solvents for deposition and its wide band gap (3.1 eV) 

covers the visible spectrum. It also fitted the HOMO level of the ruthenium bipyridyl 

used in the Gratzel cell where the valence band edge of Cul (-5.3 eV vs. the vacuum 

level) [52-53]. In 1998, Tennakone et al. reported 3.8% of energy conversion efficiency 

by assembling the cell from ruthenium dye-sensitized Ti02 porous film and Cul [19]. 

Besides Cul, other p-type semiconducting materials have been tested for use in 

solid-state DSSCs. One such material is CuSCN (copper thiocyanate) which contains a 

stable Cu (I) p-type semiconductor. CuSCN has a band gap of 3.6eV and a valence band 

edge of -5.leV with respect to the vacuum scale, thus fulfilling the requirements of solid

state dye-sensitized devices [ 16-17], but its solubility in organic solvents is not very 

good. So far, dipropyl sulfide which is an odorous and toxic chemical is the best solvent 

for CuSCN. Energy conversion efficiency over 2% has been reported recently for a cell 

assembled from ruthenium dye-sensitized Ti02 mesoporous film and CuSCN (54]. 

Another usable p-type material for solid-state DSSCs is spirobisfluorene

connected aryl amme (spiro-OMeT AD). This material was first used m 
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electroluminescent devices as a holes transmitter. The Gratzel group reported the 

application of this material is amorphous, resulting in a good contact with the dye 

monolayer is good [24, 55-58]. Transient spectroscopic data showed that spiro-OMeTAD 

reduced the oxidized ruthenium dye on the nanosecond scale [59]. Energy conversion 

efficiency over 3% has been reported recently for a cell using spiro-OMeTAD as hole 

conductor [ 60]. 

2.4 FABRICATION OF SOLID ST ATE DSSC 

Figure 2.3 shows a model image of a solid-state DSSC using p-Cul as holes 

conductor [61]. The cell is made up ofa conductive glass electrode-like Sn02:F (fluoride

doped tin dioxide), a compact Ti02 thin film, a dye layer cover nanoporous Ti02 film, a 

Cul layer interpenetrated with Ti02 porous film and a gold-coated conducting glass 

electrode. First, a thick compact Ti02 thin layer is deposited on top of florin-doped tin 

oxide (FTO) to avoid the direct contact between Cul and conducting glass electrode, 

which would short circuit the cell. Cul is deposited into the dye-coated Ti02 nanoporous 

films by repeatedly applying the droplets of the Cul solution. Gold film is attached on top 

of Cul layer as the anode for solid-state DSSCs, but other conducting materials such as 

platinum, graphite and carbon materials are also give good conductivity [62-67]. 

In any kind of solid-state DSSCs, the common cell structure is as shown in Figure 

2.5. The use of a mesoporous Ti02 to enhance photon absorption by the dye monolayer 

serves the same function as that of DSPECs. As solid-state DSSC device, it works by 

majority carriers where electron flow inn-type Ti02 while holes flow in p-type materials. 

This point is very crucial since it is the key to ensure the low cost and environment 

friendly materials is used for fabrication of solid-state DSSCs. In contrast, the classical p

n junction solar cells which work by minority carriers must use very high purity 

semiconductor materials and adopt high-cost manufacturing technology. 
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FIGURE2.5 
Structure Hypothesis Using Cul as P-Type Material in Solid-State DSSC 
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2.5 PROBLEMS IN SOLID STATE DSSC 

2.5.1 Contact of Dye .Molecule and Hole Conductor 

To generate the oxidized dye molecules in solid-state DSSC, the function 

of redox couple (iodide/triiodide) in DSPEC is replaced by p-type materials. For 

efficient regeneration of oxidized dye molecules, intimate contact between p-type 

materials and the dye is essential. To deposit p-type materials on nanoporous Ti02 

and to make the particles of p-type get close contact with the dye monolayer 

covering the nanoporous Ti02 electrode could be a trifling and very difficult 

process. The Cul and CuSCN that are used as holes conductor tend to crystallize 
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inside the mesoporous TiOi film and the possibility of ruining their contact to the 

dye molecules is high. Fortunately, a promising result has been reported for the 

ruthenium dye-based solid-state DSSCs, probably due to the firm bonding 

between the ruthenium dye and the cuprous ion, which may affect the growth and 

nucleation of Cul or CuSCN microcrystal inside the Ti02 porous film [53]. Jn the 

case of organic holes conductor like spiro-OMeT AD, close contact with dye 

monolayer can be created due to its special molecular structure where it forms an 

amorphous solid inside the Ti02 porous film [60]. 

However, the problem of contact in solid-state DSSC between the dye 

monolayer molecules and holes conductor is not fully solved. O'Regan et al. 

announced similar result could be produced in a cell that uses liquid electrolyte 

with mesoporous Ti02 thin film that is less than 2µm, while the Gratzel-type 

solid-state cell worked poorly when the film thickness is more than 2µm [16]. 

This is due to the fact that the particles size ofp-type materials is not sufficiently 

small to fill into the void volume of the mesoporous Ti02 film, and the situation 

becomes worse when a thicker film is used. This is a drawback of the solution 

deposition method. Unfortunately, the development of deposition method has not 

progressed enough to replace the solution deposition method introduced some 

years ago. Another type of nanoporous Ti02 film was developed by Tennakone et 

al. for solid-state DSSCs [11]. In this case, few layers of Ti02 film is repeated 

deposited on heated conductive glass electrode using colloidal Ti02 solution 

while vigorously stirring the solution during preparation. Due to the vigorous 

stirring of the solvent during the preparation, the Ti02 film produced large pores 

from the surface down to the conductive glass substrate. The film produced using 

this method is suitable to be used with the solution deposition method since 

thicker film (~IOµm) is used to fabricate the solar cell. However, this preparation 

method is time consuming and is unsuitable for large-scale manufacturing. 

Furthermore, taking surface roughness into consideration for effective absorption 

of incident light, the roughness of the ~lOµm thick film prepared by Tennakone 

was about 300 nm is small compared to the more than I OOOnm surface roughness 
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ofmesoporous Ti02 film used in DSPEC. This factor is another reason that could 

affect the energy efficiency of solid-state DSSC [68]. 

2.5.2 Electron-Hole Recombination 

Recombination of electrons and holes at the interface, called interfacial 

recombination of both semiconductors, is another serious problem currently 

encountered with solid-state DSSC, especially when using materials like Cul and 

CuSCN. lnterfacial recombination in solid-state DSSC is almost similar to an 

internal short-circuit. This problem could be better understood by recalling the 

structure and the principle of operation of solid-state DSSCs, and depicting the 

cell as a dye-sensitized heterojunction. In general, this type of heterojunction has 

two elements with a large surface area and fragile interfacial electric field due to it 

interpenetrating structure [ 69-70]. Theoretically, the important condition to have 

good quality of heterojunction, it is important to have a substantial built-in 

electric field. Also, unlike the interpenetrating structure with large surface area, 

the physical heterojunction device is composed of a planar structure [71-74]. 

However, in the case of solid-state DSSC, the interfacial recombination between 

electron in the Ti02 and hole in p-type semiconductor after the initial charge 

generation cannot be avoided. In contrast, a serious recombination problem does 

not happen in DSPEC since it is a molecular device, where its charge mediator is 

electrolyte based that used iodide/triiodide as for redox mediator. In the case of 

DSPEC, the charge transfer kinetics in the iodide/triiodide redox couple is 

irreversible and the reduction of triiodide to iodide in the electrolyte between 

surface ofTi02 and conducting glass electrode is very slow [75]. 

Despite the serious interfacial recombination that lowers the performance 

of solid-state DSSC, researchers are making good progress with the outcome of 

the cell output. One of the solutions is the existence of a ruthenium dye 

monolayer that covers Ti02 surface structure. According to Tennakone et al., the 

dye monolayer with about I nm thick act as a physical barrier layer at the 
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interface and blocks the interfacial recombination [19, 76]. The recombination 

between the electrons in Ti02 and holes in p-type materials could be completely 

suppressed if the dye monolayer is perfectly compact. However, it is quite 

difficult to form such a compact dye monolayer due to the electrostatic repulsion 

between the molecules and large size of the dye molecules [77-78]. Thus, direct 

contact between Ti02 and the holes conductor is nearly unavoidable for solid

state DSSCs. 

The recombination rate in a solid-state DSSC using Cul have not been 

available until now but O'Regan et al have measured the recombination rate in a 

solid-state DSSC using CuSCN as the holes conductor [54, 75, 79] where they 

observed that the cell produced -600m V photo voltage (V oc) and -8mA/crn2 of 

photocurrent (J"'). Compared to that of DSPEC, this result shows that the 

recombination in the solid-state DSSC is I 0 times faster at the open circuit 

potential Voe (t 112 - 150µs) and 100 times at short circuit (t 1r,t -450µs). In the case 

of using Cul as holes conductor, the cell always exhibited a Voe of 400-SOOmV, 

much lower than the theoretical V oc (- l V). However, both kinds of cells 

exhibited similar charge transport rate (tw -200µs). The similarity in the charge 

transport and recombination rates in both holes conductor results in acceptable 

photocurrent losses and low fill factor, both factors limits the efficiency of the 

solid-state DSSC. Thus, one key factor in producing higher efficiency 

performance in solid-state DSSCs is to overcome the problems of electron-hole 

recombination. 

2.5.3 Interfacial Blocking Layers 

Interfacial recombination problems in Cul based solid-state DSSC can be 

controlled by introducing a blocking layer as shown in Figure 2.4.3 [28]. An 

insulating thin layer deposited throughout the Ti02 nanocrystalline film surface 

acts as a physical barrier, avoiding direct contact between Ti02 and Cul. This 

layer should be less than l nm thickness so that it can maintain the tunnelling 
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efficiency of electrons from the dye molecules to Ti02, and suppress the 

recombination at interface that cause degraded performance of the cells. Zhang et 

al. has conducted measurements of transient photo voltage by depositing the 

aluminium oxide (Ah03) layer on the surface of Ti02 [61]. Using solution 

deposition method, an ultrathin Ah03 layer was coated on the surface of Ti02 

nanoporous film and assembled the solar cell with Cul as holes conductor. This 

experiment gives an analysis of interfacial recombination that occurred at p-n 

interface under open circuit condition when light generate the charges in the cell. 

With a slight alteration on Ti02, the results of the studies revealed that the amount 

of dye absorption is enhanced, while reducing trap sites on Ti02 and controlling 

the problem of electron-hole recombination. Coating Ah03 for 4 minutes on Sµm 

thick Ti02 improves the cell efficiency to 5.91% from 3.93%. [80-81]. 

FIGt:RE 2.6 
Introduce Of Insulating Layer As Blocking Layer In Solid State DSSC. 
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ui.,_ 
Performance }- .. ·' Solid-State DSSC Based On Ti02 and Al20 3 

Coated Ti02 ~nm. ~""er Various Intensities of Simulated Sunlight. 

Light intensity Voe Jsc FF Efficiency 
(m\V/cm2

) (V) (mA/cm2
) (%) 

TiOi 4.1 0.29 0.40 0.51 1.45 
17.6 0.35 1.97 0.58 2.27 
31.4 0.37 3.62 0.56 2.38 
89.0 0.40 9.10 0.48 1.94 

Ti0i/Ah03 4.l 0.35 0.40 0.56 1.92 
17.6 0.42 2.08 0.57 2.86 
31.4 0.45 3.77 0.57 3.03 
89.0 0.47 9.46 0.52 2.59 

The improvement in the cell performance due to the Ah03 layer is as 

shown in Table 2.1 [82]. \Vith the existence of a thin blocking layer attached to 

the Ti02 film, better overall efficiency of the cell is achieved, which include 

parameters such as open circuit voltage V0 " short circuit current J,c, and the fill 

factor. The improvements in these parameters proved that the suppression of 

electron-hole recombination in the cell has occurred. Also, the two cells resulted 

in low short circuit current J,c under very weak illumination (4mW/cm2
), however, 

Jsc increased gradually with the higher light intensity is used. This indicated that 

the function of Ah03 as a blocking layer improved the cell charge collection. 

Under illumination intensity in the range of 4.1 - 3 l.4mW/cm2
, J,,, of both cells 

increased linearly but varies under higher light intensity. Thus, this indicated that 

the quality of the O. l 9 nm thick Ah03 layer was not sufficient to resolve the 

recombination problem. 

Taguchi et al. had introduced magnesium oxide (MgO) as a blocking layer 

m solid-state DSSCs [12]. Other insulating materials, such as hafuium oxide 

(Hf02) [83], might also work well as the recombination blocking layer. The 

blocking function should depend on the thickness and the density of the layer, 

instead of the materials used. However, some wide band-gap semiconductors, 

such as ZnO, also showed a blocking function similar to that of an insulating layer 
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[84-85]. One possible reason is the high packing density of dye molecules on the 

ZnO covered Ti02 film. 

A discussion on the effect of insulating layer on the photocurrent is 

beneficial at this stage. A cell containing a 0.33nm thick Ah03 layer exhibited a 

higher fill factor and Yoe than one with 0.19nm thick Ah03 layer, but its J,c is 

lower as the electron injection is exponentially dependent on the thickness of the 

insulating layer [61]. In an extreme condition, a very thick MgO layer improved 

the Y0 c of a Cul based cell up to 800mV but its Jsc is negligible [86-87]. This 

shows that in principle the insulating layer can increase the V 0c of the cell greatly 

through suppressing recombination, but the problem is how to prevent the J,c from 

decreasing at the same time. Note that the currently used preparation method, the 

surface sol-gel method, is not an optimal method for preparing insulating blocking 

layers. It depends on the hydrolysis and condensation of metal alkoxide on the 

surface of the Ti02 film, through the reaction with adsorbed water. It is possible 

to prepare an ultrathin insulating layer on the Ti02 film using this method, but it is 

impossible to prepare a dense insulating layer since the cleavage of bulky alkoxy 

groups will leave pores in the surface ofTi02. 

If a better for preparing dense insulating layers on the Ti02 surface can be 

found, it will be possible to resolve the interfacial recombination problem 

discussed above. A physical method, for example atomic layer chemical vapour 

deposition, might be a good choice for the preparation. In addition, post treating a 

dyed Ti02 nanoporous film with the precursor of insulating materials is also a 

promising method to resolve the recombination problem. Since the dye molecules 

are adsorbed on the Ti02 film, the insulating material will not hinder the electron 

injection. 

2.5.4 Device Operational Stability 

Operational stability is one of the most important factors that a 

photovoltaic device should have, and it should be measured at the maximum 
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output of the device. Previous studies on DSPECs always emphasized the stability 

under open circuit conditions, which could not provide a meaningful and accurate 

evaluation of the operational stability of the device [88]. In this study, the 

discussion will be on the operational stability of the Cul based solar cell under 

maximum output. 

The operational stability is a controversial issue for solid-state DSCSs. 

Stability data for the CuSCN and spiro-OMeT AD based solar cells are not 

available. Previous studies have suggested that the Cul based solar cell was not 

stable for long term operation or even for long term storage, possibly due to the 

growth of Cul microcrystal inside the cell [ 14, 18]. The Cul based cell exhibited 

very fast degradation under simulated sunlight, and the output became almost zero 

after 72 hours of continuous illumination [12]. The illumination area turned from 

red (the color of the ruthenium dye) to black after the stability test, which is 

evidence of the existence of cupric oxide. However, when the stability test was 

carried out under the UV-free illumination (/. > 435nm), the cell exhibited good 

operational stability. The cell retained more than 90% of the initial conversion 

efficiency after continuous illumination over 500 hours. X-ray photoelectron 

spectroscopy (XPS) studies confirmed the oxidation of Cul by Ti02 to cupric 

compound under ultraviolet light. The oxidation may involve Ti02 ultraviolet 

light and residual water in the cell. Water is oxidized to form OH· radicals which 

react with Cul to form the cupric compound. Since the reaction happened at the 

interface, the oxidation of Cul might degrade the heterojunction directly and 

finally degrade the cell. This mechanism suggests that, in order to fabricate highly 

stable Cul-based DSSCs, the photo catalytic activity of Ti02 should be 

purposefully suppressed and the residual water should be kept to a very low level. 

Also, the insulating blocking layer has been found to improve the operational 

stability of the cell under simulated sunlight possibly by blocking the photo 

oxidative function ofTi02 [12]. 

The results of the operational stability of the Cul based DSSC are rather 

promising. It is expected that the CuSCN based DSSC should exhibit even better 
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operational stability than that of Cul-based DSSC, since CuSCN in itself exhibit 

is more stable than Cul against oxidation. 

2.5.5 Chelating Agent 

The stability of the DSSC usmg CuI with holes as conductor can be 

improved by adding a small portion of molten salt, such as (103 M) of l-methyl-3-

ethylimidazolium thiocyanate (MEISCN), into the Cul solution [89]. Tennakone 

et al. stated that MEISCN act as a suppressor to Cul crystal growth but it will not 

alter the properties of Cul, such as the interface between Cul grain boundaries and 

the dyed Ti02 remains the same. Meng, et al. has put MEISCN under simulated 

continuous illumination for approximately two weeks and manage to improve the 

cell's efficiency to 3.8% while getting better stability [84]. However, purification 

of MEISCN requires compound separation by chromatographic process and it is 

quite expensive in cost. Further study conducted by Tennakone et al. found 

another substance, called triethylamine hydrothiocyanate (THT), which is much 

simpler than MEISCN but was equally or more effective to be used in Cul 

solution as hole conductor for fabrication of solid-state DSSC [90]. The 

compound stabilized the surfaces of Cul microcrystal by the strong interaction of 

the thiocyanate anion and the surface cuprous cation. Other thiocyanate salts also 

exhibited a similar effect [90]. 

The propose chelating agent for this research 1s called 

tetramethylethylenediamine (TMED or TMEDA or TEMED), a chemical 

compound with the formula (CH 3)2NCH2CH2N(CH3)i, is derived from 

ethylenediamine by replacing the four N-H groups with four N-methyl (CH3) 

groups as shown in Figure 5.1 [91]. TMED, normally an organic compound, is 

widely used as a ligand for metal ions giving complexes that are soluble in 

organic solvents. It serves as a bidentate ligand and is known as chelating agents. 

A ligand or chelating agent is an ion or molecule that binds to a central metal 
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atom to form a coordination complex, and the bonding generally involves formal 

donation of one or more of the ligand's electron pairs [91-92]. 

FIGURE 2.7 
(Left) Ethylenediamine Ligand Of A Chelate Complex, (Right) TMED Chemical Compound. 

Cul- N 

1.6 SUMMARY 

Recent studies in solid-state DSSC have encountered two problems that estrict the 

performance of the cell efficiency. The first problem is the incomplete pore-filling of the 

nanoporous Ti02 layer by the holes transporter, and this affects the determination of the 

final efficiency of the cell. This problem will lead to the lack of surface area inside the 

Ti02 film which results in poor absorption of light. The second problem that causes the 

degradation of the cell is interfacial recombination due to the lack of a strong interfacial 

electric field. However, the operational stability of the Cul-based DSSC has been found 

to be good for a 500 hours continuous test when crystal growth inhibitor is added to the 

Cul solution. 
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The interfacial recombination in the solid-state DSSC can be suppressed using a 

thin layer of insulating material, but the current preparation methods for this insulating 

layer are not satisfactory. A recent study on the ET A solar cell has suggested that the 

ALCVD method is a possible candidate for the preparation of a thin, dense insulating 

layer on a porous structure [93-94]. It can be predicted that a breakthrough in the energy 

conversion efficiency will occur for the solid-state DSSC when a preparation method for 

a high quality insulating blocking layer is developed. Furthermore, the high quality 

insulating will improve the operation stability of the solid-state DSSC. 

