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Abstract 

 

Nowadays, we are facing an exhaustion of petroleum resources. It gives cause for an energy 

crisis. The energy crisis is not a short-term problem. To solve the problem renewable energy is in 

the limelight. Renewable energy is energy which comes from natural resource such as wind, tides, 

geothermal heat and sunlight. Above all, sunlight has the greatest potential of any renewable 

energy resource to solve the problem. Because of this reason, we investigate solar energy 

conversion applications. One of them is a photovoltaic device which normally uses silicon panels 

to convert sunlight into electricity. However, the major problem with conventional silicon solar 

energy system is its high cost of production. Therefore, we need to make down the cost of 

production. To cut the cost of solar cell materials, many researchers study various materials.  

CuIn1-xGaxSe2 (CIGS) is one of the promising materials for photovoltaic devices. It is a direct-

band gap material thus has a large optical absorption coefficient. Several groups have 

demonstrated high-efficiency CIGS solar cells using physical vapor deposition (PVD) and 

sputtering technique. However, these methods are not only expensive and limited scale up. 

Electrodeposition is suitable methods to get low-cost precursor films. In this thesis, the 

electrodeposition was carried out potentiostatically in an electrochemical cell in a non-stirred 

solution. Electrodeposition prepared by using a three-electrode cell in which the reference 

electrode was saturated calomel electrode, the counter electrode was a Pt sheet, and the substrate 

was Mo/glass.  

Also, dye-sensitized solar cells (DSSCs) have been receiving growing attentions as a potential 

alternative to order photovoltaic devices due to their high efficiency and low manufacturing cost. 

DSSCs are composed of a photosensitizing dye adsorbed on a mesoporous film of nanocrystalline 

TiO2 as a photoelectrode, an electrolyte containing triiodide/iodide redox couple, and a platinized 

counter electrode. To improve photovoltaic properties of DSSCs, new dicationic salts based on 

ionic liquids were synthesized. Quite comparable efficiencies were obtained from electrolytes 

with new dicationic iodide salts. 
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 Sun, Energy and Solar Cells 

Nowadays, we are facing an exhaustion of petroleum resources. It gives cause for an energy 

crisis. The energy crisis is not a short-term problem. To solve the problem, renewable energy is in 

the limelight. Renewable energy is energy which comes from natural resource such as wind, tides, 

geothermal heat and sunlight. Above all, sunlight has the greatest potential of any renewable energy 

resource to solve the problem. 

Solar energy is the source of nearly all energy on the Earth. For example, petroleum resource, 

it was a living organism that was needed sunlight, is used for electric power production materials 

from millions of years ago. Similarly, photosynthesis plants convert solar energy into chemical 

energy, which produces the biomass and some food from fossil fuels are derived. 

The Earth obtains 174 petawatt of incoming solar radiation at the atmosphere. Solar radiation 

at the Earth's surface varies from the solar radiation incident on the Earth's atmosphere. Cloud 

cover, air pollution, latitude of a location, and the time of the year can all cause variations in solar 

radiance at the Earth's surface.1 (Figure 1) Despite this decrease, solar energy is the most amount 

of power source on the Earth. From the Table 1, it would appear that solar, wind or biomass would 

be sufficient to supply all of our energy needs. 

Figure 1. Typical clear sky absorption and scattering of incident sunlight.  
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Table 1.Yearly solar fluxes & Human energy consumption 

Yearly Solar fluxes Human Energy Consumption 

Solar 3,850,000 EJ 

Wind 2,250 EJ 

Biomass 3,000 EJ 

Primary energy use (2005) 487 EJ 

Electricity (2005) 56.7 EJ 

* Source- http://en.wikipedia.org/wiki/Solar_energy 

 

We can convert the greatest amount solar energy to electrical energy through solar cells. A 

solar cell is so-called photovoltaic cell. That is a device that changes the energy of light directly 

into electricity by the photovoltaic effect. The term ‘photovoltaic’ is divided two different words. 

‘photo’ comes from the Greek, the meaning ‘light’, and ‘volta’ from the name of a scientist who 

makes a contributed electrochemistry.  

 The solar cell works in following three steps. First, photons in sunlight hit the solar cell and 

are absorbed by semiconducting materials, such as silicon. Second, electrons come out from their 

atoms, allowing them to flow through the material to produce electricity. Due to the special 

composition of solar cells, the electrons are moving only one direction. This process in solar cells 

generates direct current (DC) electricity.  

Various materials are used for photovoltaic include monocrysitalline silicon, poly silicon, 

amorphous silicon, cadmium telluride, copper indium selenide/sulfide and so on. Solar cells are 

categorized depending on materials. (Figure 2) 

First generation of solar cell is monocrystalline or single crystalline silicon. In spite of its high 

efficiency, the cost of production is quite more expensive than others. Thin film solar cells, second 

generation solar cells, work well with even a few micrometers thick layers of semiconductor 

materials such as amorphous silicon, cadmium telluride and chalcopyrite. These solar cells are 

focused on reducing the cost of first generation cells. The third generation of solar cells has 

different concepts comparing with existing solar cells. Dye-sensitized solar cells and organic solar 

cells are included third generation of solar cells. These two kinds are famous with not only low cost 

but flexibility. 

In this thesis, the electrodeposition, low cost methods, for making chalcopyrite solar cell 

absorber was carried out potentiostatically in an electrochemical cell in a non-stirred solution. 
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Electrodeposition prepared by using a three-electrode cell in which the reference electrode was 

saturated calomel electrode, the counter electrode was a Pt sheet, and the substrate was Mo/glass.  

Also, to improve photovoltaic properties of DSSCs, new dicationic salts based on ionic liquids 

were synthesized. In this thesis, full cell performances are measured. Quite comparable efficiencies 

were obtained from electrolytes with new dicationic iodide salts. 

 

 

Figure 2. Types of photovoltaics depending on materials 
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Chapter1. Electrodeposition of Copper indium gallium 

(di)selenide(CIGS) solar cell absorber 

 

1. Introduction 

 

Copper indium gallium (di)selenide (CIGS) solar cells are as efficient as monocrystalline 

silicon solar cells, which are recorded 24.7%, but they are anticipated to be cheaper due to the quite 

lower material cost and fabrication cost. CIGS solar cell is a I-III-VI2 compound semiconductor 

material composed of copper, indium, gallium and selenium. CIGS belongs in the category of thin 

film solar cells. Due to it has copper atom, it is called chalcopyrite based solar cell. CIGS solar 

cells combine advantages of thin film technology with the efficiency and stability of conventional 

crystalline silicon cells. Therefore CIGS solar cells are expected to take up a large part of the 

photovoltaic market with mass production.  

 

1.1. History of CIGS solar cells 

 

The first chalcopyrite solar cells were synthesized CuInSe2 by Hahn in 1953.2 In the 1974, 

CuInSe2 was proposed as a photovoltaic material with a power conversion efficiency of 12% for 

single crystal solar cell.3 In the years 1983, Boeing Corp. reported efficiencies over 10% from thin 

polycrystalline films by using co-evaporation process.3 Through an advancement in technology, in 

1998, the first commercial CIGS solar cells came out.4 

 The best efficiency achieved 19.9% by a team at the National Renewable Energy Laboratory 

in 2008.5 This efficiency is comparable to the best multicrystalline silicon solar cells. 

 

 

1.2. Structure of CIGS solar cells 

 

The basic structure of a Cu(In,Ga)Se2 thin film solar cell has a layer sequence of  

ZnO/CdS/Cu(In,Ga)Se2. The device consists of a 1 μm thick molybdenum (Mo) layer deposited on 

a soda-lime glass substrate.  

The first layer, molybdenum, serves as a opaque back-contact. It is covered with photovoltaic 

chalcopyrite absorber material this p-type film absorbs most of the light and generates the 

photocurrent. This absorber has a thickness of 1-2 μm. The heterojunction is formed by depositing 

a very thin n-type buffer layer, CdS layer, and an n-type material which is a wide band gap 
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transparent heavily doped ZnO. The heterojunction is then completed by chemical bath deposition 

of 50 nm thick CdS and by the sputter deposition of a nominally undoped i-ZnO layer (typically 

50-70 nm thick) and then a heavily doped ZnO layer. As ZnO has a band gap energy of 3.2 eV it is 

transparent for the main part of the solar spectrum and it is denoted as the window layer of the solar 

cell. 