The problem of insufficient light absorption may be overcome by replacing the 

ruthenium dye with another organic dye with a greater extinction coefficient [95-99]. 

Another suggestion to increase the spectral response near IR region is to use multilayer 

dye so that optical absorption in solar energy spectrum can be broadened [100-101]. The 

semiconductor quantum dot is also a possible option for panchromatic sensitizers. The 

absorption spectra of the quantum dots II-VI and III-V semiconductor nanoparticles can 

be adjusted to cover the visible and near IR region by changing the particle size. Optical 

design can also improve the light collection in the solid-state DSSC and thus improve its 

solar energy conversion efficiency. 

The morphology of the porous film electrode is also very important for the solid

state DSSC. In solid-state DSSC, a desirable morphology for the porous film would have 

mesoporous structure [102-104] or vertically aligned Ti02 nanorods in parallel to each 

other with respect to the conducting glass substrate [ 105-107]. Such morphology would 

help to improve pore-filling with p-type materials, allow the formation of a higher quality 

heterojunction, and exhibit faster charge transport in the film, compared to the random 

mesoporous morphology. Future studies should also be carried out to developing the 

fabrication technology for the solid-state DSSC. While recent progress in solution 

deposition [54, 108] is encouraging, more efforts are required for the reproducible 

production of the solid-state DSSC. 
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3.1 INTRODUCTION 

CHAPTER THREE 

METHODOLOGY 

This chapter discusses the details of the methodology used in the preparations of 

the Cul thin films and its characterization techniques. The preparation procedures include 

substrates deaning, the synthesis of Cul thin films with and without incorporation of 

chelating agent TMED, the fabrication of DSSC cell, and the characterization technique 

employed. This chapter is divided into 5 main parts. 

l. Cleaning of substrates, such as glass and Indium doped Tin Oxide (ITO) glass. 

2. Preparation and deposition of Cul thin film, with and v:ithout incorporation of 

chelating agent TMED. 

3. Characterization of deposited Cul thin film, with and without incorporation of 

chelating agent TMED. 

4. Fabrication of Cul-based (n-Ti02/dye/p-Cul) solid-state dye sensitized solar 

cells (SSDSSC). 

5. Characterizations of the fabricated thin films. 

The details of the parts will be discussed in subsequent chapters. 

3.2 CLEANING OF SUBSTRATES 

In order to produce high quality Cul materials, the substrate needs to be cleaned 

to remove organic and inorganic contamination. Contamination on the substrate will 

affect the development of the material, thus changing its properties. In this research, two 

kinds of substrate were used, namely, Indium doped Tin Oxide (ITO) substrate and glass 

substrate. In most of the experiments, the ITO substrates are used to investigate Cul 

materials surface morphology, and this is conducted using scanning electron microscopy 

(SEM) or field emission scanning electron microscopy (FESE'.\ll) as the substrates are 
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electrically conductive. However, both the glass and ITO substrates are used when 

measuring electrical and optical properties. 

The process of substrate cleaning could be explained as follows; the glass 

substrates were cut in 2cm x 2cm in size while ITO also in the same size of glass was 

obtained from suppliers. Both kinds of substrates were place into different bikers which 

contain acetone as cleaning material in each biker. The bikers were then place into 

ultrasonic device which contain half of water in it and clean by the device for about 15 

minutes. After reached 15 minutes, the substrate was then rinse with de-ionised (DI) 

water. The above step was repeated using methanol and DI water as cleaning material 

until finally the substrate was dry using nitrogen gas. The whole process of cleaning is 

summarized as in Figure 3.1. 

FIGURE3.1 
Process Flow Of Substrates Cleaning Process. 

Place the ITO or glass substrates in acetone and clean 
using ultrasonic cleaner for about 15 minutes. 

i 
Rinse the substrates with de-ionised water (DI) 

i 
Place the ITO or glass substrates in methanol and clean 

using ultrasonic cleaner for about 15 minutes. 

i 
Rinse the substrates with de-ionised water (DI). 

i 
Place the ITO or glass substrates in de-ionised water (DI) 
and clean using ultrasonic cleaner for about 15 minutes. 

i 
Dry the substrates with nitrogen gas. 
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3.3 PREPARATION OF COPPER (I) IODIDE (Cul) THIN FILMS 

In this research, Cul thin films and TMED chelate Cul thin films have been 

prepared and studied. In the preparation, Cul is used as precursor materials, acetonitrile 

as solvent and tetra-methyl-ethylene-diamine (TMED@TMEDA) as stabilizer, also 

known as a chelating agent. The solutions were prepared in two parts using sol-gel 

method, one without TMED and the other with TMED, and the thin films were deposited 

using drop and spin-coating deposition technique. 

FIGURE3.2 
Process Flow of Preparation and Characterization of Cul Thin Film. 

1) Solution Preparation (without TMED) 
Precursor: Copper (I) Iodide 

2) Solution Preparation (with TMED) 
Precursor: Copper (I) Iodide 

Solvent: Acetonitrile Solvent: Acetonitrile 
Chelating agent: (TMED) 

Stirring The Solution 
Stirring speed: 2.5 scales 
Stirring time: 3 hours 

i 
Thin Film Deposition 
Instrument: Spin Coater 
Surrounding Condition: Room temperature 
Instrument Speed: 500 rpm 
Deposition Time: 20 Minutes 

i 
Drying 
Place In Ambient Temperature For 5 Minutes 

i 
Annealing (in air) 
Temperature: SO°C - I00°C 
Annealing rme: 10 minutes 

Characterizations 
Structural Properties, Optical Properties and Electrical Properties 
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Drop and spin coating method is a technique that uses an instrument called spin coater. It 

is a device which is able to produce uniform thin films on the substrates at a constant spin 

speed in a given time. The spin coater has a sample holder, which is in a vacuum, used to 

hold the substrate during deposition process. The deposition process was done by 

dropping the solution onto the substrate, letting it dry in air of room temperature for a 

certain time, and then accelerated again using the spin coater at a certain speed for a 

certain time. The complete deposited samples then anneal between 50°C - I00°C in I 0 

minutes and ready to be characterized. 

In general, the overall process of thin film preparation is illustrated in the process 

flow diagram shown in Figure 3.2. 

3.3.1 Preparation of Cul Thin Films at Different Molar Concentration 

All the chemicals used in this research were as obtained from the suppliers 

and no further purification was carried out. Copper (I) iodide (Cul) (ALDRICH 

99%) precursor is prepared in molar concentrations ranging from 0.05 M to 1.0 M, 

and each concentrate is dissolved in 50 ml of acetonitrile. A clear and 

homogeneous solution can be observed after the solution was stirred at 2.5 scales 

for 3 hours, after which the solution is ready for thin film deposition process. 

Cul thin films were deposited on glass and ITO substrates by drop and 

spm coating technique. The speed of spin coater was set at I 00 rpm for 10 

seconds. During the process, two drips of Cul solution were dropped onto the 

substrates. The solution was left to dry at room temperature for five minutes 

inside the spin coater with nitrogen flowing in the spin coater. Then, the coater 

was spanned for another 20 seconds at 500rpm for the substrate to be coated with 

the film, after which the film was heated at 50°C for five minutes. This process 

ends after 5 to I 0 times of repeated operations, depending on the required 

thickness of the film. 

The crystal structure and orientation of Cul thin films are investigated 
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using X-ray diffractometer (XRD, Rigaku ULTUv1A IV) with Cu Ka radiation, 

and the morphology of the film is characterized using SEM (JEOL JSM6360LA). 

The optical properties of Cul thin films were measured in the 300 nm to 800 nm 

wavelength range using UV-Vis-NIR spectrophotometer (Cary 5000) and 

photoluminescene (PL) spectroflourometer (Jobin Yvon Horiba FlouroMax 3). 

TABLE 3.1 
Preparation and Characterization of Cul Thin Films at Different l\'folar Concentrations. 

p reoarahon o precursor so ut10n so -ge met o f I . ( 1 h d) 

Cul solution molarities (M) 0.05 M, 0.1 M, 0.5 Mand l.O M 

Substrate Microscope slide glass (Sail brand) and ITO 

Material 
Precursor Copper (I) Iodide 
Solvent Acetonitrile ( 50mL) 

Stirring 
Stir speed 2.5 scale 

Time 3 hours 

Deposition of thin film using drop and spin coating method 

Spin coater 

Deposition 
reoetitions 

Drying 

Heating in air 

Structural properties 

Optical properties 

Electrical properties 

Speed 100rpmi500 rpm 

Time !Osec/2 0 sec 

10 times 

Temperature Room temperature 
Time 5 min 

Temperature 50°C 
Time 5min 

Characterization of Cul thin films 

1) XRD (Rigaku D/MAX-2000 system) 
2) SEM (aJ. FESEM 

1) UV-Vis-NIR spectrophotometer 
2) PL spectroscopy (Jobin Yvon Horiba Fluoro-Max 3 

Two probe current-voltage (I-V) measurement system 
(solar simulator) 

The PL instrument uses Xenon (Xe) lamp as photon source that excites at a 

wavelength of 325 nm. The electrical properties of the thin films were 

characterized using solar simulator (BUNKOKEIKI). Indium (In), used as the 
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electrode for current-voltage (1-V) measurements, has been deposited on the thin 

films using thermal evaporator (UL V AC KIKO, VPC-1100). The preparation 

parameters and characterization methods of Cul thin films at different molar 

concentration are summarized in Table 3.1. 

3.3.2 Effect of Annealing Temperature on Cui Thin Films at Different 

Molar Concentration 

For the purpose of studying the effects of annealing on the properties of 

Cul films, samples are similarly prepared as described in Section 3.2.1, except 

that the samples were annealed in air at different temperatures for ten minutes 

after the heating process. The preparation parameters and characterization 

procedure of Cul thin films at different annealing temperature are summarized in 

Table 3.2. 

TABLE 3.2 
Preparation and Characterizations of Annealed Cul Thin Films. 

Preparation of precursor solution (sol-gel method) 

Cul solution molarities (M) 0.05 M, 0.1 M, 0.5 Mand 1.0 M 

Substrate Microscope slide glass (Sail brand) and ITO 

Material 
Precursor Copper (I) Iodide 
Solvent Acetonitrile (50mL) 

Stirring 
Stir speed 2.5 scale 

Time 3 hours 

Deposition of thin film using drop and spin coating method 

Spin coater 
Speed I 00rpmi500 rpm 

Time 1 Osec/20 sec 

Deposition repetitions 10 times 

Drying 
Temperature Room temperature 

Time 5 min 

Heating in air 
Temperature 50°C 

Time 5 min 

Annealing in air 
Temperature As deposited, 50°C, 80°C and 110°C 

Time IO min 
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Structural properties 

Optical properties 

Electrical properties 

Characterization of Cul thin films 
l) XRD (Rigaku D/MAX-2000 system) 
2) SEM lal FESEM 
l) UV-Vis-NIR spectrophotometer 
2) PL spectroscopy (Jobin Yvon Horiba Fluoro-Max 3) 
Two probe current-voltage (l-V) measurement system (solar 
simulator) 

3.3.3 Preparation of Cui Thin Films Incorporation of Tl\-IED 

Incorporating TMED as chelating agent onto Cul thin film was prepared 

using sol-gel method. All the chemicals used in this research were as obtained 

from the suppliers and no further purification was carried out. The TMED 

obtained from the suppliers is in the form of liquid. The TMED chelate Cul 

solution is first prepared using the same process as described in Section 3.2.1. 

Different volumes of TMED chelating agent was added to the Cul solution with 

various volume ratios. The solution is then stirred using magnetic stirrer at room 

temperature for 3 hours. 

Cul thin films that incorporate TMED were deposited using drop and spin 

coating method. A few drips of the solution are dropped onto the substrate and 

left to dry for five minutes inside the spin coater under a flow of nitrogen. Then it 

was spanned at 500 rpm for 20 seconds for the solution to coat the substrate. The 

film was then heated at 50°C for 5 minutes and the process was repeated to obtain 

the required thickness. 

The characteristics of these films are then examined usmg the same 

characterization procedures as conducted in Section 3.3.1. The preparation of the 

Cul thin films that incorporate TMED is summarized in Table 3.3. 
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TABLE 3.3 
Preparation and Characterizations of Cul Thin Films That Incorporate TMED. 

Preparation of precursor solution (sol-gel method) 

Cul solution molarities (M) 0.05M, 0.lM, 0.5M, 1.0 M 

Cul:TMED ratio I : 0, 1 : 0.5, 1 : 1.0, 1 : 1.5 

Substrate Microscope slide glass (Sail brand) and ITO 
Precursor Copper (I) Iodide 

Material Solvent Acetonitrile ( SOmL) 
Chelating agent Tetramethylethelinediamine (TMED) 

Stir speed 2.5 scales 
Stirring 

Time 3 hours 

Deposition of thin film using drop and spin coating method 

Spin coater 

Deposition repetition 

Drying 

Heating in air 

Structural properties 

Optical properties 

Electrical properties 

Speed 100rpm/500rpm 

Time 1 Osec/20sec 

10 Times 

Temperature Room temperature 

Time 5 min 

Temperature 50"C 

Time 5 min 

Characterization of Cul thin films 
1) XRD (Rigaku D/MAX-2000 system) 
2) SEM (ti] FESEM 
1) UV-Vis-NIR spectrophotometer 
2) PL spectroscopy (Jobin Yvon Horiba Fluoro-Max 3) 
Two probe current-voltage (1-V) measurement system 
(solar simulator) 

3.3.4 Effect of Annealing Temperature on Cul Thin Films That 

Incorporate TMED 

For the purpose of studying the effects of annealing on the properties of 

Cul films that incorporate TMED, samples were similarly prepared as described 

in Section 3.2.3. However the samples were annealed at different temperatures for 

ten minutes after the heating process. The preparation process and 
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characterization procedures of Cul thin films that incorporate TMED at different 

annealing temperature are summarized in Table 3.4. 

TABLE3.4 
Preparation and Characterization of Annealed Cul Thin Films That Incorporate TMED. 

Preparation of precursor solution (sol-gel method) 
Cul solution molarities 

0.05M, O.lM, 0.5M, 1.0 M 
(M) 

Cul:TMED ratio 1 : 0, 1 : 0.5, 1 : 1.0, 1 : 1.5 
Substrate Microscope slide glass (Sail brand) and ITO 

Precursor Copper (I) Iodide 
Material Solvent Acetonitrile (50mL) 

Chelatin11: agent Tetramethvlethelinediamine (TMED) 

Stirring 
Stir speed 2.5 scales 

Time 3 hours 

Deposition of thin film using drop and spin coating method 

Spin coater 

Deposition repetitions 

Drying 

Heating in air 

Annealing in air 

Structural properties 

Optical properties 

Electrical properties 

Speed lOOrpm/500 rpm 

Time 1 Osec/20 sec 

10 times 
Temperature Room temperature 

Time S min 
Temperature SO°C 

Time 5 min 
Temperature As deposited, 50°C, 80°C and 110°C 

Time 10 min 
Characterization of Cul thin films 
1) XRD (Rigaku D/MAX-2000 system) 
2) SEM (al, FESEM 
1) UV-Vis-NIR spectrophotometer 
2) PL spectroscopy (Jobin Yvon Horiba Fluoro-Max 3) 
Two probe current-voltage (I-V) measurement system (solar 
simulator) 

3.4 DEPOSITION OF Ti02/DYE/CuI SOLID STA TE DSSC 

All the chemicals used in this research are as obtained from the suppliers and no 

further purification was carried out. The F-doped Sn02 {FTO) coated glass and Indium 
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doped Sn02 (ITO) substrates were used to study the characteristics of fabricated 

Ti02/dye/Cul cells. The substrates were cleaned with methanol and rinsed with deionizer 

water. In all stages of the preparation, the glass and substrates were placed in dip ultra 

sonic water for 15 minutes where then they were dried with nitrogen gas. 

Ti02 films with a thickness of approximately 15 µm were prepared by the 

squeegee method using a 0.8 g/mL paste of Ti02 powder (P25, Aerosol Japan) with 0.5 

mL of acetyl acetone. 5mL of water was divided into two parts which is 2mL + 3 mL and 

was added to paste and stirred again by hand in 5 minutes of time for each step. The paste 

was mixed and blended with 0.4 g of polyethylene glycol and 2.5 mL of triton X for 

about five minutes. Then, the Ti02 films were heated and annealed at I 00°C and 400°C 

for 30 minutes at room temperature. The apparatus and the process of depositing the thin 

films are shown in Figure 3.4. The preparation and deposition of the Ti02 thin film is 

summarised in the following process flow diagram. 

FIGURE3.3 

Preparation and Deposition Process Flow of Ti02 Thin Films. 

Mix 4.0g Ti(h powder (P25, Aerosil Japan) + 0.5ml acetyl acetone 

i 
Stir in 2ml of pure water for 5 minutes; stir in additional 3ml of pure water 

for another 5minutes 

i 
Blend the mixed materials using mortar for 20 minutes. 

i 
Add 0.4g polyethylene glycol (PEG) and blend for 5 minutes 

i 
Add 2.5ml Triton X and continue blend for 5 minutes 

i 
Blended material ready for deposition using Squeegee technique 

i 
Heat and anneal deposited thin films at I 00°C for 30 minutes; repeat process 

at400°C 
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FIGURE 3.4 
Apparatus Used To Blend the Ti02 Powder in (a) and Process Used To Deposit Ti02 Thin Films in 

(b). 

Squeegee 
d1rect1on 

FTO gubstrate Tupe spucer 

(a) (b) 

After completing the preparation of Ti02 films , the films are soaked for 24 hours 

in a dye, Rhodamine B, which is prepared by dissolving 50 mM of Rhodamine B into 

pure water and stirred for about one hour. 

For the deposition of Cul and TMED-chelate Cul solution onto dye/Ti02 thin film, 

a saturated Cul coating solution with and without TMED were prepared by dissolving 1.0 

M of Cul powder (ALDRICH 99%) into acetonitrile at room temperature. Approximately 

3.725 mL of TMED (Sigma-Aldrich 99%) was added to the Cul solution to produce a 

volume ratio of l: l between Cul and TMED. The solutions were stirred around three 

hours before the deposition takes place. The solutions were then deposited onto 

dye/Ti02/FTO glass substrates using drop and spin coating technique. After the 

deposition process was completed, the cell was annealed at 80°C for 10 minutes. Indium 

electrodes were deposited on the surface of the cells using thermal evaporator with a 

voltage of 70 kV for 60 seconds. 

The surface morphology of Cul thin film nanostructure with and without TMED 
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was studied using Field Emission Scanning Electron Microscopic (FESEM), and the 

differences in electrical potential between t\vo points were determined using two probe 

solar simulator 1-V measurements. 

FIGURE3.5 
Preparation and Deposition Process Flow of Cul Thin Films. 

Solution preparation (with TMED) 
Precursor: Copper (I) Iodide 

Solvent: Acetonitrile 
Chelating agent: 

Tetramethylethylenediamine (TMED) 

! 
Stirring the solution 

Stirring speed: 2.5 (scale); Stirring time: 3 hours 

! 
Deposition onto dyeffi02/FTO substrate 

Method: drop a few drips and let it dry in ambient 
temperature for 5 minutes, then spin coating. 

Instrument speed: 500 rpm 
Deposition time: 20 minutes 

! 
Drying 

Place in ambient temperature for 5 minutes 

! 
Annealing using thermal furnace 

Temperature: 80"C; Annealing Time: I 0 minutes 

! 
Characterization 

Surface momholol!.V and Electrical property 

3.5 CHARACTERIZATION METHOD 

The properties of the materials are evaluated using a variety of characterization 
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techniques. The characterization procedure is important in order to analyze and determine 

the quality of prepared materials. In this thesis, the following characterization has been 

conducted on the: 

I. Structural, optical and electrical properties of Cul thin films with and without 

the effect of temperature, 

2. TMED-chelated Cul thin film with and without the effect of temperature, and 

3. Deposited of Ti02/dye/Cul with and without the incorporation of TMED as 

chelating agent. 

Before the precursor solution is deposited as thin film, the following parameters 

were measured of the solution: 

1. pH and conductivity using conductivity meter, and 

2. Particle size using ZETA NANO PARTICLE SIZER (MALVERN 

INSTRUMENTS, ZEN 1600). 

After the deposition of the precursor solution as thin film, the following studies 

were conducted on the film: 

1. Surface morphology usmg field em1ss10n scanning electron microscopy 

(FESEM), 

2. Crystalline properties using X-ray diffractometer (XRD), 

3. Optical properties usmg UV-Vis-NIR spectrophotometer and 

photoluminescence (PL) spectroflourometer, and 

4. Electrical properties using two probes current-voltage (1-V) measurement 

system (solar simulator). 

3.5.1 Measurements of pH and Conductivity 

After the Cul solution was stirred for three hours, its pH and conductivity 

were measured in order to study the effects of the different concentrations, hence 

different pH, of precursor solution on the ion conductivity of the solution. In solid 

conductors, current is moved and carried by electrons, but in solution, current is 

carried by ions ((+) cations and (-) anions). The conductivity of a solution is 
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dependent on the concentration of the ions present; the greater the concentration 

of the ions, the greater the conductivity of the solution. All of these ions have the 

electrical unit charges shown by their symbols (S/cm-1
), but they move at different 

mobility through the solution, so they contribute differently to the conductivity 

[109-110]. On the other hand, the pH is a measure of the concentration of the 

hydrogen (H+) and hydroxyl (OH-) ions present in the solution. For an acidic 

solution, the lower the pH caused by the higher H+ concentration contained in the 

solution, the greater will be its conductivity [ 111]. In this research, the pH and 

conductivity meter was used to measure the solutions. 

3.5.2 Particles Size Measurement 

While the precursor solution is still in liquid form, the precursor particle 

size is measured using ZETA NANO PARTICLE SIZER (MALVERN 

INSTRUMENTS, ZEN 1600). This measurement is conducted so as to observe 

any changes or differences in precursor particles with and without TMED 

chelating agent. This measurement could be considered as the first step of 

analyzing the size of particles before proceeding to the next stage. 

3.5.3 Surface Morphology 

The surface morphology of Cul thin films have been characterized using 

field emission scanning electron microscopy (FESEM), or simply SEM, whose 

image provides information on the thin film morphology as well as the Cul 

particles size. The FESEM used in the study are the ZEISS Supra 40VP and JEOL 

JSM 6701F, both equipments located at the Physics Department, Faculty of 

Applied Sciences, UiTM. The microscope is equipped with an Energy-dispersive 

X-ray spectroscopy (EDX) for sample composition identification. The EDX 

analysis was based on point analysis, line scanning and dot-mapping which 

depends on Cul structure. The samples were prepared with the size of 1 cm x 
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lcm. For FESEM imaging, the accelerating voltage used was SkV with built-in 

lens and secondary electron mode, while the magnification used ranges from 10 to 

200,000. 

3,5.4 Crystalline Properties 

X-ray diffraction measurement, an important characterization technique 

for analyzing the structural properties of materials, is used to identify the 

materials used in the thin film, characterize its crystal orientation and size, and to 

study the defects in the crystal. The structure of a crystal structure is defined as a 

structure in which the atoms are arranged in a regular pattern. When an X-ray 

beam hit the atoms of a material, the electron around the atoms will oscillate with 

the same frequency as the incoming beam. The directions of the output beam are 

governed by the planes inside the crystals. The orientation and inter-planar 

spacing of these planes are defined by three integer h,k,l indices. If the path 

difference/',./ is a multiple integer of the wavelength, the scattered X-ray beams of 

each lattice plane interfere constructively with each other. Bragg's law. or 

Bragg's equation, describes the relation between the interaction of the X-ray beam 

with the created secondary diffracted beams using the following Equation (3.1) 

[112-113]: 

2dsin6 (3.1) 

where n is an integer, A is the wavelength of the X-ray in nm, dis the inter-planar 

spacing generating the diffraction in meter, and e is the diffraction angle in degree. 

Every material will diffract different X-ray patterns because of the different 

atomic structure characteristic. Therefore, an XRD pattern is like a fingerprint of 

the substance, thus determining the structural properties of the material. 

The XRD analysis in this research were performed using Rigaku 

(D/MAX-2000) and Bruker (AXS D8 Advance) with monochromatic Cu Ka 
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radiation (A.= 0.154 nm) at room temperature. The standard setting for the Bruker 

XRD was 40 kV at an electron current of 40 mA while for Rigaku XRD was 40 

kV at an electron current of 30 mA. All samples were measured in the range of 

1 ()"degree to 60° degree. Using data from XRD, crystal or grain size of a material 

can be calculated using Scherrer's Equation (32) [113]: 

0.9 A 
D=

B rosO 
(3.2) 

where D is the grain size in meter, A is the X-ray wavelength of 1.54 A, B is the 

full-width at half maximum of the plane angle in radians, and 8 is the Bragg's 

angle in degrees. 

3.5.5 Characterizations of Optical Properties 

Ultraviolet-Visible-Near Infra Red (UV-Vis-NIR) Spectrophotometer 

(UV-Vis-NIR) is used to characterize optical properties of a material. Basic 

optical properties of the material, such as light transmittance, absorbance and 

reflectance, could be studied using the equipment. In the characterization process, 

the measurement data could be manipulated or used to define other properties of 

materials, including the porosity of the thin films, optical band-gap energy, 

structural disorder properties called Urbach energy, refractive indices and carrier 

concentration could be obtained from the UV-Vis-NIR spectrophotometer 

measurement [114]. 

In this thesis, the UV-Vis-NIR measurements were onducted using Varian 

Cary 5000 UV-Vis-NIR spectrophotometer. The instrument uses deuterium lamp 

as a UV light source while tungsten lamp is used as the source for visible and NIR 

light. Before the optical bad-gap energy can be calculated, the absorption 

coefficient of the thin film must first be determined. The absorption coefficient 
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could be determined from the results obtained from the measurement of 

transmittance spectra using Lambert's law as shown in Equation (33) [115-116]: 

(3.3) 

where a is the absorption coefficient, t is the film thickness in meter and Tis the 

transmittance of the film in percentage. The optical band-gap energy Eg is derived 

by assuming the direction of transit of the electron between the edges of the 

valence band and the conduction band, where the absorption coefficient varies 

with the photon energy from sunlight. The relationship between the direct band

gap energy, the absorption coefficient and photon energy is given by Equation 

(3.4) [116]: 

1 

ahv = Afhv - E )1 \ g (3.4) 

where A is constant and hv is the photon energy in electron volt (eV) The direct 

band-gap of Cul thin films is estimated by plotting (ahv)2 versus hv and 

extrapolating the linear portion near the onset of absorption edge to the hv axis. 

The structural energy, called Urbach energy, of the film can be determined 

using Equation (3.8) [117]: 

(3.B) 

where a is the absorption coefficient, a 0 is a constant, hv is the photon energy in 

(eV) and E0 is the Urbach energy in (eV). Hence, the Urbach energy could be 

determined through the plot of ln[a(..l)] versus photon energy (hv) where the 

value of the Urbach energy is equal with the reciprocal gradient of the linear 

potion of the plot. 
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3.5.6 Luminescence Properties 

When energy of light is greater than the band gap energy of materials, the 

electrons from valence band will be excited to conduction band, releasing 

electrons and leaving holes behind. The electrons then will recombine through 

either radiatively or nonradiatively. Radiative recombination results in light 

emission; the phenomenon is called photoluminescence (PL) [118]. 

PL is the measure of radiative recombination when a sample is illuminated 

m order to excite excess carriers. As light generates excess carriers, their 

concentrations build up to values that depend on defects, impurities, and other 

recombination mechanisms in that region. PL measurement uses a light source 

such as Xenon (Xe) lamp and He-Cd laser to excite electron in the valence band 

of the materials. The light emitted through radiative recombination will be 

detected at the associated wavelength. The PL measurement produces results 

which could be used to study material defect, optical band gap, impurity levels, 

material quality and material luminescence properties. PL measurement also gives 

information of the transition energies of the electrons that are occupying the 

various states, thus the electronic energy level in the materials could be 

determined [ 119-121]. 

Photoluminescence spectrometer used to measure luminescence properties 

of Cul material in this research is Jobin Yvon Horiba FluoroMax-3. The 

measurement for Cul thin films were done at excitation wavelength of 325 nm 

and the emission spectra range from 350-800 nm was recorded. 

3.5.7 Current-Voltage Measurement 

Important electrical properties, such as resistivity, conductivity, and ohmic 

or Schottky behavior, can be characterized using two-probe system, and the 

current-voltage (I-V) measurement is conducted on the thin film as its electrical 

behavior of could be obtained from the measurement. It is essential to determine 
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the electrical properties of materials used in the fabrication electronic devices as it 

affects the performance of the device. 

In this study, two electrical properties, namely, resistivity and conductivity, 

of the thin film were investigated, while photo-current and photo-voltage were 

measured. 1-V measurement of the thin film using a two probe system is carried 

out as illustrated in Figure 3.5. The resistivity of the thin film, p can be calculated 

using Equation (3.11) [ 122]: 

-(V)wt p- - -
I I 

(3.11) 

where Vis supplied voltage in volt, I is measured current in ampere, tis the film's 

thickness in meter, w is the electrode width in meter and ( is the length between 

electrodes in meter. Also, the conductivity cr (S.m2
) can be determined using 

Equation (3.12) [ 122]: 

1 
a=-

p 
(3.12) 

FIGURE3.6 
Schematic Diagram for 1-V Measurement of Cul Thin Films. 
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The photocurrent properties of Cul thin films were measured using two 

probe current-voltage (1-V) measurement system (solar simulator) under 

ultraviolet irradiation ((1 = 365 nm, 4 W). The photocurrent measurements were 

conducted to study the response of prepared Cul thin films or fabricated Cul 

based solid-state DSSC to UV light. 

3.6 SUMMARY 

In this chapter, the details of the preparation and characterization of Cul thin films 

and Cur based solid-state DSSC fabrication is given. The preparation parameters of 

nanoparticles Cul thin films and nanoparticles Cul thin films that incorporate TMED as 

chelating agent using sol-gel method and drop and spin coating deposition method are 

presented. At the end of the chapter, the discussion on the characterization techniques of 

the prepared Cur thin films and fabricated Cur based solid-state DSSC are given. 
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CHAPTER FOUR 

CHARACTERIZATION OF NANOPARTICLES COPPER (I) 

IODIDE (Cul) THIN FILMS 

4.1 INTRODUCTION 

Copper (I) iodide (Cul), also known as cuprous iodide, has become a well-known 

material and versatile compound and, being inorganic type of semiconductor, is getting a 

lot of attention in many fields of materials research [123]. Also, its chemistry 

arrangement and combination with a lot of inorganic and organic ligands makes it 

possible to chemically adjust to produce other compounds, and making it suitable for 

applications in electronics and optoelectronics from the perspective of solid-state physics 

(124). 

Cul is a solid that is insoluble in water and has three crystalline phases a, ~ and y. 

In this research, the low temperature (below 350 °C) of y-type Cul was chosen to be a 

precursor in every experiment conducted. The compound have a cubic structure making it 

possible to function as a p-type semiconductor with band-gap 3 .1 e V which is below the 

visible spectrum and its conductivity is dependent on the presence of iodine in 

stoichiometric excess (125]. Furthermore, they-Cul semiconductor films are suitable in 

the fabrication of solar cells device where it is applicable in collecting and transporting 

holes [53, 126-127]. Moreover, it is also used in others devices, such as light and/or 

chemical sensor [128], optical display products [129], and in the preparation of 

conducting transparent films [130]. Their scope of applicability in optoelectronics can be 

further extended when organic dye molecules are coupled to them. From the perspective 

of chemistry and biochemistry, it can be applied in catalysis, in which Cul can be used as 

a catalyst for hydrophosphinylation and arylation [ 131 ], and it can also be applied in 

synthesis with Cul coordination chemistry, including the formation of both inorganic and 

biochemical supra-molecular compounds [ 132]. 

Researchers have fabricated Cul thin film usmg vanous techniques, which 

includes vacuum evaporation [126], radio frequency/direct current (rf-dc) magnetron 
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sputtering [130], pulsed laser deposition (PLD) [133-134], hybrid 

electrochemical/chemical synthesis [10, 135], and others [136-137]. However, there is 

still a need for alternative deposition technique that can reproduce and fabricate better 

quality films that are of independent of the complex procedures, sophisticated equipment 

or rigid experimental conditions that are currently needed. 

Acetonitrile solvent has been found to have good dissolving ability for Cur 

samples at room temperature, and this has been confirmed by infrared and Raman spectra 

investigations [138-139]. 

4.2 CHARACTERIZATION AT DIFFERENT MOLAR CONCENTRATION 

OF Cul SOLUTION 

The effects of molar concentration on Cur thin film properties were studied to 

understand the film behaviour at different molar concentrations, and the information can 

be used as guidelines for the fabrication of dye sensitized solar cell. The preparation of 

the Cur thin films at different molar concentration has been described in Chapter 3. 

4.2.1 Conductivity and pH 

Conductivity and pH of an aqueous solution are two measurements often 

made on solution matrices. These are usually categorized as physical tests, though 

they are strongly dependent on the chemical characteristics of an aqueous 

solution. In general, pH is a measure of hydrogen ion concentration in water, 

where there is a one unit change in pH for every tenfold change in hydrogen ion 

concentration. Conductivity refers to the electrical conductivity of the solution, 

and it increases as more ions are dissolved in the solution; the ions originate not 

only from the hydrogen ions but also from other materials present in the solution 

[111]. 

Table 4.1 shows the measured pH and conductivity of Cul aqueous 

solution at different molarities. It shows that the increase in molarities of the Cul 
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solution, the pH value changed toward alkaline and its conductivity also increases 

further. Moreover, the conductivity of Cul is very dependent on the presence of 

iodine in stoichiometric excess [126]. When the molarities of Cul increases, it is 

assumed that it increases the level of iodine in the solution, hence resulting in 

higher conductivities. 

TABLE4.1 
Conductivity and Acidity (Ph) Results of Cul Solution at Different Molar Concentration. 

Solution pH Conductivity (µSiem) 

1.0M Cul 7.79 1545 

O.SMCul 6.57 1413 

O.IMCuI 6.49 1319 

O.OSMCuI 6.34 1310 

4.2.2 Particles Size Measurement 

The particles size distribution (PSD) within a volume of solution could be 

determined by measuring the size of the particles in the solution. The particle-size 

distribution of particles dispersed in a liquid is a list of values or a mathematical 

function that defines the relative amounts of particles present, sorted according to 

size [140). The PSD of a material is essential in comprehending its physical and 

chemical properties as it affects the reactivity of solids involved in the chemical 

reactions. 

Figure 4.1 shows the particles size measurements of Cul solution -w;th 

different molarities, where it is noted that the size of Cul particles are almost the 

same for the different molarities, and the size ranges from 90 nm - 200 nm in 

50% volume of the solution. If compare to the XRD result of Cul thin film as 

stated in section 4.1.3.2 which the size of particles are around 37.8 nm to 43.2 nm 

for O.OSM to 1.0 M respectively, the size by particle measurement could consider 

large. The reason for the large and almost similar particle sizes could be due to the 
51 



occurrence of agglomeration among the particles, and this signifies more loosely 

bound particles occurring during synthesis. Nanoparticles oftentimes accumulate 

as a result of high ionic strength of environmental and biological fluids, which 

shields the repulsion due to charges on the nanoparticles [ 141]. 

FIGURE4.1 
Particles Size of Cul Solution in Different Molar Concentration. 
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Another reason is if the particles are not well distributed, or in other words 

it is well connected to each other, that will affect the measurement since the signal 

reflected from particles is coming from the overall objects. Hence, this will affect 

the size of the particles in form of solid state when it is deposited as a thin film. 

This size of particles can be considered as not sufficiently small in 

nanotechnology engineering, especially when related to making the solar cell 

devices. 
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4.2.3 Surface MorphoJogy of Cul Thin Film 

Images of Cul thin films deposited on glass and ITO substrate were taken 

using FESEM are shown in Figure 4.2. FESEM images show different density in 

film morphology among films deposited at different molarities. All the images 

were taken at SOK magnification. It could be understood that the Cul thin film 

become denser when higher molarities are used. Though the physical size of the 

particles of the displayed morphology looks different, the particles are actually of 

the same size since they were taken using different measuring equipments; the use 

of the equipments is dependent on the conductivity of the thin film. The quality of 

the captured images is dependent on how good the electron beam from the 

measuring equipment is transferred to the thin film. The captured images were 

taken using different electron flow: 5.0 KV is used for I .OM and 0.5M, and 2.0 

KV is used for O.lM and 0.05M. 

As observed from FESEM images, the average size of Cul grains is in 

order of micrometer (µm) and exhibited a polymorphic characteristic with a wide 

distribution of the grain size. The Cul grains boundaries is hard to observe even at 

the maximum possible enlargement power of FESEM, probably due to the 

formation of ultrafine partials of Cul grains. FESEM images also indicate that the 

particles become more closed to each other when higher molarities are used. This 

connection is very important for a continuous transport pathway to develop in the 

granular film to facilitate movement of electrons or holes. 

The chemical composition and the nature of Cul in the deposited thin 

films are characterised using energy dispersive x-ray (EDX) measurement and it 

is compared to a sample of a high purity Cul powder (99.99%). The measured 

EDX spectra of Cul thin films are shown in Figure 4.3. Partial areas of the Cul 

thin films surface were jointly investigated with SEM and EDX. From the EDX 

spectra of the backing material, large scattered particles of the radiated x-ray is 

intensified for copper (Cu) and iodine (I), indicating that these large particles are 

clusters of copper (I) iodide (Cul). The presence of Cu and I molecules on the 
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surface is confirmed from the spectrum resulting from the measurement, hence 

proving that the thin film is Cul compound. Other materials that appeared in the 

spectrum from the EDX are Tin (Sn) and Oxygen (0), and this is due to the fact 

that the thin film was deposited on Indium doped SnO (ITO) substrate with 

oxygen vacancies in the thin films. 