 

 

Figure 3. Schematic of the CuInGaSe2/CdS solar cell structure 

* Source- http://www.abengoasolar.com/corp/web/en/technologies/photovoltaic/what_is_it/index.html 

  



 

6 

 

1.3. Principle of CIGS solar cells 

 

The principle of operation of the device is similar to that of conventional crystalline silicon 

solar cells. Light is absorbed in the CIGS, creating free electrons and holes. The electrons diffuse in 

the CIGS grains until they find themselves in the electric field within the junction region, at which 

point they are driven into the CdS/ZnO, thereby building up a voltage between the ZnO electrode 

and the Mo base electrode. 

 

 •Photogeneration 

A CIGS solar cell is a semiconductor diode. The semiconductor material absorbs the incoming 

photons and converts them into electron-hole pairs. In this photogeneration step, the decisive 

parameter is the band gap energy Eg of the semiconductor. In an ideal case, no photons with an 

energy hν <Eg will contribute to photogeneration, whereas all photons with an energy hν >Eg will 

each contribute the energy Eg to the photogenerated electron-hole pair, with the excess energy 

(hν−Eg) being very rapidly lost because of thermalization. 

The maximum limit for the photogenerated electric current density Jph is therefore given by the 

flux of photons with an energy hν >Eg. Thus, Jph decreases with increasing band gap Eg. At the same 

time, the net energy transferred to each electron-hole pair increases, as it is equal to Eg.
6 

 

•Charge separation 

In the second step of the energy conversion process, the photogenerated electron-hole pairs are 

separated, with electrons drifting to one of the electrodes and holes drifting to the other electrode, 

because of the internal electric field created by the diode structure of the solar cell.6  

Finally, an array of solar cells converts solar energy into a usable amount of direct current (DC) 

electricity. 

 

 

1.4. Material properties 

 

•Chalcopyrite lattice 

CuInSe2 and CuGaSe2, the materials that form the alloy Cu(In,Ga)Se2, belong to the 

semiconducting I-III-VI2 materials that crystallize in the tetragonal chalcopyrite structure. The 

chalcopyrite structure, for example, CuInSe2 is the cubic zinc blend structure of II-VI materials like 

ZnSe by occupying the Zn positions alternately with Cu and In atoms. (Figure 4) 
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Figure 4. Crystal structure of chalcopyrite CIGS7  

 

 

Each I (Cu) or III (In) atom has four bonds to the VI (Se) atoms. In turn each Se atom has two 

bonds to Cu and two to In. Because the strengths of the I-VI and III-VI bonds are in general 

different, the ration of the lattice constants c/a is not exactly. 

 

•Band Gap Energies 

The system of copper chalcopyrites Cu(In, Ga)(Se, S)2 includes a wide range of band gap 

eneries Eg from 1.04 eV in CuInSe2 up to 2.4 eV in CuGaS2. Thus, these are covering most of the 

visible spectrum. All these compounds have a direct band gap making the suitable for thin films 

photovoltaic absorber materials.  
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•The Phase Diagram 

I-III-VI2 semiconductor materials are easily prepared in a wide range of compositions and the 

corresponding phase diagrams are well investigated.8,9 Compared with all other materials used for 

thin-film photovoltaics, Cu(In,Ga)Se2 has by far the most complicated phase diagram. Figure 5 

shows the phase diagram of CIS.10  

 

Figure 5. A partial phase diagram for the ternary Cu + In+ Se system. 

 

 

1.5. Device physics – The band diagram 

 

The band diagram of the ZnO/CdS/Cu(In,Ga)Se2 heterostructure in Figure 611 shows the 

conduction and valence band energies Ec and Ev of the CIGS absorber, the CdS buffer layer 

and the ZnO window. Note that the latter consists of a highly Al-doped (ZnO:Al) and an 

undoped (i-ZnO) layer.  
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Figure 6. Tentative calculated12 band diagram of a ZnO/CdS/Cu(In,Ga)Se2 heterojunction 

assuming a widening of the bandgap at the absorber surface due to an ordered vacancy 

compound (OVC). 

 

 

As Figure 6, separated electrons and holes flow each direction. Electrons are moving window 

layer, ZnO layer, though CdS buffer layer. Likewise holes are going to Mo back contact.  

The band diagram shown in Figure 6 is believed to be a reasonable approximation and shows 

the type inversion of the interface as required according to the above considerations. There are 

theories and supporting measurements that indicate an inherent widening of the absorber band gap 

towards the surface.13-15 It has been speculated that this effect is due to the segregation of distinct 

Cu poor ordered vacancy compound (OVC) but there is no conclusive evidence concerning the 

actual structure. If this widening is mainly due to a shift of the valence band edge (as shown in 

Figure 6) this also decreases the hole density at the interface and lowers the interface 

recombination even further. Obviously, this is only helpful for device performance when the 

transition from bulk chalcopyrite to surface band gap widening occurs without introducing a high 

defect density. However, lattice matching between the bulk and surface phases may be absent in 

wide gap chalcopyrites .16  
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1.6. Absorber growth techniques 

 

 •Co-evaporation processes 

 The most successful technique for deposition of CIGS absorber layers for highest-efficiency 

cells is the simultaneous evaporation of the constituent elements from multiple sources in single or 

sequential processes where Se is offered in excess during the whole deposition process. While a 

variation of the In to Ga ratio during the deposition process leads to only minor changes in the 

growth kinetics, variation of the Cu content strongly affects the film growth. Thus, different co-

evaporation growth procedures are classified by their Cu evaporation profile. In spite of the 

variations in the Cu flux, in most cases a homogeneous Cu distribution throughout the finished 

absorber layer is established, which should be Cu poor for high-efficiency cells. 

There is a method,  so-called three-stage process, introduced by NREL,17 is obtained by 

starting the deposition with an (In,Ga)xSey precursor, followed by the co-deposition of Cu and Se 

until Cu-rich overall composition is reached, and finally the overall Cu concentration is readjusted 

by subsequent deposition of In, Ga and Se.17 This method leads, to the most efficient solar cells. 

CIGS films prepared by the three-stage process exhibit a smooth surface, which reduces the 

junction area and thereby is expected to reduce the number of defects at the junction.17 This 

smoother surface facilitates the uniform conformal deposition of a thin buffer layer and prevents 

ion damage in CIGS during sputter deposition of ZnO/ZnO:Al. Variation of the In/Ga flux ratio 

during the deposition allows the fabrication of graded band gap absorbers. An increasing Ga/In 

concentration ratio towards the back of the absorber results in an increased conduction band 

minimum and therewith enhanced back-surface field, which increases VOC and fill factor. This 

concept is being applied to reduce the indium concentration and the thickness of the absorber layer. 

The optimum grading is determined by a trade-off between enhanced open-circuit voltage and 

lower current density because of reduced electron–hole pair generation due to a reduced absorption 

of low-energy photons. 

 

•Selenization of precursor materials 

The interest in sequential processes is sparked by its suitability for large-area film deposition 

with good control of the composition and film thickness. Such processes consist of the deposition 

of a precursor material, followed by thermal annealing in controlled reactive or inert atmosphere 

for optimum compound formation via the chalcogenization reaction (Figure 79).  

Among possible precursor materials, metallic and metal selenide layers are the most investigated. 

Alloyed or stacked metal layers are commonly deposited by thermal evaporation18, sputtering19 or 

electrodeposition.20,21 The DC-magnetron sputtering technique is well established for the 
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production of large-area solar modules up to 60×120 cm2 yielding maximum efficiencies of 13% 

on 30×30 cm2 modules.22,23Adhesion problems due to the high volume expansion during the 

selenization of metallic precursors can be reduced by using metal selenide precursors which 

additionally reduce interdiffusion of In and Ga.24,25 maximum cell efficiency of 17.5% after 

annealing has been achieved with an In–Ga–Se/Cu–Se bilayer evaporated on a heated substrate.26 

In industrial production, the processing time is a key factor for low-cost manufacturing and has led 

to the development of rapid thermal processes.27 

 

 

Figure 7. Schematic of the various processes for selenization of precursor materials 

 

•Other absorber deposition processes  

The CIGS compound can be formed directly by electrodeposition from a chemical bath. 20,21,28-

33 Electrodeposition is suitable methods to get low-cost precursor films. However, the as-deposited 

layers do not yield efficient devices. Therefore, annealing is required to increase the grain size, 

form a proper stoichiometric compound, improves the electrical properties. The recrystallization 

process competes with the decomposition of the material. So, process optimization is quite difficult. 