FIGURE 4.2 
FESEM Images of Cul Thin Film at Different Molar Concentration (a) I.OM Cul, (b) O.SM Cul, (c) 

O.JM Cul and (d) O.OSM Cul. 

(a) (b) 

(c) (d) 
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FIGURE4.3 
EDX Analysis of Cul Thin Film. 
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4.2.4 XRD Spectra 

In order to study the structural properties of the deposited thin films, the 

films can be characterized using XRD. Figure 4.4 represent the XRD spectra of 

Cul thin films with different concentrations prepared using drop and spin coating 

technique. The XRD spectrum of the as-deposited films as shown in Figure 4.4 

exhibits a broad peak in 28 range of 20°C ~ 60°C. It is noted that all the samples 

with the different solution concentrations peaks at the point that corresponds to 

that of the standard Cul (according to JCPDS data 25-390). The observed 

characteristic peaks at preferred orientation in the X- ray difractograms indicate 

that the composed thin film s are polycrystalline Cul y-phase. The spectrum 

obviously indicate five peaks at preferred orientation of 25.52°, 29.55°, 42.25°, 

49.99°, and 52.37° corresponding to the (111), (200), (220), (311) and (222) 

reflections of the Cul nanocrytals. The thin film prepared using 0.5M 

concentration shows the strongest diffraction peak at (111) compared to the films 

prepared using other concentrations indicating that the film is strongly a cubic 

crystal in structure. Increasing the concentration of the solution up to I .OM, 
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however, led to a decrease of (111) and other (200), (220), (311) and (222) 

orientation growth in the thin film. 

With XRD, it is also possible to characterize the crystallite size (grain 

size) of the materials. The grain size of Cul thin film were estimated using 

Scherer's equation as mentioned in Chapter 3 (113]. Analyzing the spectra of the 

samples obtained from the measurements, the full width at half maximum 

(FWHM) of the samples is 0.197° for I.OM, 0.152° for 0.5M, 0.193° for O.lM, 

and 0.265° for 0.05M. Using Scherer's equation, the evaluated grain size for the 

thin film deposited with I.OM, 0.5M, O.lM and 0.05M concentrations are 43.2 nm, 

55.9 nm, 44.2 nm and 37.8 nm, respectively. Hence, the results indicate that the 

crystalline size of Cul thin films vary but the change in the particle size is quite 

independent of the molar concentration used. 

FIGURE 4.4 
XRD Spectra of Cul Thin Film at Different Molar Concentrations. 
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4.2.5 UV-Vis-NIR Spectra 

Figure 4.5 shows the optical transmittance spectra of Cul thin films with 

the different molar concentrations, whose wavelengths range from 300 nm - 900 

nm. The results revealed that the concentration of the Cul solution affects the 

optical properties of the thin films; the highest transmittance is obtained m 

samples deposited using O.OSM solution, while the lowest transmittance 1s 

observed in thin films deposited using I.OM solution. 

FIGURE4.5 
Optical Transmittance of Cul Thin Films at Different Molar Concentrations. 
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The fact that the Cul thin film with O.OSM showed the highest optical 

transmittance could be understood when looking at the FESEM results as shown 

in Figure 4.2 The results also exhibited that the transmittance of the films are in 

the range of 49% to 81 %, depending on the concentration of the solution used. 
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The onset hump in the optical spectra occurred in the range of 400 to 440 nm 

which corresponds to the band-gap excitation. In this research, the transmittance 

of the film increases with increasing molar concentration of the solution as the 

structure of the thin films becomes denser with higher solution concentration. 

FIGURE4.6 
Absorption Coefficient of Cul Thin Films Prepared With Different Molar Concentration. 
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The ultra violet (UV) absorption coefficient spectra of Cul thin films 

prepared by drop and spin coating technique at different molar concentrations are 

presented in Figure 4.6. Looking at the spectra as shown in the figure, it can be 

inferred that Cul crystals have sufficient transmission in the entire visible region. 

It is observed that the onset of the absorption coefficient hump is at 429 nm for 

I.OM molar concentration, 430 nm for 0.5M, 432 nm for O.lM, and 433 nm for 

0.05M. Furthermore, the observed hump could be due to the electrons from the 

sub-bands in the valence band being excited to the conduction band. Hence, the 

increase and decrease of the absorption coefficient might be due to the effect of 
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the increase and decrease of the Cul particle size or Cul species with the different 

molar concentrations. 

FIGURE4.7 
Optical Band-Gap Energy Estimation of Cul Thin Film at Different Molar Concentrations Using 

Tauc's Plot. 
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The values of the optical band-gap for the Cul thin films shown in Figure 

4. 7 were obtained from the transmission measurement by plotting (oln/ versus 

photon energy hv, where a is the absorption coefficient and hv is the photonic 

energy as mentioned in Section 3.5.4.1. The evaluated band-gap energies for the 

different molar concentrations are 3.17 eV for I.OM and 0.5M Cul concentration, 

and 3.18 eV for O.IM and 0.05M Cul concentration, respectively. These values 

can be considered near, or slightly higher than, the 3.1 eV for polycrystalline y

phase Cul band-gap value as reported by other researchers [126]. The electron 

transition is observed to contain higher energy than the band-gap, and this is due 
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to the splitting of spin-orbital of the upper most valence band (LiO = 50 meV) and 

sub-energy levels in the conduction band (Lil = 700 meV) [142). Another reason 

that shifts the band-gap energy to a higher energy could be due to the surface 

roughness of the films and the wider distribution of the grain formation [143). 

4.2.6 Photoluminescence (PL) Spectra 

Photoluminescence (PL) spectra of Cul thin films on glass substrate 

deposited using drop and spin coating technique are shown in Figure 4.8. The 

spectra shows that all Cul thin films exhibited UV emission originated from the 

recombination of photon-generated charge carriers from the conduction band into 

the valence band. As shown in the figure, Cul thin films that are prepared at 

different molar concentrations exhibited peaks at almost the same wavelength 

except that of the 0.5M solution which is slightly shifted to the right. The Cul thin 

films exhibited main emission peaks at 424 nm for I .OM solution, 436 nm for 

0.5M, 422 nm for O.IM and 423 nm for 0.05M. In each case, the peaking of the 

main emission is due to the recombination of electrons and holes at Cu1
+ centres. 

The reasons for the observed shift of emission toward the longer wavelengths are 

repulsion of ions and quenching of excited luminescence centres [133-134]. This 

is inferred since the same phenomena was also observed by other researchers who 

had conducted photoluminescence experiments of materials doped with Cu 1 
+ and 

Cu2
+ ions. For example, photoluminescence study on zinc sulphide (ZnS) by 

Yang et al. had observed two luminescent centres at 450 and 530 nm [144), while 

Zeolites doped with Cu1
- ion exhibited luminescent centres at 500 and 540 run 

respectively [145). Emission band due to Cu1
+ ions are associated to electron 

transition 3d10
--+ 3d94s1 [146] resulting in shorter wavelength compared to that of 

Cu2
+ ions where absorption of Cu2

+ ions is in red region and is associated electron 

transition in 3d9
---+ 4p [147]. 
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FIGURE4.8 
Photoluminescence (PL) Spectra of Cul Thin Film at Different Molar Concentrations 

(Excitation Wavelength at 325 Nm). 
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4.2. 7 Electrical Properties of Cul Thin Films 

The electrical conductivity of Cul thin films was determined by 

investigating its behaviour between metal and semiconductor junctions (M-S). 

The Current-Voltage (I-V) of Cul thin films prepared with different molar 

concentrations has been measured and is as shown in Figure 4.9. It is observed 

that, using Indium (In) as metal contacts, all the thin films exhibited ohmic 

behaviour with linear 1-V curve. This result revealed the theory of M-S junction, 

where not all metal-semiconductor junctions will form a rectifying curve [ 148-

149]. To those metal-semiconductor junction that does not rectify current is called 

an ohmic contact [ 148-149]. Rectifying properties depend on the metal's work 
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function, the band gap of the intrinsic semiconductor and the type and 

concentration of dopants in the semiconductor. If the work function of metal is 

greater than band gap of semiconductor material and the concentration of 

semiconductor used is more dopant (especially p-type), a linear ohmic contact 

will occur [ 148-149]. In this research, the work function of indium is reported at 

4.12 eV [150] while the band gap of Cul is around 3.1 eV. Furthermore, Cul is 

known as p-type semiconductor and has been used as p-dopant in others research 

for the study of metal-semiconductor behaviour [151]. Thus, linear 1-V curve 

result that shows in Figure 4.9 could consider good metal-semiconductor junction 

properties that allow electrons to flow in both directions easily. 

FIGURE4.9 
Current-Voltage (1-V) Measurement of Cul Thin Film at Different Molar Concentrations. 
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Theoretically, in solid state dye sensitized solar cells (SSDSSC), Cul is 

used as the hole transport layer replacing the redox couple electrolyte for the 

regeneration of dye. The Cul is in contact with counter electrode where the 
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electron flows from the counter electrode to Cul. Therefore, the junction between 

the metal and semiconductor must not having a rectifying curve to avoid barrier 

between the two junction and thus easy for movement of electron from back 

electrode to Cul [ 151]. It also has been found that the values of current at a 

particular voltage increased linearly with increasing of molar concentration, and 

this is due to the increase in the electron concentration at higher molar 

concentration. 

FIGURE 4.10 
Resistivity of Cul Thin Film at Different Molar Concentrations. 
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The relationship between the resistivity and conductivity of Cul thin films 

to the different molar concentrations are shown in Figure 4.10. The results show 

that the resistivity of Cul thin films decreases with the increase in the molar 

concentration of the solution used in the preparation of the thin film. This is 

attributed by the increase in the Cul particles with higher molar concentration, 
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contributing to the higher earner concentration m the thin films and hence 

providing smooth cormection among the particles. Higher molar concentrations 

also lead to increased particle size in the thin film which increases the surface 

contact between particles and improves the packing density in the thin films, as 

previously discussed related to the results of XRD. This situation will affect the 

reduction of oxygen adsorption in grain boundaries, thus reducing carrier trapping, 

thus lowering the resistivity of the thin films. 

Trapping of carrier concentration in the thin films could become 

electrically charged and pose a potential barrier to the Cul particles, preventing a 

smooth movement of the carrier within the thin films, and thus decreasing the 

carrier mobility of Cul thin films. However, improvement in the surface contact 

among particles as a result of the increase in the particle size with increased molar 

concentration produces better carrier mobility in the thin films, and hence 

reducing its resistivity. 

4.3 EFFECT OF ANNEALING TEMPERATURE ON Cul THIN FILMS 

Annealing temperature is one of the factors that could affect the properties of Cul 

thin film. The process of armealing could be defined as the process of applying energy to 

a material in order to alter the properties of the material's internal structure. During the 

annealing process, diffusion of electrons occurs so that the materials progressed into 

equilibrium state. In this section, a study is conducted on the properties of Cul thin films 

that are prepared at different armealing temperatures. The aim of the study is to determine 

the optimum armealing temperature which will yield Cul films having high efficiency and 

performance that is suitable for applications in various electronic devices. In this study, 

the preparation and characterizations process of the Cul thin films have been prepared as 

described in Chapter 3 but using different armealing temperatures. 
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4.3.1 Surface Morphology of Annealed Thin Films 

FESEM images of Cul thin films deposited on ITO substrate at as 

deposited, 50°C, 80°C and 110°C are shown in Figure 4.11. A study of the effect 

of temperature on Cul thin films were conducted using films that have been 

prepared using the solution with l .OM concentration. 

FIGURE 4.11 
FESEM Images of I.OM Cul Thin Films at Different Annealed Temperatures (a) As Deposited, (b) 

50°c, (c) 80°c, and (d) ll0°c. 

(a) (b) 

(c) (d) 
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The l .OM concentration was chosen based on the results of the 

characterization of copper (I) iodide (Cul) thin film as discussed in the previous 

section. Physically, the images of the thin films that have been subjected to the 

different annealing temperature are similar. Also, the surface density of the thin 

films is similar, and the samples are crystalline in nature. 

Generally, in wet chemical synthesis process, the primary particles that 

nucleated from solutions are known to grow by molecular addition or aggregation 

with small sub-units. The types of solvents can also affect the particle growth 

after nucleation because the particle interaction potential is different in each 

solvent. As observed from FESEM images, the average size of Cul grains is in the 

order of micrometer (µm), and the grain also exhibited a polymorphic 

characteristic with a wide distribution of the grain size. The Cul grains boundaries 

are hard to observe even at the maximum possible enlargement of FESEM, and 

this could be due to the formation of ultrafine partials of Cul grains. FESEM 

images also indicate that the particles are more connected to each other when 

subjected to annealing temperature. This is very important in developing a 

continuous transport pathway in the granular film for the movement of electrons 

or holes. 

4.3.2 XRD Spectra 

The XRD spectra for Cul thin films that have been annealed at different 

temperatures are shown in Figure 4.12. The structural properties of the annealed 

thin film were conducted again using the films that have been prepared using the 

I .OM solution, and it is observed that all the Cul thin films exhibited 

polycrystalline of y-phase structure belonging to the Cul cubic crystal type 

(JCPDS data 25-390). The spectra revealed that the grains of all the annealed thin 

films grow in the direction of their ( 111) axis. The growth of the film grains arises 

because of the formation of a commensurate hexagonal atomic lattice of iodine on 

Cu (111) and ordered lattice which lead to the formation of (111) oriented y-Cul 
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nuclei, and is consistent with the findings of other researchers [152]. While the as 

deposited thin film sample shows a weak intensity indicating poor crystalline 

structure and could be due to a mix of the film with the amorphous structure, the 

annealing process improved the Cul crystalline structure as sharp peak and high 

intensity were observed for all samples. The growth tendency along (111) axis is 

an important factor in Cul based dye sensitized solar cell application as holes 

conductor. 

FIGURE4.12 
XRD Spectra of I.OM Cul Thin Films at Different Annealing Temperatures. 
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The full width at half maximum (FWHM) value of the as deposited thin 

films and the films annealed at 5D°C, 8D°C and l !D°C are D.197°, 0.239°, 0.227° 

and 0.336°, respectively. The calculated crystalline sizes from Scherer's equation 

for samples at as deposited, 50°C, 8D°C and l ID°C are 43.2 nm, 35.6 nm, 37.5 nm 

and 25.3 nm, respectively. The improvement in the crystalline structure of Cul 

thin films is shown by the increase in FWHM and the decrease in crystal size 
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value with increasing annealing temperature. Through XRD analysis, that the 

samples annealed at higher temperature produced much better peak intensity, and 

simultaneously increased the FWHM and decreased the crystal size indicating that 

the crystallinity of Cul thin films is improved by sintering. It was also understood 

that the grain size calculated from Scherer's equation is quite different when 

visually compared to the images obtained from FESEM (value not shown) as in 

Figure 4.12. K. Prabakar et al. has reported that the difference between the size 

measurement obtained using XRD to that obtained using microscope (SEM, TEM, 

etc) is due to the difference in the measuring method used in the instruments. The 

grain size image captured by SEM or TEM is measured according to the distance 

between the visible grain boundaries, while the XRD used more stringent criteria 

where the grain size is determined by the extend of crystalline regions that diffract 

the X-ray coherently which give smaller grain size than microscope [153]. 

4.3.3 UV-Vis-NIR Spectra 

Figure 4.13 shows the optical transmittance spectra of the Cul thin films 

annealed at different temperatures, and note that the wavelength of the 

transmittance is ranged between 300 nm to 900 nm. All the thin films are found to 

be transparent(< 60%) in the visible and near infra-red (NlR) range with a sharp 

absorption edge at wavelength of about 420 nm, which is close to the intrinsic 

band-gap energy of Cul. The spectra show the optical transmittance of CuI thin 

films in the visible region (400 nm - 1500 nm) has tendency to increase with 

increasing annealing temperatures. The highest recorded transmittance is 53% for 

the thin film sample annealed at 80°C, while the lowest transmittance of 33% 

obtained for sample annealed at 110°C over the same wavelength. 

Figure 4.14 shows the absorption coefficient of Cul thin films with 

different annealing temperatures as a function of the wavelength. The absorption 

coefficient was calculated using the measured transmittance data using UV-Vis

NIR spectrophotometer. The value of the absorption coefficient at the 
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corresponding wavelength is obtained by applying Lambert's law as mentioned in 

Chapter 3. The result indicates that all the thin film exhibit low absorption in the 

visible and near infra-red (NIR) range but exhibit high absorption in the ultra

violet (UV) range. The behaviour suggested that the transparency properties of 

Cul thin films in the visible region are beneficial for solar cell devices application. 

FIGURE4.l3 
Optical Transmittance of I.OM Cul Thin Films at Different Annealing Temperatures. 
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Figure 4.15 shows the optical band-gap estimation of Cul thin films at 

different annealing temperature using Tauc's plot The graph was plotted using 

the equation mentioned in Chapter 3. The optical band-gap calculated from the 

graph shows a slight shift towards the higher energy with increasing annealing 

temperature. For the different annealing temperatures, the direct band-gap 

energies of the films was evaluated at 3.08 eV for 50°C, 3.17 eV for 80°C and 
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3.19 eV for l !0°C. These values can be considered close or slightly higher than 

the band-gap value reported by other researchers, which is 3.1 eV for 

polycrystalline y-phase Cul [126], and this shows that Cul thin film absorbs light 

efficiently in spite of the different annealing temperatures. The reason the 

observed electron transition is observed at higher energies than the band-gap is 

because the splitting of spin-orbital occur at the upper most valence band ("10 = 

50 meV) and sub-energy levels in the conduction band (i'l 1 = 700 meV) [142]. 

FIGURE 4.14 
Absorption Coefficient of 1.0M Cul Thin Films at Different Annealed Temperatures. 
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Another reason that makes band-gap energy shifted to the higher energies could 

be due to the roughness of the surface of films and the formation of grains with a 

wide distribution [143]. 
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FIGURE 4.15 
Optical Band-Gap Energy Estimation of I.OM Col Thin Films at Different Annealing Temperatures 

Using Tauc's Plot. 
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4.3.4 Photoluminescence (PL) Spectra 

Photoluminescence (PL) spectra of Cul thin films on glass substrate 

deposited using drop and spin coating technique are shown in Figure 4.16. The 

measurement was conducted at room temperature in the range of 330 nm to 800 

nm using Xenon (Xe) lamp as a PL light source with excitation at 325 nm. The 

spectra show significant difference in the optical properties of as deposited thin 

films with the annealed thin films. 

The spectra also show that all Cul thin films exhibited UV em1ss10n 

originated from recombination of photo-generated charge carriers from the 

conduction band into valence band. As shown in the figure, Cul thin film 

prepared at different annealing temperature exhibited emission peaks at different 
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wavelengths. The Cul thin films exhibited centre emission peak at 417 nm for as 

deposited, 423 nm for 50°C, 457 nm for 80°C and 427 nm for 110°C. It noted that 

the film annealed at 80°C is shifted to the longer wavelength compared to that of 

the other films, and its intensity is stronger compared to that of other annealing 

temperature which indicates the improvement of the film's crystalline structure. 

FIGURE 4.16 
Photoluminescence (PL) Spectra of l.OM Cul Thin Films at Different Annealing Temperatures. 

The em1ss10n of centre peaks of all thin films annealed at different 

temperatures is due to recombination of electron and holes at Cu2
+ and Cu1

+ 

centres. In the case of Cul, higher intensity in UV emission might also due to the 

increase in carrier concentration at certain annealing temperature which increases 

the recombination reaction [ 154]. 
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4.3.5 Electrical Properties of Thin Film 

The electrical properties of Cul thin films were measured using two-point 

probe as mentioned in Chapter 3. The results of Current-Voltage (1-V) 

measurement of I.OM Cul thin films prepared at different annealing temperatures 

with 10 minutes of annealing time are shown in Figure 4.17. Indium (In) was used 

as metal contacts in this measurement. The results show that all the thin films give 

ohmic contact and exhibited linear I-V curve. The explanations on why it behaves 

linear ohmic can be found in section 4.1.5. The resistances of the thin films can be 

obtained from the slope of the curves in Figure 4.17. It could also be seen that 

current value at respective voltage increased linearly with annealing temperature. 

Hardly any difference is observed in the I-V behaviour of the thin films annealed 

at different temperatures, but according to the numerical data (not shown) the thin 

film that has been annealed at 80°C shows the highest current value and as 

deposited thin films shows the lowest current value at the corresponding voltages. 

The results indicate that the electrical properties of Cul thin films improved with 

increasing annealing temperature. One of the reasons for the behaviour is the 

improvement of crystal structure of the thin films when the film is annealed. 

The resistivity and conductivity of Cul thin fihns obtained from the 1-V 

curve in Figure 4.17 as the function of different annealing temperatures are sho"'TI 

in Figure 4.18. The values of the resistivity and conductivity are determined from 

the equation stated in Chapter 3, where the thickness of the thin films was 

maintained at 0.5 µm. The result shows progressive decrease in resistivity of Cul 

thin films until the annealing temperature of 80°C is reached while the 

conductivity progressively increases at the same annealing temperature, which 

suggest improvement in holes mobility of p-type materials possibly due to the 

coalescence of crystallites. During the annealing process, atoms rearrange to form 

fine crystalline structure. The energy supplied during the annealing process 

influences the diffusion of atoms absorbed on the substrate and accelerates the 

migration of atoms to the favourable position. Depending on the materials used, 
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increasing the annealing temperature will increase the supplied energy needed for 

atom rearrangement. Thus, the annealing process improves the crystalline 

structure of Cul thin and, at a certain temperature, will enhance holes mobility 

and concentration. Furthermore, the presence of iodine in stoichiometric access 

will affect the conductivity of Cul thin films. However, heating the thin film 

higher than 80oC for a long time will remove the iodine from the films which will 

increase the resistance of the thin films. Fracturing and loosening of the film 

could happen when annealed at higher temperature, probably due to the difference 

in expansion of Cul particles and glass [126]. 

FIGURE4.17 
Current-Voltage (l-V) Measurement of I.OM Cul Thin Films at Different Annealing Temperatures. 
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Moreover, the increasing resistance of Cul thin films at annealing 

temperature higher than 80°C could be due to the formation of copper oxide 

inside the thin films [155]. Thermal activations of electrons from the valence band 
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to acceptor levels results in a hole in the valence band which helps increase the 

conductivity and decrease the resistivity of the films [155]. Furthermore, 

improvement on the Cul thin films is significant to circumvent the degradation of 

Cul films due to excessive iodine in the Cul films that will strongly decreased the 

photocurrent of the cell [ 156]. 

FIGURE4.18 
Resistivity of 1.0M Cul Thin Films at Different Annealed Temperatures. 
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4.4 SUMMARY 

The Cul thin films have successfully been prepared by drop and spin coating 

technique. The properties of intrinsic Cul thin films deposited on glass and ITO 

substrates prepared at different molar concentrations and different annealing temperature 

have been investigated. The study of the effect of molar concentration on Cul thin films 

properties suggested precursor of I .OM concentration has shown good quality when 
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characterization of it electrical properties exhibited good conductivity. Result of I-V 

measurement using two point probes shows the resistivity of Cul thin films deposited at 

different molarities increased with increasing Cul molar concentration. The lowest 

resistivity is at !OM with 0.002 Q cm and the highest resistivity is at O.OSM with 0.049 

O.cm. Characterization of the optical properties show that Cul thin films tend to produce 

good optical transmittance with high molar concentration even though the deposited 

particles on substrate surface is more dense than with lower concentration. The thickness 

of deposited film is maintained at approximately 0.5 µm for all the thin films. The optical 

band-gap of Cul thin films is observed to be in the range of 3.17 eV and 3.18 eV. The 

increase in the carrier concentration with precursor's molar concentration as the result of 

the increased Cul particles in the thin film also contribute to better electrical conductivity 

as well as UV emission. 

In the study of the effects of annealing temperature on the electrical properties of 

the thin film, the optimum annealing temperature is found to be 80°C as the conductivity 

of the film is highest when annealed at that temperature. The thin films annealed at 80°C 

also showed better crystallinity properties compared to other films annealed at other 

temperature. The optical properties of Cul thin film annealed at 80°C is the best among 

the other thin films, with the highest transparency properties in the visible and near infra

red (NIR) regions and the highest absorption properties in the UV region. Also, it is 

found that the UV emission peak intensity by photoluminescence (PL) increases with 

increasing annealing temperature, and the sample annealed at 80°C produces the highest 

intensity. Additionally, it is evident from the study that when up to 80°C annealing 

temperature is used, the annealing process has improved the properties of direct band-gap 

of the Cul thin films. 
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CHAPTER FIVE 

CHARACTERIZATION OF NANOPARTICLES COPPER (I) 

IODIDE (Cul) THIN FILM THAT INCORPORATES TMED AS 

CHELATING AGENT 

5.1 INTRODUCTION 

In this research, an alternative chelating agent is proposed to be used as the Cul 

crystal growth inhibitor and as an option to the fabrication of DSSC as previously 

discussed. However, a novel approach used to obtain a new Cul-related composite film is 

demonstrated by making use ofCul-acetonitrile solution. The chelating agent is known as 

tetra-methyl-ethylene-diamine (TMED@TMEDA). The TMED-chelate Cul thin films 

are then characterized by its structural, optical and electrical properties, and investigation 

is conducted to improve the performance of the film by incorporating different amount of 

TMED to the Cul solution. It is found that highly (111) oriented Cul film with improved 

quality could be easily prepared on glass and ITO substrates. Furthermore, the films 

exhibit improved band-gap photoluminescence, indicating that TMED@TMEDA is a 

reagent used in the synthesis of an inorganic material while exhibiting a special function 

in many metal halides. Currently, no studies on the structural, optical and electrical 

properties of TMED-chelate Cul thin films have been reported. 

5.2 STUDY ON DIFFERENT VOLUMES OF CHELATING AGENT INTO 

TMED-CHELATE Cul SOLUTION 

In this chapter, the effects of different volumes of chelating agent to the main 

precursor solution of the TMED-chelate Cul thin film properties were studied and 

discussed. The main objective of this study is to determine the optimum volume, and to 

understand the behavior of TMED-chelate Cul thin films at different volume ratio of 

TMED to the Cul solution which could be used as the guidelines for the fabrication of 

dye sensitized solar cell. Also, the study was conducted to examine the effects of TMED 
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volume ratio on the structural, optical and electrical properties of the TMED-chelate Cul 

thin films. The preparation of the films using different volumes of TMED to the Cul 

solution has been described in Chapter 3. 

5.2.1 Conductivity and pH 

Table 5.1 shows the measured pH and conductivity ofTMED-chelate Cul 

aqueous solution at different volumes of TMED to the Cul solution, where the 

Cul molar concentration has been fixed at I .OM concentration. The results show 

that the higher the TMED volume ratio to the Cul solution the higher is the pH 

value but the lower is its conductivity. This could be the effect of metal-ligand 

bonding between Cul and TMED, where the changes in crystallization structure 

occur due to the environmental factors such as pH, exposure to light or change in 

temperature [157-158]. 

TABLE 5.1 
Acidity (Ph) and Conductivity of Cul Solution Incorporated With Different Volumes of TMED. 

Solution (ratio) pH Conductivity (µSiem) 

Cul:TMED (1:0) 7.79 1545 

Cul:TMED (I :0.5) 9.97 1408 

Cul:TMED (1:1) 11.38 1387 

Cul:TMED (I: 1.5) 11.89 1352 

• The interaction between the metal d-orbital and the pi level of the 

bridging ligand also changes the conductivity of the solution when the metal atom 

in the centre are aligned and conduction decreases as the atoms go from parallel to 

perpendicular [159]. 
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5.2.2 Particles Size .Measurement 

To examine the role ofTMED in the formation of the TMED-chelate Cul 

aqueous solution, particles size was measured was carried out after the Cul 

solution, without and with TMED, was stirred about 3 hours. Figure 5.1 shows the 

measured particles size of CuI solution with different volume ratios of TMED to 

the Cul solution. Observing the size distribution of particles, as shown in Figure 

5.2 (a), (b) and (c), the Cul solution without TMED chelating agent are composed 

of large Cul grains with about 43% of the particles having a size of approximately 

01 µm as the peak is centred around 100 (d.nm)) On the other hand, much 

smaller crystals are produced in the Cul solution which has been mixed with 

TMED (50 v %, 100 v %, and 150 v %) than those produced in Cul solution 

without TMED, where 38% to 50% of the volume contributed to the small 

crystals. The particles size of the various molar concentrations of Cul solution 

with the different ratios of TMED peaked at approximately at around 0. 7 to 300 

(d.nm). From Figure 5.1 (a) - (c), it is observed that regardless of the ratio of 

TMED to the Cul solution, the solution with I .OM molar concentration has the 

highest peak with particles size at approximately 0.6 nm in diameter (d.nm). 

Furthermore, it can be seen that the most consistent result is obtained with the 100 

v% ratio of TMED to the CuI solution with particles size around 0.6 to 12 nm in 

diameter (d.nm). The results revealed that the size of CuI particles got smaller or 

its growth is suppressed when a suitable amount ofTMED is added to the solution. 

Hence, with the addition of TMED, the particles of Cul solution are controllable 

within nano-size and the particles are well dispersed thus preventing the scaling or 

precipitating of the particles. 
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FIGURE 5.1 
Particles Size of Cul Solution at Different Molar Concentrations Without and With TMED as 
Chelating Agent (a) 1.0M (b) O.SM (c) O.lM and (d) 1:1 OfCul:TMED Ratio. 
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5.2.3 Surface Morphology of TMED-Chelate Cul Thin Films 

Using FESEM, the surface morphology of Cul thin film prepared with 

I .OM concentration, incorporating the various ratios ofTMED, is shown in Figure 

5.2. At ambient conditions, Cul is a mixture of several coexisting phases, that is, 

zinc blende, wurtzite, and a layered hexagonal structure [160]. As observed from 

Figure 5.2(a), the shape of the Cul crystals without incorporating TMED is 

composed of large, isolated and irregularly shaped Cul grains indicating that the 

crystallization process occurred at a fast pace and is uncontrolled. Also, Cul thin 

films that are prepared without the addition of any chelating agent exhibited a 

polymorphic characteristic with grains of different sizes distributed throughout 

the film, as can be seen from the results of XRD. As observed from FESEM 

images, the average size of Cul grains is in order of micrometer (µm). As of 

images (b ), ( c) and ( d), it is observed that the size of Cul crystals decreases to the 

order of nanometer corresponding to the ratio of TMED to Cul solution. A 

dramatic decrease in the crystals size from the order of micrometer to nanometer 

could be seen when the pictures are compared. Also, TMED-chelate Cul films are 

uniformly deposited while its crystals are well distributed. Though Cul solution in 

the absence of TMED consists of polymorphic character at ambient temperature, 

the relative percentages of phases present in the film is altered when the chelating 

agent is incorporated into the solution, as seen from XRD. Also, the film prepared 

from the solution with a ratio of 1: 1 to TMED produce small particles of Cul as 

shown in Figure 5.2(c), such that the particles is hopefully can be penetrated and 

filled the voids of the porous Ti02 film when fabricating the cells. This shows that 

the size of the Cul crystals can be controlled and it is better distributed with the 

addition ofTMED. 

In Figure 5.2(d), a soft shell (layer) seen on the surface of the Cul crystals 

is function as to reduces direct contact between the crystals and unconcealed part 

of the dyed Ti02 film resulting in significant decrease in short-circuits between 
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them [51 , 161] and reduces the deterioration of the Cul which consequently 

improves the lifetime of the solar cell [ 162]. 

FIGURE 5.2 
FESEM Images of Cul Thin Film at 1.0M Cul Concentration Without and With TMED as Chelating 

Agent. (a) Cul without TMED, (b) Cul with SO V% TMED, (c) Cul with 100 V% TMED, And (d) 
Cul with 150 V% TMED. 

(a) (b) 

lJim Wrf U1':'W .C ll .::011 

~ ,., ~ ·- 14 . .. l'io 

(c) (d) 

82 



FIGURE 5.3 
EDX Analysis of I.Om Cul Thin Film Incorporated With TMED. 

The characterisation of the chemical composition and the nature of 

TMED-chelate Cul thin films were conducted using energy dispersive x-ray 

(EOX) measurement, and the EDX spectra of the films are shown in Figure 5.3. 

In addition, partial areas of the Cul thin films surface were examined using SEM 

and EDX. From the spectrum, high intensities of x-ray radiation is found only for 

iodine (I), copper (Cu), tin (Sn) and oxygen (0), indicating that these particles are 

clusters of copper (I) iodide (Cul) that has been deposited on Indium doped Sn 

(ITO) substrate with oxygen vacancies inside the films. The EDX spectrum thus 

confirmed the presence of Cu and I molecules on the surface of the film, hence 

proving that the thin film is Cul compound. This also revealed that the presence 

of TMED in Cul solution does not change the chemical compound of Cul thin 

film. 
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5.2.4 XRD Spectra 

Figure 5.4 shows the XRD spectra of Cul thin films without and with the 

addition of TMED. The 2 Theta (phase) peaks listed in the table underneath the 

XRD spectra shows the coordination peaks, both strong and weak, obtained from 

the TMED-chelate Cul thin films. These peaks also could be assigned to the 

planes of the face-centered-cubic structure (fee) of Cul. It is observed that all the 

TMED-chelate Cul thin films exhibited polycrystalline of y-phase structure that 

belongs to the Cul cubic crystal type (JCPDS data 25-390). The very high peak 

intensity of the (111) and the coexistence of the (200) plane indicate that the 

deposited Cul film incorporated with TMED is highly oriented along the (111) 

crystal axis perpendicular to the substrate surface [13]. In addition, owing to the 

very strong ( 111) diffraction of Cul film, the broadened XRD pattern originating 

from the substrate could not be observed. Therefore, the prepared film is highly 

crystalline even at room temperature. It is noted that in this case the property of 

the substrate has minor effects on the film orientation. The results above indicate 

that the growth of highly oriented grain of the deposited Cul films can be assisted 

with the addition of TMED. The growth of the grain along (111) axis, which acts 

as holes conductor, is an important factor in Cul based dye sensitized solar cell 

application. 

The full width at half maximum (FWHM) value of TMED-chelate Cul 

thin films with 0 v% TMED, 50 v% TMED, 100 v% TMED and 150 v% TMED 

is 0.197°, 0.31°, 0.44° and 0.39°, respectively, while the calculated crystalline size 

(using Scherer's equation) for the samples is 43.2 nm, 27.2 nm, 19.3 nm and 22.0 

nm, respectively. The improvement in the crystals of Cul thin films is shown by 

the increase in the FWHM and the decrease in crystal size when TMED is added 

to the solution. This indicates that the Cul crystal size is suppressed regardless of 

the amount of TMED is added to the Cul solution; however, from the analysis of 

the XRD spectra, it is found that the sample with 1: l ratio of TMED volume 

produced much smaller crystals compared to other ratios of the chelating agent. 
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FIGURES.4 
XRD Spectra and Peak List Table of I.OM Cul Thin Film Incorporated With TMED as Chelating 

Agent at Different Volume Percentage. 
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5.2.5 UV-ViS-NIR Spectra 
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Using UV-Vis-NlR spectrophotometer, the optical properties of TMED

chelate Cul thin films were characterized. Three main aspects related to the 
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optical properties are transmittance, absorption coefficient and the optical band

gap. Transmittance spectra of the Cul thin films, with and without TMED-chelate, 

are shown in Figure 5.5. The results showed that all the TMED-chelate Cul thin 

films exhibit low transparency of below 20% between visible wavelengths of 400 

- 800 nm. The low transmittance results could be due to the amorphous structure 

and porosity that covered most of surface of the substrate which affect the 

transmitted optical light. These can be seen from the surface morphology as 

shown in Figure 5.2. On reaching the surface of the film, the incident light may 

reflected or absorbed instead of transmitted, and therefore a destructive 

interference may occur which will lower the transmission of light through the film. 

FIGURE 5.5 
Optical Transmittance Of TMED-Chelate Cul Thin Films At Different Volume Of TMED. 
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The absorption coefficient properties of TMED-chelate Cul thin films 

shown in the Figure 5.6 are defined by the transmittance results in Figure 5.5, and 

the coefficients are calculated using the equation derived in Chapter 3. The 

absorption coefficient spectra revealed that all the TMED-chelate films exhibit 

low absorbance in the visible region but high absorbance in the UV range. The 

transition from low to high absorption coefficient of Cul thin films that were 

prepared with TMED happens at 430 to 412, while the absorption for Cul thin 

film prepared without TMED occur near the 402 nm region. The evaluated band

gap energy for the film without TMED is 3.08 eV, while that for the thin film 

with TMED is between 2.88 eV to 3.01 eV. 

FIGURE 5.6 
Absorption Coefficient of TMED-Chelate Cul Thin Films at Different Volume of TMED. 
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Also, it is observed that for the Cul film with TMED, electrons transition at lower 

energies than the band-gap (3.1 eV), and this is supported by the optical band-gap 

estimation of TMED-chelate Cul thin films at different volumes of TMED using 

Tauc's plot shown in Figure 5.7. The evaluated direct band-gap energies of 

TMED-chelate Cul thin films is 3.23 eV for 0 v% TMED, 3.19 eV for 50 v% 

TMED, 3.15 eV for 100 v% TMED, and 3.22 eV for 150v% TMED. Again, the 

resultshows that optical band-gap is reduced with the existence of TMED in the 

Cul solution where the lowest band-gap energy transition occurs when the ratio of 

Cul solution to TMED is 1: 1. The reason behind this situation is related to the 

concentration of the solution. Absorption coefficient and optical band-gap occur 

at longer wavelength for the solution with 50 v% TMED, I 00 v% TMED and 150 

v% TMED, but it occurs at a shorter wavelength for the solution with 0 v% [13]. 