Another approach uses additional vacuum deposition of In, Ga and Se at high temperatures, to 

yield efficiencies as high as 15.4%.33 In spray pyrolysis, metal salts with a chalcogen reactant are 

sprayed on a heated substrate to form a CIS layer. However, a subsequent heat treatment in a 

reducing atmosphere is still required to improve crystallinity and purity.34 MOCVD has recently 

been investigated35 for the deposition of CGS layers as part of a tandem structure, but the growth 

rate and cell efficiency are rather low. 
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In this thesis, the electrodeposition was carried out potentiostatically in an electrochemical cell 

in a non-stirred solution. Electrodeposition prepared by using a three-electrode cell in which the 

reference electrode was saturated calomel electrode, the counter electrode was a Pt sheet, and the 

substrate was Mo/glass. CuCl2, InCl3, GaCl3 and H2SeO3 as precursor and aqueous solution of LiCl 

were used. The deposition process was carried out in different concentration of CuCl2, InCl3, GaCl3 

and H2SeO3 precursor solution at room temperature.  

 

2. Experiment 

 

Electrodeposition of CIGS precursors was carried out potentiostatically in a three-electrode cell 

in which the reference electrode was saturated calomel electrode, the counter electrode was a Pt 

sheet, and the substrate was Mo/glass. Potentiostatic deposition was carried out at room 

temperature using an electrochemical work station (CHI 660C) controlled by a computer. The 

electrodeposition was performed from a bath containing various concentrations CuCl2, InCl3, GaCl3, 

H2SeO3 and 0.7 M LiCl dissolved in H2O. These materials are purchased from Sigma-aldrich. In the 

experiment, the applied potential was SCE vs. -0.6 V to -1.2 V. the obtained thin films were rinsed 

with distilled water and dried under nitrogen flux. The X-ray diffraction (XRD model R-AXIS 

RAPID II) pattern was characterized. The surface morphology and cross-sectional images were 

investigated using, Field Emission Scanning Electron Microscope (FESEM model Nanonova 230). 

The composition of the film was analyzed with energy dispersive spectrometer (EDS) attached to 

FESEM. 

  

2.1. Preparation of Mo/glass substrate 

 

0.7 mm-thick soda-lime glass substrate was treated in piranha solution, this process removed 

dust on the glass surface. After piranha treatment, RF plasma treatment was carried out in a DC 

sputter. Finally, Mo coatings, 1 μm-thick, were prepared by DC sputter. 

 

2.2. Electrodeposition of CIGS layer 

 

Experiment 1) The electrolytic step is carried out on 1×1 cm2 substrates. The precursor 

elements are first dissolved in water. Electrolyte contained 20 mM CuCl2, 40 mM InCl3, 80 mM 

GaCl3, 10 mM H2SeO3 and 0.7 M LiCl as a supporting electrolyte dissolved water. Three electrode 

electrochemical work station was used for electrodeposition. During 1,200 seconds, different 

potentials were applied SCE vs. -0.6 V, -0.7 V, -0.8V, -1.0 V and -1.2 V, respectively. 
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Experiment 2) The electrolytic step is carried out on 1×1 cm2 substrates. The precursor 

elements are first dissolved in water. Electrolyte contained 4.55 mM CuCl2, 2.78 mM InCl3, 5.67 

mM GaCl3, 6.89 mM H2SeO3 and 0.7 M LiCl as a supporting electrolyte dissolved water. Three 

electrode electrochemical work station was used for electrodeposition. During 1,800 seconds, 

different potentials were applied SCE vs. -0.6 V and -0.7 V, respectively. 

 

Experiment 3) The electrolytic step is carried out on 1×1 cm2 substrates. The precursor 

elements are first dissolved in water. Electrolyte contained 4.55 mM CuCl2, 2.78 mM InCl3, 5.67 

mM GaCl3, 6.89 mM H2SeO3 and 0.7 M LiCl as a supporting electrolyte dissolved water. Three 

electrode electrochemical work station was used for electrodeposition. Different potentials were 

applied SCE vs. -0.60 V and -0.70 V, respectively. Electrodeposition times were applied 600 s, 

1,200 s and 1,800 s at the each voltage. 

 

3. Results and discussion 

 

Cu2++(1-X) In3++XGa3++2H2SeO3+13 e-+8H→Cu (In,Ga) Se2+6H2O 

This is an ideal situation but in practice it is a combination of electrochemical and chemical 

reactions that occur at certain pH values. The electrochemical aspects are becoming even more 

complex than ideal situation. 

 

3.1. SEM images and EDS analysis 

 

Experiment 1) Irregular surface of thin films were obtained at all of applied voltages, SCE vs. 

-0.6 V, -0.7 V, -0.8V, -1.0 V and -1.2 V. The morphologies are not regular moreover shapes of the 

films looked like the branches of a tree. Figure 8 shows SEM images of electrodeposited CIGS 

thin films at applied voltage -0.6V vs. SCE for 1,200s. The obtained layer wasn’t dense and smooth. 

The layer composition included Cu, In and Se without Ga by Figure 8. (d) The EDS pattern. The 

voltage -0.6 V vs. SCE is not enough voltage for all that elements deposing. At the higher voltages 

such as SCE vs. -0.7 V, -0.8 V, -1.0 V and -1.2 V, all elements were observed including Ga. The 

SEM images and EDS patterns are shown in Figure 9, Figure 10, Figure 11 and Figure 12, 

respectively. Bubbles were observed at high voltage, from SCE vs. -0.8 V to -1.2 V, on the 

Mo/glass substrates surface. The bubbles came from aqueous electrolyte. When high voltage was 

applied, two H+ in the water obtained two electrons, which makes hydrogen gas. For this reason, 

SCE vs. -0.7 V is turned out a good condition for electrodeposition. However, only several 



 

14 

 

micrometer thickness of CIGS layer is used for solar cell active layer, all that obtained layers are 

too thick to use CIGS absorber.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8. CIGS electrodeposited layer morphologies at -0.6 V vs. SCE for 1,200s, (a), (b) 

cross-sectional image of a film, (c) surface morphology of a film, (d) EDS pattern of the layer. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 9. CIGS electrodeposited layer morphologies at -0.7 V vs. SCE for 1,200s, (a), (b) 

cross-sectional image of a film, (c) surface morphology of a film, (d) EDS pattern of the layer. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 10. CIGS electrodeposited layer morphologies at -0.8 V vs. SCE for 1,200s, (a), (b) 

cross-sectional image of a film, (c) surface morphology of a film, (d) EDS pattern of the layer. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 11. CIGS electrodeposited layer morphologies at -1.0 V vs. SCE for 1,200s, (a), (b) 

cross-sectional image of a film, (c) surface morphology of a film, (d) EDS pattern of the layer. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 12. CIGS electrodeposited layer morphologies at -1.2 V vs. SCE for 1,200s, (a), (b) 

cross-sectional image of a film, (c) surface morphology of a film, (d) EDS pattern of the layer. 
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Experiment 2) Electrolyte contained 4.55 mM CuCl2, 2.78 mM InCl3, 5.67 mM GaCl3, 6.89 

mM H2SeO3 and 0.7 M LiCl as a supporting electrolyte dissolved water. The solution concentration 

was more diluted than experiment 1. When the electrodeposition time was carried out for 1,800 s, 3 

to 4 μm-thick layer were obtained. The morphologies were formed largely flat and smooth.  