This is due to the effect of metal-ligand bonding in the deposited thin films as all 

the properties of the film is strongly affected by the resulting complex with/by the 

arrangement of the d-orbital on the central atom. When the film is deposited from 

the Cul solution without the addition ofTMED, nucleation occurs on the substrate 

surface in the initial stage of the deposition while the solvent evaporates [ 163-

164], and the smooth surfaces of the film tends to orientate the crystals so as to 

develop a minimum free energy configuration [164-165]. Hence, the Cul 

concentration is higher when acetonitrile evaporated from the system and the Cul 

adducts that exist in the solution will congregate into large crystals. At the critical 

concentration these adducts are apt to aggregate into randomly oriented nuclei as 

a result of the rapid rate of growth of the crystals and further increasing its size. 

On the other hand, the situation is different with the films that were 

deposited from a mixture of Cul solution and TMED. Since initially the amount 

of acetonitrile molecules is much more than that of TMED, the bonding of 

nitrogen in TMED molecules to cuprous ion is partially suppressed. However, 

acetonitrile serves as a reasonably good solvent for cuprous ion when its 

concentration is high, but acetonitrile will be first to vaporise during the 

evaporation process as it has a low boiling point. The decrease in acetonitrile will 
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improve the coordination interaction between cuprous ions and nitrogen atom 

from TMED, and in this situation the TMED-related complexes will be the 

preferential species in this system. 

After the evaporation of TMED, the TMED-related complexes species 

will gradually lose their ligands, and the remaining cuprous and iodine ions will 

crystallize in-situ into many small Cul nuclei. The nuclei with the (111) plane is 

parallel to the substrate surface and will have the lowest free energy since the Cul 

surface with (111) plane has the lowest surface energy. 

FIGURES.7 
Optical Band-Gap Energy Estimation ofTMED-Chelate Cul Thin Films at Different Volume of 

TMED Using Tauc's Plot. 
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This plane is the original orientation of crystal growth due to nucleation at 

the film/substrate interface. With TMED-related complexes sequentially 

decomposed, the nuclei will grow at a faster rate in other planes besides the ( 111) 
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plane, either parallel to or inclined to the substrate until they run into with the 

adjacent gro\\-ing nuclei. Therefore, the impetus for the nucleation is related to 

decrease in the interfacial energy due to the transformation of the nuclei from the 

complex to the equilibrium crystalline state. Such growth will cause the Cul thin 

films to consist of small crystals, thus making its surface dense and smooth [ 166-

167]. 

5.2.6 Photoluminescence (PL) Spectra 

The photoluminescence ofTMED-chelate Cul thin films was evaluated as 

the coordination environments has strong effects on the film emission properties 

[13], and the photoluminescence spectra of the Cul thin film is shown in Figure 

5.8. The emission spectrum of Cul thin film without the addition TMED is 

observed to peak at approximately 410 nm (- 3.1 eV), which can be assumed to 

be the recombination band-gap of Cul. On the other hand, the emission spectrum 

of Cul thin film prepared with the addition of TMED exhibited emission peak at 

approximately 583 nm (- 2.13 eV). This energy shift from the blue region to red 

region could be due to the ligand-to-metal charge transfer process (LMCT) where 

the excitation energy from the absorbed light is passed on to the metal ions. 

According to crystal field theory, the interaction between a ligand and 

transition metal arises from the attraction between the negative charge on the non

bonding electrons of the ligand and the positively charged metal cations. When a 

ligand moves closer to the metal ion, the electrons from the ligand will be nearer 

to some of the ct-orbital electrons while others are further away resulting in a loss 

of degeneracy, and at the same time the ct-orbital electrons will repel those in the 

ligand. Thus, the ct-orbital electrons that are further away from the ligand will 

have a lower energy than those that are closer to the ligand, hence splitting the d

orbital energy. Furthermore. when a photon of visible light is absorbed by the 

molecules, a transient excited state atom is created as some of the electrons may 

momentarily jump from the lower energy ct-orbital to the higher energy. 
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The energy of the absorbed photon is equal to the energy difference 

between the energy of the atom in the excited state and that of the atom in the 

ground state, and this is inversely related to the wavelength of the light [168]. 

Hence, the large energy difference as a result of the strong ligand causes light to 

be absorbed at the shorter the wavelength ( 400 nm) and emitted at a longer 

wavelength (560 nm) [22]. Thus, the results of PL for the TMED-chelate Cul thin 

films obtained in this study can be explained using crystal field theory, where the 

absorption of light occurred at 410 nm and emission at 580 nm, and this shows 

that the ligand in use is a strong one. The charge transfer from the ligand to the 

metal can also be seen by the PL intensity produced. 

FIGURES.8 
Photoluminescence (PL) Spectra of TMED-Chelate 1.0M Cul Thin Films at Different Volumes of 

TMED. 
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Also, it is observed that the Cul thin film with the addition of TMED 

exhibits higher intensity than that of the film without TMED. The low PL 

intensity of Cul thin film without the addition of TMED is caused by the trapping 

of holes on Cul surface, which constitute to the major cause of recombination for 

the film [ 16]. Thus, the peak of PL intensity of Cul thin film that has been added 

with TMED is increased compared to that without the addition ofTMED, and this 

is due to the changes to the optical transition efficiency. 

5.2. 7 Electrical Properties Of TMED-Chelate Cul Thin Films 

The electrical properties of a semiconductor material are directly 

dependent on the concentration of current carriers per unit volume. The current 

carrier is formed by the release of free electrons when covalent bonds of the 

precursor atom are broken by the heat energy that is absorbed by the atom. The 

free electrons, being mobile charged particles, are able to flow through the crystal 

to create electric current [ 169-170). The current flow is dependent on the crystals 

of the fabricated thin film; the current flow is better and more energy is released if 

the shape of the crystals is uniform. 

Electrical properties, specifically resistivity and contact resistance, of the 

Cul thin films with different volumes of TMED are shows in Figure 5.9. Two

point probe method with indium-plated contact on top of the films was used to 

measure the contact resistance at room temperature. The results show that the 

films produced have ohmic c-0ntact resistance where the current is a linearly 

proportional to the voltage. A result of linear 1-V curve is common on metal to 

semiconductor theory as mentioned in section 4.1.5. The value of the contact 

resistance is the average of measurements taken at several locations on the surface 

of the film. It is noted that the addition of TMED does not changed the type of 

semiconductor of Cul which it improves the resistance, and the film with 100 v% 

TMED gives the highest value of electron flow. The structures of the compound 

in all the Cul solution that has been added with TMED can have short inorganic 

92 



and conjugated organic bridges providing pathways for electrical conduction. The 

conductivity is due to the interaction between the metal d-orbital and the pi* level 

of the bridging ligand and its linearity can be due to the uniformity of films 

structure and coalescence of crystallites. Hence, the use of appropriate volume of 

TMED should be determined to match the molarities of Cul solution. On the other 

hand, the presence of iodine determines the conductivity of Cul that was prepared 

without the addition TMED, and heating the film for a long time will remove 

iodine from the film, increasing the resistance [ 171]. 

FIGURE 5.9 
Current-Voltage (1-V) Measurement ofTMED-Chelate I.OM Cui Thin Films at Different Volumes of 

TMED. 
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The resistivity and conductivity of TMED-chelate Cul thin films as the 

function of different volume of TMED are shown in Figure 5.10. The results 

show that the lowest resistivity and the highest conductivity are obtained from the 
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I 00 v% TMED of TMED-chelate Cul thin films, which could be due to the 

chelating agent enhancing the affinity of chelating ligands for a metal ion. 

Compared to the concentration of metal-ligand compound in Cul solution without 

the addition of the chelating agent, the concentration of the compound is higher in 

Cul solution with added TMED with the ratio of I: I. Higher concentration of the 

compound results in higher concentration of current carrier in the thin films, thus 

providing smooth connection among the particles. In addition, the improvement 

of packing density and the increase in the surface contact between particles is the 

result of the higher concentration of the compound. Also, oxygen adsorption in 

grain boundaries of the thin film is reduced by the situation and results in the 

lowering its resistivity due to reduced carrier trapping. 

FIGURES.IO 
Resistivity of TMED-Chelate I.OM Cul Thin Films at Different Volumes of TMED. 
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Trapping of current carrier could cause the thin film to be electrically 

charged making it a potential barrier for the smooth flow of the carrier and 

decreasing the mobility of the carrier in the film. Furthermore, the increase in the 

concentration of the metal-ligand compound increases the particles size, enhances 

the surface contact among the particles, improves the mobility of the current 

carrier in the thin film, which then reduces its resistivity and increases its 

conductivity. 

5.3 EFFECT OF ANNEALING TEMPERATURE ON TMED-CHELATE Cul 

THIN FILMS 

In this section the study on the effect of annealing temperature on Cul thin films 

without and with the incorporation of TMED chelating agent are presented. The study 

were conducted on TMED-chelate Cul thin films prepared from a mixture of Cul solution 

and TMED with a ratio of 1:1 as detailed in Section 5.2. The objective of this study is to 

determine the changes in reaction or behavior of the structural, optical and electrical 

properties of the film when different annealing temperatures are used. The details of the 

methodology employed are as presented in Chapter 3. 

5.3.1 Surface Morphology of Annealed Thin Films 

FESEM images of TMED-chelate Cul thin films deposited on ITO 

substrate prepared at different annealing temperature are shown in Figure 5.11. 

The images show that surface morphology of the films is similar and as though it 

is not affected by the different annealing temperature used in their preparations. 

The surface is dense and the grains are well connected to each other, as can be 

seen in Figure 5.1 l(d), which enhances the conductivity of the film as the contact 

at the of the grain boundary is improved. The average size of TMED-chelate Cul 

grains is in order of nanometer (nm), which is the similar to that of the film before 

undergoing the annealing process. However, by investigating other characteristics 
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of the Cul thin film, it will be seen that the annealing temperature does improve 

the crystallinity of the films. 

FIGURE 5.11 
FESEM Images of 1:1 Volume Ratio of TM ED-Chelate Cul Thin Films at Different Annealed 
Temperatures (a) as Deposited, (b) 50°c, (c) 80°c, and (d) Higher Magnification of 80°c Image. 

(c) (d) 
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5.3.2 XRD Spectra 

The XRD pattern of Cul thin films without and with the addition of 

TMED at 1: 1 volume ratio under different annealing temperature is shown in 

Figure 5.12. From the peak list, it is noted that the peaks coordination of the 

TMED-chelate Cul thin films prepared at different annealed temperature 

correspond to the polycrystalline of y-phase structure belonging to Cul cubic 

crystal type (JCPDS data 25-390). 

FIGURE 5.12 
XRD Spectra and Peak List Table of 1:1 Volume Ratio ofTMED-Chelate Cul Thin Film at Different 

Annealing Temperatures. 
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80°C 24.59 29.43 42.39 (220) Others (element ofl,N,C,H) 
(111) (200) 

110°C 24.97 29.40 41.98 (220) Others (element ofl,N,C,H) 
(111) (200) 

The peaks for Cul are low in intensity while the peaks with the higher 

intensity indicate the presence of iodine and TMED (N, C, and H). All the films 

show very weak peak intensity of the (111 ), regardless of the annealing 

temperature. The coexistence of the (200) plane which is slightly shifted, 

compared to that of the film that has not been annealed, indicates that the film 

structure has been altered due to the effect of the chelating agent, and this could 

be due to the strong chemical bonding of the TMED-chelate solution to the Cu+ 

ion. Moreover, the boiling point of TMED being 120 - 122 °C may promote a 

higher degree of polymerization. The crystallization process of the film is affected 

by the different degree of polymerization of TMED, which can be described in 

terms of nucleation and growth process. The annealing process increases the 

bonding force of the TMED-chelate Cul solution, and this increases the energy 

barrier and hinders the crystallisation process as a result of the higher nucleation 

barrier. Therefore, the crystallization process will be enhanced when the energy 

attributable to the energy barrier is reduced as this will cause the lattice between 

the Cul and the substrate to match each other [ 172], as shown in the data of 

Figure 5.12. This explains the previous result as to why the Cul films prepared 

with the addition of TMED have very weak of ( 111) plane orientation. 

The full width at half maximum (FWHM) value of TMED-chelate Cul 

thin films annealed at as deposited °C, 50 °C, 80 °C and 110 °C is 0.44°, 0.37°, 

0.28° and 0.39°, respectively, while the crystalline size calculated using Scherer's 

equation for all the samples is 19.3 nm, 22.9 nm, 30.3 nm and 29.7 nm, 

respectively. Note that different annealing temperatures resulted in the small 

increase of the grain size, and this might be due to the merging of the Cul 

particles to form denser film. 
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5.3.2 UV-ViS-NIR Spectra 

The transmittance spectra of the TMED-chelate Cul thin film that has 

been annealed at different temperature shown in Figure 5.13. It is observed that 

the films exhibit low transparency of Jess than 20% in the 400 - 800 nm 

wavelengths, and the transmittance edge being at 430 nm indicating that the 

transparency of the film is in the visible region. The low transmittance could be 

due to the compact and dense nature of the film's crystalline structure after 

undergoing the annealing process, making the film thicker and reducing the 

passage of light through the film. 

FIGURE 5.13 
Optical Transmittance of 1: 1 Volume Ratio of TMED-Chelate Cul Thin Films at Different Annealing 

Temperatures. 
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The absorption coefficient of I: I volume ratio of TMED-chelate Cul thin 

films, defined by the measured optical transmittance, is shown in the Figure 5.14. 
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The absorption coefficients spectra revealed that the absorption rate in the visible 

region improves when the TMED-chelate films underwent the annealed process 

compared to that of the film that has not undergone the annealing process; 

however, high absorbance near the UV range is observed in all the films. The 

absorption edges from low to high absorption of all the films is at 430 nm (2.88 

eV), showing that the electron transition occur at lower band-gap energy. This 

transition is supported by the optical band-gap estimation of annealed TMED

chelate Cul thin films using Tauc's plot as shown in Figure 5.15. 

FIGURE 5.14 
Absorption Coefficient of 1: 1 Volume Ratio of TMED-Cbelate Cul Thin Films at Different 

Annealing Temperatures. 
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The extrapolation of the graph was plotted using the equation mentioned 

in Chapter 3 and this gave the evaluated direct band-gap energy of TMED-chelate 
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Cul thin films at 3.18 eV for as deposited and 3.15 eV for all the annealed films, 

which shows that the optical band-gap is reduced when TMED is mixed the Cul 

solution. This can be related to the formation of a metastable species complex in 

the system, and this transition might be attributed to the charge transfer from 

cuprous ion to acetonitrile. When TMED is added to Cul-acetonitrile solution, the 

change is a result of the coordinating ability of TMED to compete with 

acetonitrile for the metal sites, which might result in the formation of some planar 

TMED-related complexes with high stability [ 13]. 

FIGURE 5.15 
Optical Band-Gap Energy Estimation of 1: 1 Volume Ratio of TM ED-Chelate Cul Thin Films at 

Different Annealing Temperatures Using Tauc's Plot. 
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5.3.4 Photoluminescence (PL) Spectra 

One of the characteristics of the optical properties 1s the bonding 

behaviour of the chelating agent to the precursor which can be evaluated via 

photoluminescence (PL) measurement. The broad peak of the PL spectra of the 

TMED-chelate Cul films show that the wavelength is between 610 nm to 650 nm 

for the films annealed with temperature between 50°C to 110°C and 580 nm for 

non-annealed film, as shown in Figure 5.16. 

FIGURE 5.16 
Photoluminescence (PL) Spectra of 1:1 Volume Ratio of TMED-Chelate Cul Thin Films at Different 

Annealing Temperatures. 
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The film annealed at 80°C produces the highest peak intensity which can be 

related to the evaporation of the solvent and other organic compound, and this 

could be due to endothermic effect corresponding to the strong bound organic 
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compound [ l 73] remaining in the precursor. Hence, the loss of weight of the 

compound during annealing also could give some impact to the peaks appearing 

at longer wavelength [174]. Thus, the PL results show that the crystallization of 

Cul films derived from TMED-chelate solution is improved at higher temperature, 

as long as the temperature is kept below its boiling point ( 120°C-122°C). The 

tensile stress in the deposited films is also affected by the annealing temperature, 

and this is indicated by the shift in the position of the XRD peak as shown in 

Figure 5.16. The stress might be the result of the lattice mismatch, and the 

mismatch between the thermal expansion coefficients of the film and the substrate 

[175]. 

5.3.5 Electrical Properties of Annealed Thin Films 

Current-voltage (I-V) measurements of the TMED-chelate Cul thin film 

annealed at different temperature are shown in Figure 5.17. Two-point probe 

method is used to measure this characteristic at room temperature with indium

plated contact placed on top of the films. The results show a linear 1-V ohmic 

behaviour for all the annealed TMED-chelate Cul thin films, but the current 

increases only up to a certain temperature. As previously mentioned, the ohmic 

characteristic of metal-semiconductor junction is thoroughly depending on 3 main 

points as describe in section 4. 1.5. Moreover, the electrical properties in a 

semiconductor is dependent on current carrier per unit volume, and more carriers 

will be formed when the endothermic of the precursor atom released electron 

(hole) carrying away the energy and flowing through the crystal creating electric 

current. From the measurements, the formed crystals are in good shape and more 

energy is released from the better current flow as a result of the annealing process. 
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FIGURES.17 
Current-Voltage (1-V) Measurement of 1:1 Volume Ratio of TMED-Chelate Cul Thin Films at 

Different Annealing Temperatures. 
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The resistivity and conductivity of the annealed TMED-chelate Cul thin 

films is shown in Figure 5.18. Compared to the other TMED-chelate Cul thin 

films, the 100 v% TMED thin film produced the lowest resistivity and the highest 

conductivity. This could be due to the effect of temperature on the chelating agent 

as according to van 't Hoff equation [ 176], increasing the temperature will 

increase the concentration of ligand-metal solution. Thus, temperature effect 

subsequently will increase the chelate effect to the ligand-metal deposited thin 

films where the affinity of chelating ligands for a metal ion is further enhanced, 

thus improving the crystalline structure of the films which contributed to the 

reduction of electrical resistivity to a certain degree. Besides, the increase of the 

carrier concentration with increasing annealing temperature due to ionization of 

oxygen vacancies also contributed to the improvement of electrical conductivity 

[177]; film densification process will occur with the increase in the annealing 

temperature resulting in merging of particles which reduces oxygen adsorption 

on the grain boundaries [ 178]. This condition decreases carrier trapping 
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phenomenon in the thin film and increases the conductivity of TMED-chelate thin 

film. In polycrystalline structure, the crystalline order is limited to small regions 

called grains and the grain boundary is the area or region between adjacent grains. 

At the boundary, the atomic arrangement is less ordered than inside the grain and 

foreign atoms tend to accumulate. 

In the presence of oxygen atoms, the conduction electrons near the grain 

boundary are attracted towards and trapped in the grain boundaries. The condition 

creates depletion regions close to the grain boundaries which act as barriers to the 

electron flow from one grain to another. The oxygen desorption in the grain 

boundaries is an important factor which enhances electrons (holes) mobility in the 

films hence increasing its conductivity. 

FIGURE 5.18 
Resistivity of 1: 1 Volume Ratio of TMED-Chelate Cul Thin Films at Different Annealing 

Temperatures. 
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5.4 SUMMARY 

The Cul thin films incorporated with TMED as chelating agent have been 

successfully deposited using drop and spin coating technique and its structural, optical 

and electrical properties have been characterised. The intrinsic properties of TMED

chelate Cul thin films deposited on glass and ITO substrates prepared with different 

volume ratios of TMED and different annealing temperatures have been investigated and 

compared with the Cul thin films without the addition of TMED and without undergoing 

the annealing process. From the study, it is observed that the properties of the TMED

chelate Cul thin films with the 1: 1 ratio of Cul:TMED at l.OM Cul concentration 

exhibited good conductivity with low resistivity. The results of the 1-V measurement 

using two point probes shows the resistivity of TMED-chelate Cul thin films deposited 

using different volumes of TMED decreases with increasing TMED volume percentage. 

However, the optimum TMED volume percentage is when the ratio to the Cul solution at 

1: 1. The lowest resistivity of 5. 6 n cm and highest conductivity of 165 S/cm2 is obtained 

with 100 v% of TMED; the highest resistivity of 28 n.cm and lowest conductivity of 38 

S/cm2 is obtained for Cul thin film without the addition ofTMED. Characterization of the 

optical properties also shows that Cul thin films with 1: 1 ratio to TMED volume 

percentage produce good optical absorption. The results matched the findings of some 

researchers that the ethylenediamine type of ligand is optimum when the volume 

concentration is the same with the precursor solution [ 179]. With the thickness of all the 

deposited thin films maintained at approximately 0.5 µm, the optical band-gap ofTMED

chelate Cul thin films is observed to be in the range of3.15 eV and 3.22 eV. The increase 

in the carrier concentration with optimum volume ratio as the result of the increased Cul 

particles in the thin film also contribute to better electrical conductivity as well as 

electron emission by photoluminescence. 

In the study on the effects of annealing temperature on the electrical properties of 

the thin film, 80°C is found to be the optimum annealing temperature for the film as it 

produces not only the highest conductivity but also shows better crystalline properties 

compared to films annealed at other temperatures. However, the structural properties of 
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the films annealed at any temperature shows very weak peak intensity at (111) and the 

coexistence of the (200) plane, where both peaks are slightly shifted compared to the 

films that has not undergone the annealing process. This indicates that the chelating agent, 

as a consequent of the annealing process, has changed the structure of the films. The 

optical properties of TMED-chelate Cul thin film annealed at 80°C is better compared to 

the other thin films as its absorption properties is improved in the visible region and near 

the UV region. With the absorption energy nearly the same as the original band-gap, it 

shows that the crystallisation process is improved due to the effect of the chelating agent 

and the annealing process. Additionally, it is evident from the study that when up to 80°C 

annealing temperature is used, the annealing process has improved the properties of 

direct band-gap of the Cul thin films. Also, it is found that the shifting of energy in 

electron emission towards the longer wavelength, as indicated by the PL spectra, shows 

that the chelating agent used is a strong type of ligand where photons is absorbed at a 

shorter wavelength and emitted at longer wavelength. The peak intensity by 

photoluminescence increases with increasing annealing temperature, where the peak is 

shifted towards the longer wavelength, and the sample annealed at 80°C produces the 

highest intensity. The shifting of electron emission to longer wavelength (low energy) is 

necessary in order to support the dye with an electron, extending the lifetime of the 

electron once the electrons are excited to Ti02 of the DSSC device during the fabrication 

of the DSSC solar cell. 
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CHAPTER6 

PERFORMANCE OF n-Ti02/dye/p-CuI INCORPORATED WITH 

NEW CHELATING AGENT FOR SOLID STATE DYE SENSITIZED 

SOLAR CELL 

6.1 INTRODUCTION 

To date, one well-known approach that most researchers was to employ in the 

fabrication of DSSC is to use Cul as holes conductor probably because it is not water

soluble, however, Cul is soluble in acetonitrile at room temperature. Its solubility in 

acetonitrile is attributed to the formation of weak Cul-acetonitrile adducts whose 

coordination originates from a significant n bank-bonding from cuprous ion to nitrogen, 

as confirmed by infrared and Raman spectra investigations [ 180-181 J. The formed Cul

acetonitrile adducts are metastable and can easily revert to Cul materials with a ligand 

missing, but the Cul deposited from acetonitrile solution usually consists of large cubic 

crystallites resulting in a film with a rough surface. Such a structure cannot form stable 

and firm contact with other functional materials, hence limiting its application in many 

optoelectronic devices [89]. Besides, Cul films prepared by evaporating the solution 

when exposed to light will emit radiation with higher energy than Cul band-gap causing 

Cul to photo-decompose and iodine is liberated; this photo-decomposition will strong! y 

affect the stability of optical and electronic properties of the film. One example of this 

emission is when there is variation in the amount of iodine adsorbed on the surface the 

Cul film resulting in instability of the film. 

In this thesis, a novel approach to produce a new Cul-related composite film is 

demonstrated. This paper introduced an alternative organic chelating agent, called 

tetramethylethylenediamine (TMED@TMEDA), to be used as Cul crystal growth 

inhibitor and as an alternative to the previously used chelating agents in the fabrication of 

DSSCs. Investigation was conducted on the use of the proposed chelating agent in 

conjunction with eco-friendly p-type materials in the preparation of dye-sensitized solar 

cells. It is found that highly (111) oriented Cul film with improved quality could be easily 
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prepared on FTO glass substrate using TMED. Furthermore, the TMED-chelate Cul film 

exhibit improved band-gap photoluminescence, indicating that TMED is a kind of 

reagent in inorganic synthesis that is more effective than using either MEISCN or THT. 

So far, the use ofTMED in Cul solution in the fabricating of solid-state DSSC has not yet 

been reported. 

Subsequently an n-Ti02/dye/p-Cul solid-state DSSC cell was fabricated and 

characterized. The chelating agent or ligand that was introduced not only controls the Cul 

crystal growth and acts as a protective coating for Cul nanocrystals but improves the 

electrical contact between Titanium dioxide (Ti02) particles thus improving the cell 

performance. Current-voltage characteristics highlighted a larger conversion efficiency of 

fabricated samples. 

6.2 EXPERIMENTAL PROCEDURE 

Preparation and deposition procedure of Ti02 thin films has been explained in 

Section 3.4. The apparatus used for blending the materials and the process used to deposit 

the films has also been briefed in Section 3.4. After the Ti02 films have been prepared, 

the films are soaked for 24 hours in Rhodamine B dye. The preparation and deposition 

procedure of Cul thin films and TMED-chelate Cul thin films onto dye/Ti02/FTO glass 

substrates using drop and spin coating technique has been explained in Section 3.5. 

6.3 RESULTS AND DISCUSSION 

6.3.1 Surface 1"1orphology ofN-TiOi/Dye/P-Cul 

As previously stated there are a number of processes involved in the 

fabrication of the proposed DSSC cells. In this study the morphology of the 

deposited films produced after each process was investigated, including that of the 

Ti02 film, and this is shown in Figure 6.1. Figure 6.1 (A) shows the morphology 

of Ti02 using squeegee method; it is observed that large pores are formed on the 
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surface of the film and the pores are assumed to also exist inside the film. When 

these pores are filled with p-type materials, the contact between the dye and p

type materials would be improved [33, 182]. The deposition method employed 

produces films with a rough surface and the roughness of the surface influences 

the amount of light that is absorbed, hence affecting the efficiency of energy 

conversion [ 183 ]. The pores and surface roughness of Ti02 films produces in this 

study is very much dependent on the volume of polyethylene glycol (PEG) and 

triton X used, and an appropriate amount of both materials is necessary to prevent 

the formation of heavy cracks. 

The morphology of Cul film prepared without the addition of TMED is 

presented in Figure 6.1 (B), and large Cul crystals are observed scattered on the 

deposited film indicating that the crystallization process happened very fast and is 

uncontrolled [184]. However, the Cul films morphology prepared with the 

addition ofTMED, as shown in Figure 6.1 (C), shows significant reduction in the 

Cul particles compared to that prepared without the use of TMED showing that 

TMED can control the crystallization of Cul by acting as a surfactant. From the 

result, the smaller Cul crystals can better fill the Ti02 pores, hence improving the 

contact with the dye monolayer. 

Another phenomenon observed in Figure 6.1 (C) is a fine layer covering 

the Cul crystal surface; the layer serves to reduce immediate contact between the 

unexposed dyed Ti02 particles to the Cul crystals, thus reducing the probability of 

short-circuiting between them. Also, this layer helps decrease degeneration of the 

Cul due to aging, hence increasing the lifetime of the solar cell [184]. Figure 6.1 

(D) shows the morphology of the Cul thin film with the addition of TMED 

deposited on dye/Ti02/FTO substrate. The film is a very thin layer and its surface 

difference can be seen compared to the Ti02 only film shown in Figure 6.1 (A), 

because the reduced Cul crystals size has penetrated deeper into the Ti02 film, 

other than covering the surface of the film. One reason for the phenomenon is that 

the smaller Cul crystals penetrated the pores in the Ti02 film gradually from 

surface down into the film, and finally cover the top of the film. Since the 
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adsorption of TMED in Cul film results in smaller crystals, its average size is 

determined by the monolayer covering the film. Again, the optimum TMED 

concentration required was found to be the same order of magnitude as the 

amount of TMED needed for monolayer coverage of µm Cul crystallites. TMED 

being a ligand, its residue, formed at the grain boundaries after evaporation of the 

solvent, spread into a thin film around the surfaces. 

FIGURE 6.1 
The Morphology of Fabricated DSSC Cells (A) Ti02 Film, (B) Cul Film without TMED, (C) Cul 

Film with TMED, (D) Ti02/Dye/Cul (TMED) Film. 
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EDX has been performed to verify that the film is composed only of Ti02 

and Cul, and this found to be so as can be seen in spectrum 1 and spectrum 2 

shown in Figures 6.2. The EDX revealed that the composite film has only Ti02 

and Cul except that carbon dioxide is also detected which could be from the 

unresolved TMED element when the film is annealed or due to contamination 

from the surrounding environment. 

FIGURE 6.2 
EDX Measurements on Top of Ti02/Dye/CuI(TMED) Film Surface. 
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Furthermore, since the Cul film is prepared from saturated solutions, all 
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the particles will not be completely reduced. The particles that underwent 

incomplete process as growth inhibitor will be left on top of the film as can see in 

the area of spectrum 1 while the completely reduced particles will gradually 

penetrate into the pores of Ti02 as in spectrum 2. 

FIGURE 6.3 
EDX Measurement on the Cross-Section of Ti02/Dye/Cul (TMED) Film. 

Figure 6.3 shows the EDX measurement, simultaneously represents the 

SEM images, and of the cross-section of the fabricated films and it is observed 
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that pore-filling in the TMED-chelate Cul thin films is more advanced. The large 

opaque areas found in cross-sectional SEM images of the Ti02 layer signify good 

pore-filling in those areas, and the EDX measurements proved the covered area is 

a composite of Ti02 and Cul film. Other elements that appear in the spectrum, 

like indium (In), are because the cross-sectional images was taken after the metal 

contact is deposited on top of the films. Elements like carbon dioxide and 

aluminum (Al) originate from unresolved TMED element after undergoing the 

annealing process or are contaminants from the surrounding environment. 

FIGURE 6.4 
X-Ray Diffraction (XRD) Spectra of the FTO Substrate, TiO,/Dye/Cul (TMED) Film, TMED

Chelate Cul Film, and Ti02 Film. 
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Figure 6.4 shows X-ray diffraction spectra (XRD) for the Ti02 film, 

TMED-chelate Cul film, Ti02/dye/Cul (TMED) composite film and FTO 
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substrate. The peaks noted in the Ti02 film spectra can be assigned to the Ti02 

anatase structure and the peaks noted in the TMED-chelate Cul film spectra can 

be assigned to the Cul polycrystalline y-phase structure. In the case of 

Ti02/dye/CuI film spectra, other than the Ti02 peaks, Cul peaks are also observed. 

A very strong Ti02 (101) and TMED-chelate Cul (111) peaks at 26 value around 

25.5° can be seen in the composite film proving that it is Ti02/dye/Cul film. 

6.3.2 Electrical Properties ofN-Ti02/Dye/P-CuI 

The Current-Voltage (I-V) characteristics of the fabricated cells were 

examined using two-probe solar simulator (BCNKOH KEIKl-CEP2000) where 

all procedure and measurements are performed under room temperature. An array 

of indium (In) spots, each I-mm in diameter, was evaporated on top of composite 

film as metal contact as shO\vn in Figure 6.5. 

FIGURE6.5 
An Array of Electrodes for the 1-V Measurement. 
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Also shown in the figure is the incident light, maintained at Air Mass (AM) 1.5 

(I OOm W /cm2
) that illuminated the p-type material during the measurement. 

The following equation is used to calculate the efficiency of overall 

conversion energy, 1/e of the photovoltaic cell. 

1/e = (Voe X fsc X FF) / P;ne 

where V0 e and Isc is open-circuit voltage and short-circuit current, respectively, 

while FF is the fill factor and P;nc is light sources. Short-circuit current is the 

current produced at zero voltage while Voe is the voltage when no current flows. 

The fill factor FF is the ratio of maximum obtainable power by calculating the 

rectangular area under the 1-V curve to the product of the open-circuit voltage and 

short-circuit current. Therefore, the fill factor is given by 

where Vmax and Imax are the voltage and current to determine the maximum power 

point, the point that maximizes VxJ; that is, the load for which the cell can deliver 

maximum electrical power at that level of irradiation. 

Figure 6.6 is the investigated photovoltaic performance of Ti02/dye/Cul 

cell prepared without TMED. The characteristic values of the cell are V0 e = 

0.076V, lse = 0.026 mA/cm2
, a fill factor FF = 0.178 so that the resulting energy 

conversion efficiency is 3.54 xl0-4 %. For comparison purposes, the performance 

of Ti02/dye/Cul (TMED) solid-state device DSSC was conducted, and is shown 

in Figure 6. 7. The characteristic values of the cell is as follows: V0 c = 0.536V, f,c 

= I0.12mA/cm2
, a fill factor FF= 0.7156, and the resulting conversion efficiency 

of the cell is 3.88%. 

All the devices under study were annealed at 80°C of temperature. In the 

case of Cul films without TMED, it is suggested that the Cul crystals large size 

results in poor electrical contact between the Ti02 porous surface and the Cul 
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crystal, and improper filling of the pores. The very poor electrical contact 

decreases the transfer of holes from the dye molecules to the Cul crystal. The 

uneven pore-filling of the films' void causes a lack in holes transportation in the 

Cul layer thus decreasing the overall efficiency of the solid-state DSSC [84]. 

FIGURE6.6 
1-V Characteristic of Ti02/Dye/Cul Film without TMED. 
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In the case of Cul films with TMED, the Cul crystals small size together 

with an almost complete absence of voids in the Cul layer permits good contact 

between the dyed Ti02 porous surface and the Cul crystals. Thus, as indicated by 

the increase in the short-circuit current, the device performance is affected by the 

pore-filling of the Ti02 by the p-CuI (TMED) crystals together with the effect of 

heat energy from the annealing process. This increase indicates an intensification 

of the charge carriers mobility which create strong electric field inside the cell and 

is further supported by the complete filling of the pores between the nanoparticles 

by the transparent holes conductor [84}. 
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FIGURE6.7 
1-V Characteristic of Ti02/Dye/Cul Film with TMED. 
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6.4 CONCLUSIONS 

This research has demonstrated the operation of Cul solution cells without and 

with the incorporation of TMED using the drop and spin coating technique to deposit the 

films onto dye/Ti02/FTO substrate, while squeegee method was applied to fabricate the 

Ti02 films. Rhodamine B is used as dye in the cells for the purpose of absorbing photon. 

Indium was evaporated on top of the films in order to characterise the cell's electrical 

properties. In conclusion, highly efficient solid-state DSSC (Ti02/dye/Cul) with 

improved efficiency was fabricated by controlling the pore- filling of the dyed porous 

Ti02 layer with chelating agent capped nanosized Cul crystals. The chelating agent 

controls the Cul crystal size and protects the Cul crystals from degeneration. Looking at 

the electrical characteristics of the cells, a very good electrical rectification and 

photovoltaic efficiency is noted and this shows that the performance of solid-state solar 

cells is very much dependent on the role of p-type materials pore-filling into Ti02• With 
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incomplete pore-filling, the cell's resistivity is increased causmg the degradation of 

current densities and resulting in poor energy conversion efficiency of the cell under 

sunlight. 

This thesis has shown that TMED-chelate Cul film is a very promising new holes

conductor that can be implemented in solid-state DSSC as it produces relatively high 

energy conversion efficiency, and it is found photocurrent can be increased with the use 

of thicker Ti02 film. The dye used in this study is not necessarily the best absorber to be 

implemented in solid-state DSSC but the results show that, when interfaced with 

Ti02/dye/CuI, Rhodamine B can produce significant photocurrents. 

However, optimization of the various stages of the Cul film's fabrication have yet to 

be conducted which include parameters such as reproducibility and stability of the cell. 

An efficient deposition technique should be improved to produce better penetration and 

distribution of the p-type materials into the Ti02 pores. Although good penetration and 

pore-filling is observed, while high energy conversion efficiency has been achieved, there 

is still room for further improvement in pore-filling, especially down at the lower levels 

of Ti02 film. Also, other factors such as electrical contact between the dye and hole 

conductor, and filling of the Ti02 pores by p-type materials need further investigation as 

it gives significant influence on the performance of DSSC cells. As for future work, 

studies should be carried out to find new techniques that can facilitate more efficient and 

better distribution of Cul crystals to improve the energy conversion efficiency of DSSC 

cells. 
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CHAPTER7 

CONCLUSION AND FUTURE WORK 

7.1 CONCLUSION 

There have been numerous studies conducted by researchers in the field of solid

state DSSC, and it is noted that many of the rese.archers have used Cul and others p-type 

materials as holes conductor. However, they have encountered two main problems that 

have restricted the cell from achieving high energy conversion efficiency. The first 

problem is the incomplete pore-filling of the nanoporous Ti02 layer by the holes 

conductor, and the second problem is the interfacial recombination leading to the 

degradation of the cell. Several techniques to overcome the problems have been put 

forward by various researchers, such as using an insulating layer to suppress interfacial 

recombination, using ALCVD method for thin film preparation, using organic dye with a 

greater extinction coefficient, using multilayer dye to enhance optical absorption in the 

IR region, using semiconductor quantum dot to increase absorption in the visible and IR 

regions, and using better optical design of DSSC. Also, new fabrication techniques are 

being investigated to improve the efficiency of the cell. 

Hence, using Cul as the main precursor, this research has proposed to provide an 

alternative approach to overcome the weaknesses and disadvantages of solid-state DSSCs 

by introducing a new chelating agent, or stabilizer, which functions as a ligand in the 

synthesis of Cul solution for DSSC. This new chelating agent is used to suppress the 

growth of Cul crystals while simultaneously act as an electron bridge. The function of the 

proposed chelating agent is similar to THT used by Tennakone, et al. in the preparation 

of Cul solution, but the proposed chelating agent does not require the complicated 

chromatography process. The proposed chelating agent used in this research is called 

tetramethylethylinediamine (TMED @ TMEDA). The main objective of this research is 

to use Cul as main precursor for holes conductor in solid-state DSSS application and to 

characterize the structural, optical and electrical properties of nanostructure Cul thin film 

with and without the addition of TMED into Cul solution. Another objective of the study 
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is to fabricate n-Ti02/dye/p-Cul solid-state DSSC device 'W'ith and without the addition of 

TMED in Cul solution, and to characterize their energy conversion efficiency. 