 

 (a) 

 

(b)   

 

Figure 13. CIGS electrodeposited layer morphologies (a) at -0.6V vs. SCE for 1,800 s, (b) at  

-0.7V vs. SCE for 1,800 s  
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Experiment 3) With increasing time of electrodeposition, layer thickness was also increased. -

0.6 V vs. SCE applied, thickness at the time tended to increase in direct proportion (Figure 14). 

The observed thicknesses were about 1 to 3 μm. At the voltage -0.7 V vs. SCE, thickness was 

slightly increased over time. (Figure 15)  

 

(a) 

 

(b) 

 

(c) 

 

Figure 14. CIGS electrodeposited layer morphologies at -0.6V vs. SCE for (a) 600 s, (b) 1,200 s, 

(c) 1,800 s 
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(a) 

 

(b) 

 

(c) 

 

Figure 15. CIGS electrodeposited layer morphologies at -0.7V vs. SCE for (a) 600 s, (b) 1,200 s , 

(c) 1,800 s 

 

3.2. XRD results 

 

The XRD of the thin film deposited at -0.7 V vs. SCE from the same electrolyte in experiment 

2 (Figure 16) shows besides the Mo substrate peak, CIS peak and CIGS peak. Obtained layer has 

two different phases. The green bar represents CuGa0.6In0.4Se2 peak, and the blue bar shows the 

peak of CuInSe2.  
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;  

Figure 16. XRD analysis of thin film as-deposited film prepare at -0.7 V vs. SCE for 1,200 s
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4. Conclusions 

 

Junctions based on chalcopyrite absorbers have already demonstrated high conversion 

efficiencies. The highest efficiency cells are obtained with deposition and processing steps 

operating under high vacuum conditions, especially the light absorber layer, like co-evaporation or 

sputtering. In these methods, production costs are quite expensive. These steps could be replaced 

by less expensive ones based on non vacuum deposition technologies such as screen printing and 

electrodeposition. Electrodeposition is already a major technology for mass production of large 

area metallic protective coatings in the industry. Electrodeposition of CIGS thin films in aqueous 

solution was studied in this thesis. Chalcopyrite layers have been successfully deposited by 

various concentrations of electrolyte, voltages and deposition times. Controlling solution 

concentrations, deposition times and applied voltages, various morphologies were obtained such 

as tree-like shapes, coral-like shapes and flat surface layers. Electrodeposition for chalcopyrite 

films deal with the electrochemical behavior of four elements. This is a very complex reaction 

when deposition is aimed at with several or all elements together in a single bath. For this reason, 

future directions of investigation should well control elements of chalcopyrite layer each 

concentrations of solution and voltages. This needs a better understanding of electrochemical 

formation of quaternary CIGS absorbers. 
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Chapter 2. Dicationic iodide for Dye-sensitized solar cells 

 

1. Introduction 

 

In the solar industry, now inorganic solid-state junction devices are challenged by emergence 

of a third generation of cell, based on nanocrystalline and conducting polymers films. These offer 

the prospective of very low cost fabrication and present attractive features that facilitate market 

entry. The dye-sensitized solar cells (DSSCs), nanocrystalline solar cells, have been regarded as 

one of the most promising next-generation solar cells. DSSCs are composed of various materials 

such as titanium dioxide (TiO2), dyes, redox couple electrolyte and transparent conducting oxides. 

TiO2 is an n-type wide band gap semiconductor, which is transparent for visible light. DSSCs 

convert visible light energy to electrical energy through charge separation in sensitizer dyes on a 

surface of TiO2. 

 

1.1. History of DSSCs 

 

 The history of dye-sensitized solar cells (DSSCs) started in 1972 with a chlorophyll  

sensitized zinc oxide (ZnO) electrode.36 For the first time, photons were converted into an electric 

current by charge injection of excited dye molecules into a wide band gap semiconductor. In the 

following years, Matsumura et al.37 and Alonso et al.38 used sintered ZnO electrodes to increase the 

efficiency of sensitization by rose bengal and related dyes. But the efficiency of these devices was 

poor. The main problem was the belief that only smooth semiconductor surfaces could be used. 

Therefore, a monolayer of dye molecules on a flat surface can only absorb far less than 1 % of the 

incident light. Grätzel, Augustynski, and co-workers presented results on dye-sensitized fractal-

type TiO2 electrodes with high surface area in 1985.39 For DSSC, there was an order-of-magnitude 

increase when O’Regan and Grätzel in 1991 reported efficiencies of 7-8%.40 The use of a 

mesoporous semiconductor electrode with a high internal surface area led to a dramatically 

increased the light harvesting efficiency. Since 1990s, initial work in the beginning of the DSSCs, 

lots of groups has investigated DSSCs. From these research activities, the record is held by the 

Sharp company in Japan at 10.4%	±	0.3%.41 For smaller cells, a certified conversion efficiency of 

11.1% has been reached using the black dye as sensitizer.42 
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1.2. Structure of DSSCs 

 

 The cell is consisting of three primary parts. (Figure 17) On top is a transparent anode 

made of fluoride-doped tin dioxide (SnO2:F) deposited on the back of a glass plate. On the back 

of this conductive plate is a thin layer of titanium dioxide (TiO2), which forms into a highly 

porous structure with an extremely high surface area. TiO2 only absorbs a small fraction of the 

solar photons (those in the UV). The plate is then immersed in a mixture of a photosensitive 

ruthenium-polypyridine dye and a solvent. After soaking the film in the dye solution, a thin layer 

of the dye is left covalently bonded to the surface of the TiO2. A separate plate is then made with 

a thin layer of the iodide electrolyte spread over a conductive sheet, typically platinum metal. 

The two plates are then joined and sealed together to prevent the electrolyte from leaking. 

 

 

 

 

Figure 17. Schematic of the dye-sensitized solar cell structure 
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1.3. Principle of DSSCs 

 

At the heart of the system is a mesoscopic semiconductor oxide film, which is placed in 

contact with a redox electrolyte or an organic hole conductor. The material of choice has been 

anatase TiO2, although alternative wide-band-gap oxides such as ZnO and Nb2O5 have also been 

investigated. Attached to the surface of the nanocrystalline film is a monolayer of the sensitizer. 

Photoexcitation results in the injection of an electron into the conduction band of the oxide. The 

dye is regenerated by electron donation from the electrolyte, usually an organic solvent containing 

a redox system, such as the I-/I3
- couple. The regeneration of the sensitizer by iodide intercepts the 

recapture of the conduction band electron by the oxidized dye. The iodide is regenerated, in turn, 

by the reduction of I3
- at the counter electrode, with the circuit being completed via electron 

migration through the external load. 

 

 

 
 

Figure 18. Simple energy diagram for a DSSC. The basic electron transfer processes are 

indicated by numbers (1-7). The potentials for a DSSC based on the N3 dye, TiO2, and the I-

/I3
- redox couple are shown.43 

 

 

 



 

27 

 

The basic electron transfer processes in a DSC, as well as the potentials for a state-of-the-art 

device based on the N3 dye adsorbed on TiO2 and I-/I3
- as redox couple in the electrolyte, are 

shown in Figure 18 Besides the desired pathway of the electron transfer processes (processes 2, 3, 

4, and 7) described above, the loss reactions 1, 5, and 6 are indicated. Reaction 1 is direct 

recombination of the excited dye reflected by the excited state lifetime. Recombination of injected 

electrons in the TiO2 with either oxidized dyes or acceptors in the electrolyte is numbered as 5 and 

6, respectively. 

 

1.3.1. Electron injection and excited state decay: reaction 1 and 2 

 

One of the most astounding findings in DSSC research is the ultrafast injection from the 

excited Ru-complex in the TiO2 conduction band, reaction 2. Although the detailed mechanism of 

the injection process is still under debate, it is generally accepted that a fast femtosecond 

component is observed for this type of sensitizer directly attached to an oxide surface.44-47 For 

DSSCs performance, the time scales of the injection process should be compared with decay of the 

excited state of the dye to the ground state, reaction 1. This is given by the excited state lifetime of 

the dye, which for typical Ru-complexes used in DSSCs is 20-60 ns.44 Interestingly, Durrant and 

co-workers have observed a much slower electron injection in a complete DSSC device with 

halftimes around 150 ps. This would then be slow enough for kinetic competition between electron 

injection and excited state decay of the dye with potential implications for the overall DSSC 

performance.48 

The charge separation of the photoexcited electron and hole occurs by the ultrafast injection 

from the excited dye to the semiconductor oxide. For sensitizers like N719 and the black dye, light 

absorption is of MLCT (metal to ligand charge transfer) character with a contribution from the 

sulfur atom of the -NCS group. Thus, the excitation process promotes electrons from the metal 

center and the sulfur atom to the carboxylated bipyridyl ligand that is directly bound to the 

semiconductor surface. Excited-state charge separation thus occurs from the π* orbitals of the 

organic ligand of the Ru complex to the acceptor states in TiO2. 

The injection can take place from various states in the thermal relaxation pathway, that is, 

Franck-Condon singlet injection, thermally relaxed excited-state singlet injection, or intersystem 

crossing to the triplet state(s) followed by injection. The research on the injection process for both 

organic and transition-metal coordination compounds bound to metal oxides has been extensively 

reviewed.47,49-54 

For an efficient DSSC device, it is not important that the injection process is ultrafast. It is 

important that the quantum efficiency for injection is high. The electron injection efficiency is 
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defined as follows: 

φ   =
    

       
                               (1) 

 

where kinj and k1 are the rate constants for electron injection and decay (radiative and nonradiative) 

of the excited dye, respectively. For efficient injection, kinj should be about 100 times larger than k1. 