In this study, the Cul thin films without and with the addition of TMED have been 

successfully deposited on glass and ITO substrates using drop and spin coating technique 

and the thickness of all the fabricated films were maintained at approximately 0.5 µm. 

The films have been prepared from Cul solutions with different molar concentrations and 

underwent different annealing temperatures. Increasing the precursor's molar 

concentration is found to increase the carrier concentration as there are more Cul 

particles in the thin films and this condition also contribute to better electrical 

conductivity and UV emission. From the investigating of the effects of molar 

concentration on the intrinsic properties of the Cul thin films, a precursor of l.OM 

concentration is found to exhibit good conductivity and 80°C is found to be the optimum 

annealing temperature for the thin films. From the results ofl-V measurement using two

point probes, the resistivity of Cul thin films increases with increasing Cul molar 

concentration, where the lowest resistivity is 0. 002 Q cm at I. OM concentration and the 

highest resistivity is 0.049 flcm at 0.05M concentration. Also, it is observed that the 

optical band-gap of the thin films is in the range of 3.17 eV and 3.18 eV, its optical 

transmittance improves with increasing Cul molar concentration and the deposited 

particles on the surface of the substrates is denser. 

As for TMED-chelate Cul thin films, the films prepared with different ratios of 

Cul:TMED and using different annealing temperatures have been successfully deposited 

on glass and ITO substrates also using drop and spin coating technique. The structural, 

optical and electrical properties of the film have been characterized and compared to that 

of Cul thin films without the addition of TMED and without undergoing the annealing 

process. It is observed that the optimum Cul:TMED ratio is 1:1 with I.OM Cul molar 

concentration as the films' electrical properties exhibited highest conductivity and lowest 

resistivity. Readings from 1-V measurement using two point probes indicate that the 

resistivity of TMED-chelate Cul thin films decreases with increasing Cul:TMED ratio. 

At the optimum ratio, a low resistivity of 5.6 Q cm and a good conductivity of 165 S/cm2 

is measured compared to a high resistivity of 28 Q cm and a low conductivity of 38 
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S/cm2 is obtained from the Cul thin film prepared without TMED. Also, at the optimum 

ratio, the films produce good optical absorption and the optical band-gap of the TMED

chelate thin films is observed to be in the range of 3 .15 e V and 3 .22 e V. This is in 

agreement with the findings of other researchers who stated that the optimum ratio for 

ethylenediamine type of ligand is when its volume is the same with that of the precursor 

solution [ 179]. 

As for the effects of annealing temperature on the Cul thin films without the use 

of TMED, it is found that the optimum annealing temperature is 80°C as the conductivity 

of the film is highest when annealed at that temperature and its crystalline properties is 

better compared to films annealed at other temperature. Also, the thin film's optical 

properties show the highest transparency in the visible and near infra-red (NIR) regions, 

and the highest absorption in the UV region. Additionally, through photoluminescence 

(PL), it is found that that the peak intensity of UV emission increases with increasing 

annealing temperature, and the sample annealed at 80°C produces the highest intensity. 

Furthermore, it is evident from the study that the properties of direct band-gap of the Cul 

thin films are improved. 

In the case of TMED-chelate Cul thin films, the structure of the films have been 

altered due to effect of the chelating agent and the annealing temperature as indicated by 

the very weak peak intensity at the ( 111) plane and the coexistence of the (200) plane. 

While the peak intensity by photoluminescence increases with increasing annealing 

temperature, the films annealed at 80°C produces the highest intensity. However, the 

optical properties of the films annealed at 80°C is enhanced as absorption is improved in 

the visible region and near the UV region compared to the thin films that have been 

annealed at other temperature. Also, the annealing process improves the properties of 

direct band-gap of the TMED-chelate Cul thin films as the absorption energy is close to 

the original band-gap. Also, PL shows that there is an energy shift in the electron 

emission towards the longer wavelength; this shows that the chelating agent used in the 

study is a strong ligand since photon absorption occurs at shorter wavelength but electron 

emission occurs at longer wavelength (low energy). The shift in electron emission is 
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necessary so as to extend the lifetime of the dye once its electron is excited to Ti02 of 

DSSC device during the fabrication of the DSSC solar cell. 

Also included in this study is the performance of Cul cells, with and without the 

addition of TMED, where the films are deposited using drop and dry technique on 

dye/Ti02/FTO substrates while the Ti02 films were prepared using the squeegee method. 

Rhodamine B was used as dye for absorbing photons, and Indium was evaporated on top 

of the cells in order to obtain the cell's 1-V characteristic. As a result, a solid state DSSC 

(Ti02/dye/Cul) with improved energy conversion efficiency was successfully fabricated, 

achieved by controlling the pore-filling of the porous Ti02 layer dyed with the chelating 

agent capped with nanosized Cul crystals. The chelating agent not only controls the 

crystal size but also protects the Cul crystals from deterioration. Looking at the I-V 

characterization, the solid-state solar cells showed very good electrical rectification and 

photovoltaic effects and its performance is very much dependent on the degree of pore

filling of p-type materials into Ti02 • If pore-filling is incomplete, the celr s resistivity 

increases resulting in lower current densities and a poor performance when the cell 

subjected to sunlight. 

This thesis has shown that TMED-chelate Cul thin film is a very promising holes

conductor that can be used in the fabrication of solid state DSSC as the film exhibits high 

energy conversion efficiency. Also, the photocurrent from the device can be increased 

with the use of thicker Ti02 film, and it has been found that Rhodamine B can produce 

significant photocurrents in the Ti02/dye/Cul interface. 

7.2 FUTURE WORK 

The findings from this study, though small, but are a significant contribution to 

the research currently being conducted in the fields of solid-state DSSC. However, there 

are other aspects related to the fabrication of the device that needs further investigation 

and optimisation in seeking higher energy conversion efficiency than currently achieved. 

Such aspects include homogeneity of the deposited holes conductor on dye/Ti02 films 

and the stability of the fabricated cells under continuous illumination. 
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In spite of the high energy conversion efficiency that has been achieved so far, the 

pore-filling process should be further investigated so as to better deposit and distribute 

the p-type particles in the Ti02 pores, especially at the lower levels. 

Homogeneity across the surface of the cells can be tested by evaporating an array 

of metal contacts spot as back contact which should output the same efficiency when the 

I-V probe is attached to any of the spot. However, as observed in this study, this is not the 

case as there are variations in the homogeneity of the deposited of Cul crystals between 

the different fabricated cells. Hence, further research should be carried out not only on 

the deposition and drying processes but also on the nature of the electrical contacts used 

in the characterisation of the cell. 

Further studies should also be carried out on the stability of TiOi/dye/Cul cells 

under illumination, either sealed or exposed to air. Also, the stability seems to be effected 

by the drying history of the cell, such as under vacuum or argon atmosphere storage. For 

example, cells tested before vacuum treatment typically show very high series resistance 

and short-circuit photocurrents but performance of the cell improves after several days of 

drying. 

Finally, it should be possible to use inorganic absorbers with very high absorption 

coefficient such as lead (II) sulphide (PbS) which have been shown to sensitize Ti02 but 

which are not stable in the electrolyte cells [185]. On the other hand, it remains to be seen 

if the fill factors in these cells can be brought up to acceptable levels. 
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APPENDIX A: 

Fabricating Cu20fri02 Composite Film for Solar Cell Applications 

1.1 Introduction 

Ti02, an n-type semiconductor having band-gap energy of 3.2 eV, was founded 

by Akira Fujimura and has become the semiconductor of choice for use as mesoporous 

electrode in the Gratzel cell where it act as quite an efficient solar energy convertor. 

Originally, Fujimura et al. experimented Ti02 as a photo-function in the photo

electrochemical water splitting, but other researchers have shown that it has many 

advantages in the fields of sensitized photochemistry and photo-electrochemistry [43, 48]. 

It is inexpensive in cost, abundantly available and non-toxic. Ti02 is highly stable in 

electrolytic solution, has almost an ideal energy band positions for the PEC, and has 

become the dominant material for environmental photo-catalysis. In the case of Gratzel 

cell, under normal sunlight, the ruthenium dye can maintain I 08 redox cycles without 

perceptible loss of performance, and is assumed to withstand up to 20 years of continuous 

operation [ 4 7, 49]. 

The problems related to solid-state DSSCs could be overcome by employing 

extremely thin absorber (ET A) solar cells or quantum dot (QD) sensitized solar cells, 

which are conceptually similar to solid-state DSSCs [33, 186-188]. In these solar cells, a 

small band-gap p-type semiconductor, such as CulnS2, CdTe and SnS, is used in place of 

the molecular dye normally used in DSSC acting as a photon absorber in the cells [189-

191]. The p-type semiconductor typically is spread over the surface of the n-type 

semiconductor film, which is usually Ti02 . The structure of the ET A and QD solar cells 

is such that light absorption is enhanced due to surface enlargement and multiple 

scattering [33, 187]. Nanu et al. [190] generated Ti02iCuinS2 solar cells using an atomic 

layer chemical vapour deposition method (ALCVD) with 4% solar energy conversion 

efficiency. Also, the Ti02/CdTe cells fabricated by Ernst et al. [189] exhibited an open

circuit voltage of0.67V and a short-circuit current of8.9mA cm·2 under 100 mW cm·2 of 

simulated sunlight. 
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Based on these reviews, the use of cuprous oxide (Cu20), a p-type solar cell 

material, is proposed for use as a photon absorber in conjunction with Ti02 for solar cell 

applications [184]. Cu20, with a direct band-gap of 2.1 eV, is regarded as a suitable 

material for high-efficiency solar cells [192-193], and McFarland et al. observed a photo 

response in a photo electrochemical cell when they created a Cu201Ti02 heterojunction 

thin film [ 194]. Meanwhile Li et al. has successfully prepared a core shell Cu20/Ti02 

solar cell with an efficiency -0.01% [195]. Hence, it may be concluded that the 

combination of Cu20 and Ti Oz could contribute to efficient photoelectric conversion. In 

this research, Cu20/Ti02 composite thin films were generated through a combination of 

squeegee and electrochemical deposition (ECO) methods, and a cell was fabricated by 

attaching metal electrodes on the film. The structural and optical properties of the 

fabricated films were characterized, and the photo response of the cell was measured 

[ 184 ]. 

1.2 Experimental Procedures 

Ti02 films with thickness around 16µm were prepared by squeegee method using 

0.8g/ml Ti02 paste of Ti02 powders (P25, Aerosol Japan). 0.5ml acetyl acetone was 

added into the powder and stirred by hand until light yellow color appeared. 5mL of 

water was divided into two parts which is 2mL + 3 mL and was added to paste and stirred 

again by hand in 5 minutes of time for each step. The mixed materials were then blended 

by mortar at 20 minutes. After that, 0.4g polyethylene glycol and 2.5ml triton X were 

added and blended again around 5min in each process. Then the Ti02 paste was 

deposited on FTO substrate and annealed at 100°C and 400°C for 30 minutes each at 

room temperature. The substrate used was F-doped Sn02 (FTO) coated glass. The 

apparatus and the process of depositing the thin films are shown in Figure 3 .4 of chapter 

3 and the process flow of the preparation and deposition of the thin film is summarized as 

in Figure 3.5 in the same chapter. 

On the other hand, the deposition of Cu20 on TiOilFTO substrate by ECO was 

conducted using three electrode cells with a saturated calomel electrode (SCE) as the 
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reference electrode. FTOffi02 nanoporous electrode was used as the working electrode 

and a platinum sheet was used as the counter electrode. An aqueous solution containing 

0.5 mo! copper (II) sulphate (CuS04) is dissolved in 20ml of pure water where a blue 

color of solution is appeared. 6ml lactic acid was added in to form copper lactate complex. 

The solution pH was then adjusted until the pH of solution around 12.5 with KOH. At 

this point, the physical color of the solution changes to dark blue. The electrochemical 

deposition on the FTO/Ti02 substrate by galvano static was carried out at current density 

-1 mA/cm2 and the deposition time was I 0 minutes unless otherwise stated. After the 

experiment ended, the deposited film were washed in pure water and naturally dried in air. 

The method used for deposition of Cu20 is shown in Figure 1.1. The preparation of the 

thin films can be summarized in Figure 1.2 of process flow diagram. 

w 
E 

SOL1 

FIGURE 1.1 
Schematic Diagram of Electrochemical Deposition (ECD) Method. 

R 
E 

SOL2 

POT FG c 

3-electrode: Working 
electrode (WE), Reference 
electrode (RE), Counter 
electrode {CE) 

,POT - potentiostate, FG - function generator 
C- computer, SOL 1- working electrolyte, 
SOL2- KCI solution 
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FIGURE 1.2 
Process Flow Diagram for Preparation and Deposition of Cu20 Thin Films. 

Mix 0.5mol ofCuS04 in 20ml of pure water. 

i 
Add 6ml lactic acid. 

i 
Adjust the solution with potassium hydroxide (KOH) until pH 12.5. 

i 
Deposit Cu20 using ECD on the Ti02/FTO substrate by galvanostatic 

method at current densities - lmA/cm2 in 40°C of water for 10 minutes. 

\Vash the deposited film in pure water and then naturally dry the film in 
air. 

Blended material ready for deposition usin1i: Squeegee technique. 

1.3 RESULTS AND DISCUSSION 

1.3.1 Structural Properties 

The physical morphologies of the films are shown in Figure 7.3 (a), (b) 

and (c). After the deposition process using the squeegee method, the Ti02 film is 

white in colour as in Figure 7.3 (a). The Cu20 deposited on top of Ti02iFTO 

substrate using electrochemical deposition (ECD) technique is light blue in colour 

as in Figure 7 .3 (b ), the colour could be effected by the Cu20 solution during 

deposition process, while the bottom view of the substrate, as shown in Figure 7.3 

(c), is orange which is the colour of Cu20. The Cu20 appeared to penetrate the 

Ti02 film and was primarily deposited near the Ti02/FTO interface, most likely 

because the Cu20 gradually filled the porous matrix ofTi02 from the bottom to 

the top of the film, as shown in Figure 7.3 (d). 
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When first deposited, the Cu20 solution easily penetrated the Ti02 film; 

however, for Cu20 to deposit on the top surface of the Ti02 film, electric current 

is required for the Cu20 solution to flow through the Ti02 matrix. However, the 

Ti02 particles are resistive, and therefore, it is possible that the current 

preferentially flowed from the film/substrate interface into the solution being 

deposited. Thus Cu20 was preferentially deposited near the interface rather than 

on the top surface [ 184]. 

FIGURE 1.3 
(a) Physical Appearance Of The Ti02 Film; (b) and (c) Top View And Bottom View Images Of 

Deposited Cu20 On Ti02, and (d) Model Of The Cu20 /Ti02 Film Structure. 

(a) (b) (c) 

FTO Glass 
(d) 
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The X-ray diffraction pattern for the Cu20, Ti02 and Cu20iTi02 

composite films are shown in Figure 7.4. All of the identified peaks observed for 

Cu20 can be attributed to the Cu20 cubic structure, while the peaks observed for 

Ti02 can be attributed to the Ti02 anatase structure. The Cu20 film showed a 

(111) and (110) preferred orientation, while the Ti02 film showed an excellent 

(101) and (004) [196]. For the composite film, Cu20 peaks were also observed in 

addition to the Ti02 peaks. 

FIGURE 1.4 
X-Ray Diffraction Spectra of Cu20, Ti02, and Cu20/Ti02 Composite Films. 

(l 0 l) {004) 

(110) (lll) 

10 20 30 40 50 60 
2 e (deg.) 

1.3.2 Optical Properties 

The optical transmission spectra of the Ti02, Cu20, and Cu20/Ti02 

c-0mposite films are shown in Figure 7.5. The Cu20 film has an absorption edge 
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around 570 run, which corresponds to its band-gap of 2.1 eV. Since the Ti02 film 

is porous, its transmission is low in the visible range due to scattering and the 

absorption edge is observed near 400 run. For the composite films, the 

transmission was minimal for wavelengths shorter than 520 run due to absorption 

byCu20. 

FlGURE 1.5 
Transmission Spectra Of Cu20, Ti02, and Cu20/Ti02 Composite Films. 
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The optical band-gap energy Eg is calculated from the classical relation for 

direct band-gap optical absorption. It is observed that the absorption coefficients 

ofCu20, Ti02 and Cu20/Ti02 composite films are dependent on photon energy as 

shown in Figure 7.6. The band-gap energy of the Cu20 and Ti02 can be seen at 

about 2.2 eV and 2.9 eV, respectively, while that of Cu20/Ti02 composite film 

can be observed around 2.2 eV. The lower value of band-gap energy of composite 
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film may be due to the effect of the random atom arrangement ofCu20 inside the 

Ti02 particles [193). 

FIGURE 1.6: 
The Dependence of Absorption Coefficient to Photon Energy of {a} Cu20, (b) Ti02, and (c) 

Cu20/Ti02 Composite Film. 
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1.3.3 Electrical Properties 

For the 1-V characterization, indium contacts were evaporated on the thin 

film as shown in Figure 7.7 (a). Figure 7.7 (b) shows the photovoltaic behaviour 

of the Cu20/Ti02 composite films measured while being illuminated through the 

FTO glass substrate. Three samples with different Cu20 deposition times (5 

minutes, 10 minutes and 15 minutes) were prepared and measured while AMI.5 

light intensity was maintained at 1 OOm W /cm2 for all of the measurements. For the 

sample that underwent I 0 minutes of deposition, the short-circuit current is 

measured at 0.0031 mA/cm2
, the open-circuit voltage at 0.47 V, and the efficiency 

is 5x 10 3 %. Thus, a rectifying p-n junction is established, with the top surface of 

the composite film acting as an n-type semiconductor while the bottom 

film/substrate interface acting as a p-type semiconductor. The most likely reason 

for the formation of the junction is because the top surface is primarily comprised 

of Ti02 and the interface side is primarily comprised of Cu20, as shown in Figure 

7.3. 
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FIGURE 1.7 
(a) Position of The Electrodes For The 1-V Measurement, (b) 1-V Curves For Cu20/Ti02 Composite 

Films With Different Cu20 Deposition Times, and (c) Photo-Response Behaviour From 1-V 
Characterization of The Cu20/Ti02 Composite Films Under an Illumination of 100mw/cm2
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1.4 CONCLUSIONS 

Cu20 films were deposited utilising ECO onto Ti02 films that have been prepared 

using the squeegee method, and a cell is generated by evaporating indium contacts on the 

film. When characterised, the cell showed electrical rectification and photovoltaic effects, 

hence demonstrating that an inorganic bulk heterojunction solar cell can be created using 

approach the ECO and squeegee methods, even without optimising the overall 

performance of the cell. 

A solar cell based on a mixture of n-type and p-type semiconductors is commonly 

called a blend solar cell or a bulk-heterojunction solar cell. In almost all previous studies 

on bulk-heterojunction solar cells, the photovoltaic blend film consisted of two organic 

semiconductors or one organic and one inorganic semiconductor. This study has 

successfully demonstrated that the Cu20/Ti02 composite film shows photovoltaic 

behaviour, as shown in Figure 7.7 (c) and the composite film can be considered as an 

inorganic-inorganic bulk-heterojunction thin film. 
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