 

1.3.2. Regeneration of the oxidized dyes: reaction 3 

 

The interception of the oxidized dye by the electron donor, normally I-, is in the microsecond 

time domain. For a turnover number, that is, the cycle life of the sensitizer in the DSSC device, to 

be above 108, which is required for a DSSC lifetime of 20 years in outdoor conditions, the lifetime 

of the oxidized dye must be >100 s if the regeneration time is 1 μs. This is achieved by the best-

performing Ru complexes.55 

The reduction of the oxidized sensitizer (S+) by iodide follows most likely the following 

reaction mechanism: 

 

S+ + I- → (S· · ·I)                               (2) 

(S· · ·I) + I- → (S· · ·I2
-•)                            (3) 

  (S· · ·I2
-•) → S + I2

-•                              (4) 

2I2
-• → I3

- + I-                                (5) 

 

The first step is most likely a one-electron transfer reaction between S+ and I-. The oxidation of 

iodide to free iodine radical (I•) is, however, unlikely for energetic reasons: U0(I•/I-) is +1.33 V vs. 

NHE in aqueous solutions56 and has been reported to +1.23 V vs. NHE in acetonitrile, 57 which is 

more positive than the U0(S+/S) of most of the dyes that are used as sensitizers in DSCs. The redox 

potential of the iodine radical bound to the dye (S · · · I) will be less positive in potential, and the 

formation of a (S · · · I) complex is therefore a likely first step in the dye regeneration. Addition of a 

second iodide leads to the formation of a (S · · · I2
-•) complex, which can dissociate into ground-

state dye S and I2
-•. Finally, I2

-• disproportionates under the formation of triiodide and iodide. The 

second-order rate constant for this reaction is 2.3 × 1010 M-1s-1 in acetonitrile.57 Evidence for the 

formation of intermediate dye-iodide complexes comes from nanosecond laser spectroscopy studies. 
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1.3.3. Electron transport through the mesoporous oxide film: reaction 4 

 

 When the dye-sensitized mesoporous solar cell was first presented, perhaps the most puzzling 

phenomenon was the highly efficient charge transport through the nanocrystalline TiO2 layer. The 

mesoporous electrodes are very much different compared with their compact analogues because (i) 

the inherent conductivity of the film is very low, (ii) the small size of the individual colloidal 

particles does not support a built-in electrical field, and (iii) the oxide particles and the electrolyte-

containing pores form interpenetrating networks whose phase boundaries produce a junction of 

huge contact area. These films may be viewed as an ensemble of individual particles through which 

electrons can percolate by hopping from one crystallite to the next. The charge transport 

mechanisms in DSSC are still under keen debate today. 

Overview of the electron transport process in the electrolyte-infiltrated mesoporous TiO2 

electrode of a dye-sensitized solar cell shows the possible origins of the relatively slow diffusion. 

Traps can be located at the TiO2/electrolyte interface, in the bulk of the TiO2 particles, or at grain 

boundaries, while electrostatic interactions between electrons and ions in the electrolyte cause 

ambipolar diffusion but possibly also trapping.43 (Figure 19) 

 

 

 

 
Figure 19. Electron transport in mesoporous semiconductor electrode 
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1.3.4. Recombination of electrons in the semiconductor with oxided dyes or electrolyte 

species: reactions 5 and 6 

 

The kinetics of the back-electron-transfer reaction from the conduction band to the oxidized 

sensitizer follow a multiexponential time law43 (Figure 20), occurring on a microsecond to 

millisecond time scale depending on electron concentration in the semiconductor and thus the light 

intensity.  

 

reaction 5) 

I3
- + 2e-

cb(TiO2) → 3I-                             (6)                    

 

Recombination of electrons in TiO2 with acceptors in the electrolyte is normally referred to as 

the electron lifetime. Lifetimes observed with the I-/I3
 - are very long (1-20 ms under one sun light 

intensity) compared with other redox systems used in DSSC, explaining the success of this redox 

couple. Mastering the interface to impair the unwanted back reaction remains a key target of 

current research.58 

 

 
 

 

Figure 20. Overview of processes and typical time constants under working conditions (1 sun) 

in a Ru-dye-sensitized solar cell with iodide/triiodide electrolyte. Recombination processes 

are indicated by red arrows. 
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1.3.5. Electrolyte at the counter electrode: reaction 7 

 

Counter electrodes for DSCs with I-/I3
- electrolytes can be rather easily prepared by deposition 

of a thin catalytic layer of platinum onto a conducting glass substrate. Best performance and long-

term stability has been achieved with nanoscale Pt clusters. Charge transfer resistances of less than 

1 Ω cm2 can be achieved.59 

At the counter electrode in standard DSSCs, triiodide is reduced to iodide: 

 

I3
-+2e- → 3I-                                (7) 

 

The counter electrode must be catalytically active to ensure rapid reaction and low overpotential. 

Pt is a suitable catalyst for reaction 7, as iodine (triiodide) dissociates to iodine atoms (iodine atoms 

and iodide) upon adsorption, enabling a rapid one-electron reduction. 

 

1.4. The progress of DSSCs 

 

•Nanostructured metal oxide electrodes 

The key to the breakthrough for DSSCs in 1991 was the use of a mesoporous TiO2 electrode, 

with a high internal surface area, to support the monolayer of a sensitizer. Typically, the increase of 

surface area by using mesoporous electrodes is about a factor 1000 in DSSCs. TiO2 still gives the 

highest efficiencies, but many other metal oxide systems have been tested, such as ZnO, SnO2, and 

Nb2O5. Besides these simple oxides, ternary oxides, such as SrTiO3 and Zn2SnO4, have been 

investigated, as well as core-shell structures, such as ZnO-coated SnO2.  

 

•Dyes 

As one of the crucial parts in dye-sensitized solar cells (DSSCs), the photosensitizer should 

fulfill some essential characteristics: 

(1) The absorption spectrum of the photosensitizer should cover the whole visible region and 

even the part of the near-infrared (NIR). 

(2) The photosensitizer should have anchoring groups (-COOH, -H2PO3, -SO3H, etc.) to 

strongly bind the dye onto the semiconductor surface. 

(3) The excited state level of the photosensitizer should be higher in energy than the 

conduction band edge of n-type semiconductor (n-type DSSCs), so that an efficient electron 

transfer process between the excited dye and conduction band (CB) of the semiconductor can 
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take place. In contrast, for p-type DSSCs, the HOMO level of the photosensitizer should be 

at more positive potential than the valene band (VB) level of p-type semiconductor. 

(4) For dye regeneration, the oxidized state level of the photosensitizer must be more 

positive than the redox potential of electrolyte. 

(5) Unfavorable dye aggregation on the semiconductor surface should be avoided through 

optimization of the molecular structure of the dye or by addition of coadsorbers that prevent 

aggregation. Dye aggregates can, however, be controlled (H- and J-aggregates) leading to an 

improved performance compared with a monomer dye layer. 

(6) The photosensitizer should be photostable, and electrochemical and thermal stability are 

also required.  

Based on these requirements, many different photosensitizers including metal complexes, 

porphyrins, phthalocyanines and metal-free organic dyes have been designed and applied to DSSCs 

in the past decades. 

 

•Electrolytes and hole conductors 

In the 1991 Nature paper, Grätzel and O’Regan1,60 used an electrolyte that was based on a 

mixed solvent, 80:20 by volume, between ethylene carbonate and acetonitrile. The redox 

components were added as 0.5 M tetrapropylammonium iodide and 0.04 M iodine, whereas no 

extra additives were used. The composition of the electrolyte was adjusted using lower 

concentrations of lithium or potassium iodide, however not producing higher conversion 

efficiencies than the simplest composition. A conversion efficiency of 7.9% was achieved, and it is 

remarkable that after more than 15 years of intense research, using a multitude of alternative 

solvents, redox couples, and various additives, we still mostly use the same categories of 

nanoparticles, dyes, and electrolytes. 

 

•Counter Electrodes 

- Platinized conducting glass 

Counter electrodes for DSSCs with iodide/triiodide electrolytes can be rather easily prepared 

by deposition of a thin catalytic layer of platinum onto a conducting glass substrate. Without 

platinum, conducting tin oxide (SnO2:F) glass is a very poor counter electrode and has a very high 

charge transfer resistance, more than 106 Ω cm2, in a standard iodide/triiodide electrolyte.61 Pt can 

be deposited using a range of methods such as electrodeposition, spray pyrolysis, sputtering, and 

vapor deposition. Best performance and long-term stability has been achieved with nanoscale Pt 

clusters prepared by thermal decomposition of platinum chloride compounds.59 In this case, very 
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low Pt-loadings (5 μg cm-2) are needed, so that the counter electrode remains transparent. Charge 

transfer resistances of less than 1 Ω cm2 can be achieved. Pt films prepared by other methods such 

as electrodeposition and vapor-deposition on TCO substrates were found to dissolve in 

iodide/triiodide electrolytes and are therefore not suitable as counter electrodes in DSSCs. 

- Carbon materials 

Carbon materials are suited as catalysts for the reduction of triiodide. Kay and Grätzel 

developed a counter electrode from a mixture of graphite and carbon black for use in DSSCs with 

the monolithic cell geometry.62 The function of the graphite was electronic conduction as well as 

catalytic activity, while the high-surface area carbon black was added for increased catalytic effect. 

Pettersson et al. optimized the performance of the counter electrode by using two carbon layers: 

one for enhanced adhesion to the substrate and one for enhanced catalytic effect (doped with Pt) as 

well as good electronic conductivity.63 

-Conducting Polymers 

Poly(3,4-ethylenedioxythiophene) (PEDOT) doped with toluenesulfonate anions shows good 

catalytic properties for the reduction of triiodide and was successfully applied in DSSCs.64-66 Films 

were prepared onto TCO substrates and a charge transfer resistance of less than 1 Ω cm2 could be 

obtained for films that were more than 1 μm thick. Other conducting polymers (polyaniline, 

polypyrrole) were much less suited.64 

-Cobalt Sulfide 

Very recently, electrodeposited CoS has been identified as a suitable catalyst for the 

iodide/triiodide redox couple.67 Deposited on a flexible substrate (ITO/PEN) it outperforms Pt on 

the same substrate, with a charge transfer resistance down to 1.8 Ω cm2, while thermal Pt on FTO 

gave 1.3 Ω cm2 using the same ionic liquid electrolyte. 

Herein, it has been investigated to improve photovoltaic properties of DSSCs, new dicationic 

salts based on ionic liquids were synthesized. From the beginning of a DSSC research, electrolytes 

had included not complicated ionic salts such as LiI, KI in acetonitrile based solvent. When LiI, KI 

are used in electrolyte, cations penetrate into TiO2 surface. It causes band edge shift of TiO2. As the 

results, Fermi level of nanocrystalline TiO2 working electrode is lowered by cations. For this reason, 

voltage drop is observed. On the other hands, in case of penetrating small cations, driving force to 

transfer electrons from dye to conduction band of TiO2 can increase, and electrons can well flow, 

therefore, current increase is observed. In brief, voltage increase and current drop is common trade-

off phenomena in DSSCs. If the size of cation increases, less cations can reach and occupy the TiO2 

surface, for the reason, relatively higher voltage can be expected.68-70 There are some results which 

are used new synthesized salt based on ionic liquids. And then, quite comparable efficiencies were 

obtained from electrolytes with new dicationic iodide salts. 
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2. Experiment   

 

2.1. Materials 

 

All chemicals and solvents used over the course of this investigation were of reagent grade 

purchased from Aldrich or Fluka , except 1-hexyl-2,3-dimethyl imidazolium iodide(C-tri). 

 

Synthesis of 3,3'-(pentane-1,5-diyl)bis(1,2-dimethyl-1H-imidazol-3-ium) diiodide [PBDMIDI] 

1,2-dimethyl imidazole (1.335 g, 13.88 mmol) and 1,5-diiodo pentane (1.500 g, 6.439 mmol) 

in 5mL of toluene was heated to 110 ˚C(reflux) for 12 h. The solvent was removed by rotary 

evaporator. After this step, white solid was obtained. For recrystallization the white solid was 

dissolved in acetonitrile and then added excess ethyl acetate. The mixture of products and the 

solvent was filtrated. The filtrated material was dried in a vacuum oven for 2 h. Finally, pure white 

powders were obtained at yield of 96.2% (2.3 g). The final product was confirmed with NMR. 1H 

NMR (D2O) (Figure 21) 

 

Synthesis of 3,3'-(2,2'-oxybis(ethane-2,1-diyl))bis(1,2-dimethyl-1H-imidazol-3-ium) diiodide 

[EBDMIDI] 

The same procedure was used, with 1.28 g (13.8 mmol) of 1,2-dimethyl imidazole, and 1.45 g 

(4.45 mmol) of 2-iodoethyl ether in 5mL of toluene. 2.18g, 94.6% yield. 1H NMR (D2O) (Figure 

22) 

 

Synthesis of 1,1'-(pentane-1,5-diyl)bis(1-methylpyrrolidinium) diiodide [PBMPyDI] 

The same procedure was used, with 1.11 g (13.0 mmol) of N-methylpyrrolidine, and 1.41 g 

(4.33 mmol) of 2-iodoethyl ether in 5mL of toluene. 2.05g, 95.6% yield. 1H NMR (D2O) (Figure 

23) 
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Figure 21. 1H NMR spectrum of PBDMIDI 
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Figure 22. 1H NMR spectrum of EBDMIDI 
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Figure 23. 1H NMR spectrum of PBMPyDI
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2.2. Preparation of electrolytes 

 

1-hexyl-2,3-dimethyl imidazolium iodide (HDMII) was used to prepare the reference 

electrolyte. 0.6 M 1-hexyl-2,3-dimethyl imidazolium iodide (HDMII), 0.1 M lithium iodide (LiI), 

0.05 M iodine (I2), 0.1 M guanidinium thiocyanate and 0.5 M tert-butyl pyridine (TBP) dissolved 

in acetonitrile and mixture of acetonitrile, propylene carbonate, ethylene carbonate and γ-

Butyrolactone. In order to investigate the different  kinds of dicationic iodide on photovoltaic 

performance three different iodide electrolytes prepared by using 0.3 M PBMIDI, EBDMIDI and 

PBMPyDI with same composition of reference electrolyte instead of HDMII.  

 

2.3. Ionic conductivity 

 

Ionic conductivity of the electrolytes was determined by the electrochemical impedance 

spectroscopy method. Electrochemical impedance spectroscopy (EIS) measurement was carried out 

with CHI 660C. The frequency range in EIS measurement was 0.05-105 Hz. The magnitude of the 

alternative signal was 10 mV, and the applied bias is 0 V. Conductivity of a liquid was measured 

from the obtained solution resistance or bulk resistance, followed equation: 

 

σ =
 

  	× 
                                   (8) 

 

where σ is the conductivity (Ω-1 cm-1 or S cm-1), l is the distance between two electrodes, which 

is the thickness of the solution (cm), A is the electrode area (cm2), and Rs is the bulk resistance (Ω). 

 

2.4. Fabrication of dye-sensitized solar cells  

 

 Preparation of TiO2 photoelectrodes were made following steps. The TiO2 paste (20nm TiO2, 

ENB korea) was deposited on the conducting glass with a fluorine-doped tin oxide layer (FTO, 

TEC 8/2.3 mm, Pilkington) by doctor blade method. After depositing of 20 nm particle size TiO2 

paste, 200 nm TiO2 scattering paste put on the top of previous layer. Working electrodes were 

sintered at 500 ˚C in a muffle furnace. Dye absorption was carried out 0.3 mM tert-

butanol/acetonitrile (1:1, v/v) solution of the ruthenium dye, N719 (eversolar). Counter electrodes 

were prepared by thermal reduction of chloroplantinic acid hexahydrate 10 mM in 2-propanol. This 

solution dropped on FTO glass with a hole and drop casted electrodes annealed at 450 ˚C. The 

counter electrodes were assembled with dye-coated working electrodes like sandwich. Two 

electrodes were separated by 50 μm thick thermoplastic polymer film Surlyn and sealed by heating. 
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The internal space was filled with electrolyte by vacuum. Finally the hole was sealed with peace of 

Surlyn and cover glass. 

  

2.5. Photovoltaic characterization 

 

Measurements were carried out with the solar cells by using a high quality optical fiber to 

guide the light from the solar simulator equipped with a Keithley 2635A source measurement unit 

(Figure 24 The solar simulator). The current-voltage (I-V) curves were recorded on the equipment. 

The photocurrent was measured under simulated AM1.5G irradiation (100 mW cm-2), using a 

xenon lamp-based solar simulator. The fill factor (FF) was calculated by  FF = (VmaxJmax)/(JscVoc), 

where Vmax and Jmax are the voltage and the current density in the maximum power point of the I-V 

curve in the fourth quadrant. The normal power conversion efficiency was calculated from the 

expression  

 

PCE=FF × Isc (mA cm-2) × Voc(V) ⁄ Pin (mW cm-2)          (9) 

 

where Voc, Isc, FF, and Pin are the open circuit voltage, short circuit current, fill factor, and incident 

light power, respectively.  

 

 

Figure 24. The solarsimulator 
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3. Results and discussions 

 

3.1. Dicationic salts in acetonitrile  

 

 There are ionic salts for the experiment with detail structure and full names (Table 2) . 1-

hexyl-2,3-dimethyl imidazolium iodide (HDMII) was used to prepare the reference electrolyte. 0.6 

M 1-hexyl-2,3-dimethyl imidazolium iodide (HDMII), 0.1 M lithium iodide (LiI), 0.05 M iodine 

(I2), 0.1 M guanidinium thiocyanate and 0.5 M tert-butyl pyridine (TBP) dissolved in acetonitrile. 

However, synthesized ionic salts are used half amount of HDMII , 0.3 M concentrations, the other 

electrolytes compositions are the same of reference electrolyte. Their ionic conductivities are very 

different depending on ionic salts, from 0.08~38.68 mS cm-1. These differences of electrolyte ion 

conductivity came from solubility difference in acetonitrile. Especially EBDMIDI and PBMPyDI 

have very poor solubility in acetonitrile. PBDMIDI electrolyte is better soluble than other 

synthesized ionic salts. In this reason, PBDMIDI electrolyte showed the best efficiency among 

electrolytes. Figure 25 and Table 3 show J-V characteristics of the cells with each electrolyte, 

photovoltaic parameters, respectively. The Jsc ranges from 14.7 mA cm-2 to 15.7 mA cm-2. 

PBDMIDI has the highest Jsc value due to this value, PBDMID cell showed the best efficiency.  

 

Table 2. Ionic salts for the experiment and their abbreviations 

Ionic salt Abbreviation Chemical Structure 

1-hexyl-2,3-dimethyl 

imidazolium iodide 
HDMII 

 

3,3'-(pentane-1,5-diyl)bis(1,2-

dimethyl-1H-imidazol-3-ium) 

diiodide 

PBDMIDI 

 

3,3'-(2,2'-oxybis(ethane-2,1-

diyl))bis(1,2-dimethyl-1H-

imidazol-3-ium) diiodide 

EBDMIDI 

 

1,1'-(pentane-1,5-diyl)bis(1-

methylpyrrolidinium) diiodide 
PBMPyDI 
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Figure 25. Current density-voltage (J-V) characteristics of the each devices with different ionic 

salt in acetonitrile HDMII (■), PBDMIDI (●), EBDMIDI (▲), PBPyDI (▼) measured under 

AM1.5G illumination from a calibrated solar simulator with irradiation intensity of 100 mW 

cm-2 

 

 

Table 3. Electrolyte ionic conductivity and photovoltaic parameters of the devices different salts 

dissolved in acetonitrile 

Ionic salt 
Ionic conductivity 

[mS cm-1] 

Jsc 

[mA cm-2] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

HDMII 2.30 15.4 0.724 67.6 7.533 

PBDMIDI 0.08 15.7 0.724 68.4 7.762 

EBDMIDI 38.68 15.1 0.739 65.2 7.286 

PBMPyDI 26.95 14.7 0.684 68.8 6.903 

 

Quite comparable efficiencies were obtained from electrolytes with synthesiszed dicationic iodide 

salts. Bulky cation, EBDMIDI, shows higher Voc than HDMII.  

 

3.2. Dicationic salts in mixture of acetonitrile (AcCN) and propylene carbonate (PC). 

 

Synthesized dicationic salts did not well dissolve in acetonitrile. Because dicationic salts have 

stronger ionic bond than HDMII, these salts need strong polar solvent. Propylene carbonate (PC) is 
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an organic compound which is useful as a high polar solvent. Likewise previous experiment, 1-

hexyl-2,3-dimethyl imidazolium iodide (HDMII) was used to prepare the reference electrolyte. 0.6 

M 1-hexyl-2,3-dimethyl imidazolium iodide (HDMII), 0.1 M lithium iodide (LiI), 0.05 M iodine 

(I2), 0.1 M guanidinium thiocyanate and 0.5 M tert-butyl pyridine (TBP) dissolved in acetonitrile. 

However, synthesized ionic salts are used half amount of HDMII , 0.3 M concentrations, the other 

electrolytes compositions are the same of reference electrolyte. Acetonitrile and propylene 

carbonate solvent ratio was controlled. The Acetonitrile:PC solvents were mixed with different 

ratios, 7:3, 5:5, 3:7 and 0:1 (v/v). Figure 26 and Table 4 show J-V characteristics of the cells with 

each electrolyte, photovoltaic parameters, respectively. In case of HDMII, HDMII with 7:3 

(AcCN:PC) volume ratio solvent has the best efficiency compared with other ratios, but it did not 

reach the efficiency of the cell with only acetonitrile solvent. There is a rough tendency. When PC 

ratio increasing, the series resistance was also increased. The increased series resistance caused a 

low fill factors. Therefore, the higher concentrations of PC there are, the poorer efficiencies were 

observed. The reason why higher concentration of PC solvent has poor efficiency is due to high 

viscosity of PC. Except PBPyDI, in most cases synthesized materials have higher Voc than HDMII. 

Owing to the existence of bulky dications on TiO2 photoelectrode surface, these bulky dications 

prohibited Li+ ion from affecting on conduction band of TiO2. Dicationic salts are available on the 

surface, and occupy a much larger area than Li+ ions. Therefore, bulker cations on the TiO2 surface 

relieved lowering of the conduction band edge by Li+ ions.71 

 When 7:3 (AcCN:PC) volume ratio solvent was used, PBDMIDI electrolyte has the efficiency 

among different solvents with a good fill factor. Likewise, EBDMIDI and PBPyDI electrolytes 

were observed similar tendencies. While PC concentration was increasing, synthesized materials 

well dissolved, which did not have connection between solubility and efficiency. Increasing PC 

concentration, one of photovoltaic device characteristics, Jsc and FF were dropped. Both Jsc and FF 

are influenced by the ionic conductivity of electrolyte, because low conductivity causes rate 

determining of charge transportation and increasing the series resistance.72 Ionic conductivity 

directly related by viscosity of electrolyte.73 
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Figure 26. Current density-voltage (J-V) characteristics of the each devices with different ionic salt HDMII (■), PBDMIDI (●), EBDMIDI 

(▲), PBPyDI (▼) with different ratios of solvent (a) AcCN:PC=7:3, (b) AcCN:PC=5:5, (c) AcCN:PC=3:7, (d) PC, (v/v) measured 

under AM1.5G illumination from a calibrated solar simulator with irradiation intensity of 100 mW cm-2 
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Table 4. Photovoltaic parameters of the devices different salts dissolved in different acetonitrile 

(AcCN):propylene carbonate (PC) volum ratios  

(a) 

AcCN:PC=7:3 
Jsc 

[mA cm-2] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

Shunt 

resistance 

 [kΩ] 

Series 

resistance 

 [Ω] 

HDMII 16.2 0.729 63.7 7.514 5.01 37.25 

PBDMIDI 16.0 0.739 61.0 6.917 1.96 39.74 

EBDMIDI 15.5 0.729 65.3 7.371 5.59 34.31 

PBMPyDI 15.7 0.709 60.3 6.716 2.79 48.39 
 

(b) 

AcCN:PC=5:5 
Jsc 

[mA cm-2] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

Shunt 

resistance 

 [kΩ] 

Series 

resistance 

 [Ω] 

HDMII 16.4 0.729 54.8 6.553 5.39 50.64 

PBDMIDI 16.0 0.754 57.2 6.889 12.38 48.34 

EBDMIDI 16.1 0.754 57.0 6.935 12.08 58.61 

PBMPyDI 16.1 0.724 59.0 6.828 26.64 46.89 
 
(c) 

AcCN:PC=3:7 
Jsc 

[mA cm-2] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

Shunt 

resistance 

 [kΩ] 

Series 

resistance 

 [Ω] 

HDMII 16.0 0.724 56.3 6.613 21.13 48.20 

PBDMIDI 15.7 0.734 54.1 6.245 0.86 46.75 

EBDMIDI 15.7 0.734 57.1 6.570 33.45 52.99 

PBMPyDI 15.2 0.704 60.7 6.495 2.69 46.38 

 

(d) 

PC 
Jsc 

[mA cm-2] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

Shunt 

resistance 

 [kΩ] 

Series 

resistance 

 [Ω] 

HDMII 14.2 0.729 50.1 5.188 13.10 64.82 

PBDMIDI 13.5 0.734 51.9 5.128 18.6 65.08 

EBDMIDI 13.3 0.734 54.2 5.279 12.21 59.63 

PBMPyDI 12.8 0.709 52.2 4.753 2.97 76.26 



 

45 

 

3.3. Dicationic salts in mixture of acetonitrile (AcCN) and ethylene carbonate (EC). 

Synthesized dicationic salts did not well dissolve in acetonitrile. Because dicationic salts have 

stronger ionic bond than HDMII, these salts need strong polar solvent. Ethylene carbonate (EC) is 

used as a polar solvent with a molecular dipole moment of 4.9 D74, only 0.1 D lower than that of 

propylene carbonate. Likewise previous experiment, 1-hexyl-2,3-dimethyl imidazolium iodide 

(HDMII) was used to prepare the reference electrolyte. 0.6 M 1-hexyl-2,3-dimethyl imidazolium 

iodide (HDMII), 0.1 M lithium iodide (LiI), 0.05 M iodine (I2), 0.1 M guanidinium thiocyanate and 

0.5 M tert-butyl pyridine (TBP) dissolved in various ratio of solvents. However, synthesized ionic 

salts are used half amount of HDMII , 0.3 M concentrations, the other electrolytes compositions are 

the same of reference electrolyte. Acetonitrile and propylene carbonate solvent ratio was controlled. 

The Acetonitrile:EC solvents were mixed with different ratios, 1:0, 7:3, 5:5 and 3:7 (v/v). Because 

the melting point of ethylene carbonate is higher than room temperature, EC based solvent 

electrolyte wasn’t carried out. Figure 27 and Table 5 show J-V characteristics of the cells with each 

electrolyte, photovoltaic parameters, respectively. Instead of using PC on electrolyte, Jsc did not 

observe significantly. PBDMIDI electrolyte had the highest efficiency in every composition of 

AcCN and EC mixture. The reason why PBDMIDI electrolyte cells have higher efficiencies than 

others is PBDMIDI electrolyte cells have slightly higher voltages and fill factors than others. In 

case of EC, also except PBPyDI, synthesized dication salt electrolytes have higher Voc than HDMII. 

The reason is the same effect of bulky cation on TiO2 surface.71 
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Figure 27. Current density-voltage (J-V) characteristics of the each devices with different ionic 

salt HDMII (■), PBDMIDI (●), EBDMIDI (▲), PBPyDI (▼) with different ratios of solvent (a) 

AcCN:EC=7:3, (b) AcCN:EC=5:5, (c) AcCN:EC=3:7 (v/v), measured under AM1.5G 

illumination from a calibrated solar simulator with irradiation intensity of 100 mW cm-2 
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Table 5. Photovoltaic parameters of the devices different salts dissolved in different acetonitrile 

(AcCN):propylene carbonate (EC) volum ratios 

(a) 

AcCN:EC=7:3 
Jsc 

[mA cm-2] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

HDMII 15.9 0.734 63.1 7.359 

PBDMIDI 15.8 0.744 67.7 7.968 

EBDMIDI 15.8 0.729 67.4 7.663 

PBMPyDI 15.6 0.719 67.3 7.535 

 

(b) 

AcCN:EC=5:5 
Jsc 

[mA cm-2] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

HDMII 15.2 0.739 61.9 6.961 

PBDMIDI 15.7 0.749 61.2 7.21 

EBDMIDI 15.2 0.744 65.5 7.371 

PBMPyDI 15.1 0.734 64.8 7.181 

 

(c) 

AcCN:EC=3:7 
Jsc 

[mA cm-2] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

HDMII 15.0 0.749 57.4 6.461 

PBDMIDI 15.4 0.754 59.1 6.873 

EBDMIDI 15.3 0.749 60.0 6.859 

PBMPyDI 15.2 0.729 60.7 6.729 

 

 

3.4. Dicationic salts in mixture of γ-Butyrolactone and ethylene carbonate. 

 

In addition, mixed solvent of ethylene carbonate (EC) and γ-Butyrolactone (GBL) is used for 

high temperature stable electrolyte system. The boiling point of EC is 248 ˚C. γ-Butyrolactone 

(GBL) is also a good candidate for solvent due to its high boiling point of 204 ˚C. In addition, its 

dielectric constant of 42 and low viscosity of 1.7mPas−1 are preferable characteristics for DSSC 

applications. A mixture of EC + GBL (30:70, v/v, chosen based on the phase diagram) has been 

employed as a stable solvent at high temperatures.75, 76 Likewise previous experiment, 1-hexyl-2,3-



 

48 

 

dimethyl imidazolium iodide (HDMII) was used to prepare the reference electrolyte. 0.6 M 1-

hexyl-2,3-dimethyl imidazolium iodide (HDMII), 0.1 M lithium iodide (LiI), 0.05 M iodine (I2), 

0.1 M guanidinium thiocyanate and 0.5 M tert-butyl pyridine (TBP) dissolved in EC + GBL (30:70, 

v/v). However, synthesized ionic salts are used half amount of HDMII , 0.3 M concentrations, the 

other electrolytes compositions are the same of reference electrolyte. Figure 28 and Table 6 show 

J-V characteristics of the cells with each electrolyte, photovoltaic parameters, respectively. In this 

experiment, there are little different in Jsc and Voc. However, dicationic salts have better fill factors 

than HDMII. It caused higher efficiencies. The best performance among them is EBDMIDI 

electrolyte which is 6.022% with 14.8 mA cm-2 (Jsc), 0.719 V (Voc) and 56.7% (FF). 
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Figure 28. Current density-voltage (J-V) characteristics of the each devices with different ionic 

salt in GBL: EC=7:3 (v/v), HDMII (■), PBDMIDI (●), EBDMIDI (▲), PBPyDI (▼) measured 

under AM1.5G illumination from a calibrated solar simulator with irradiation intensity of 100  

mW cm-2 

 

Table 6. Photovoltaic parameters of the devices different salts dissolved in d i f f e r e n t 

acetonitrile(AcCN): γ-Butyrolactone=7:3 (v/v) 

GBL:EC=7:3 
Jsc 

[mA cm-2] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

HDMII 14.6 0.719 48.9 5.139 

PBDMIDI 14.8 0.719 55.2 5.853 

EBDMIDI 14.8 0.719 56.7 6.022 

PBMPyDI 14.5 0.714 54.2 5.596 
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4. Conclusions  

 

DSSCs are recognized as the promising device in the solar industry. These offer the 

prospective of very low cost fabrication and present attractive features that facilitate market. In 

this thesis, it has been investigated to improve photovoltaic properties of DSSCs, new dicationic 

salts based on ionic liquids were synthesized. When small iodide such as LiI and KI are used in 

electrolyte, cations penetrate into TiO2 surface. It causes band edge shift of TiO2. As the results, 

Fermi level of nanocrystalline TiO2 working electrode is lowered by cations. For this reason, 

voltage drop is observed. If the size of cation increases, less cations can reach and occupy the 

TiO2 surface, for the reason, relatively higher voltage can be expected. Synthesized bulky cationic 

salts have been used in DSSC electrolyte systems as iodide sources with various solvent (mixture 

of acetonitrile, ethylene carbonate, propylene carbonate and γ-butyrolactone) systems. In this case, 

quite comparable results to the conventional imidazolium salts are obtained. For the experiments, 

dicationic salts with different structures of cation are applied. Possible reasons are suggested for 

Voc changes, Jsc drops and FF depending on composition of electrolyte solvent. Future directions 

of dicationic iodides should not only find better molecules than generally used one but also need 

to investigate mechanisms of dications behavior in the electrolyte. 
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