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i Abstract 

Abstract 

Dye-sensitized solar cells (DSSCs) have become one of the most promising 

candidates for next generation of photovoltaic cells, due to low-cost process, flexibility, 

and ease of changing colors of cells.  Despite their emergence with a relatively high 

efficiency of ~8%, the efficiency is still remained early ten percent over twenty years.  

To improve the performance of the DSSC, all components of the cell should be 

extensively investigated.  The dye should be developed to have the smaller bandgap to 

increase the light absorption in visible region.  The semiconductor should reduce the 

recombination loss at a metal oxide/electrolyte interface and be able to utilize a scattering 

effect efficiently.  Lastly, the electrolyte should have lower redox potential to reduce a 

voltage loss and be non-volatile for long-term use. 

In chapter 1, the current state and recent improvements of three major components 

(dye, metal oxide, and electrolyte) are demonstrated.  Especially, achievements in 

developing metal oxides are discussed in detail to emphasize the importance of nanoscale 

interface and structure control, which are main objective of this research. 

In chapter 2, the effect of TiO2-coating on the ZnO-based DSSCs performance is 

systematically investigated with various TiO2-coating thicknesses.  The TiO2 layer plays 

an important role in the suppression of the formation of Zn2+/dye complexes and the 

recombination at ZnO/dye/electrolyte interfaces.  As a result, both the open-circuit 

voltage (Voc) and short-circuit current (Jsc) are improved, and the power-conversion 

efficiency is consequently enhanced by a factor of three.   

In chapter 3, the scattering layer is optimized by varying mixture ratios of 
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nanoporous ZnO spheres (NS) and ZnO nanoparticles (NP).  Nanoporous ZnO spheres 

in the scattering layer provide not only the effective light scattering but also a large 

surface area.  Furthermore, added ZnO nanoparticles to the scattering layer facilitate the 

charge transport and increase the surface area by filling-up large voids of nanoporous 

ZnO sphere composite.  The bilayer structure using the optimized scattering layer 

improves the solar cell efficiency by enhancing both the short-circuit current (Jsc) and fill 

factor (FF), compared to the non-mixed scattering layer. 

In chapter 4, expected synergy effects of topic 1 (TiO2 coating) and topic 2 (mixed 

scattering layer) are theoretically demonstrated.  When the optimized nanostructure is 

coated with TiO2, the open-circuit voltage (Voc) higher than that of topic 2 (~0.56 V) is 

expected from the increased photo-generated current (Jph) and reduced recombination rate 

(krec).  The fill factor (FF) is expected to be enhanced more than that of topic 1 (~60%) 

due to the decreased series resistance (Rs) by improved electron transport.  The short-

circuit current (Jsc) is considered to be most enhanced, because all factors relevant to Jsc 

(light harvesting (ηLHE), electron injection (ηinj), and charge collection (ηcc) efficiency) are 

improved by adding nanoparticles and TiO2-coating layer.  Therefore, it is concluded 

that the collaboration of two topics (TiO2 coating on optimized nanostructure) is essential 

for highly efficient DSSCs. 

 

Keywords: Dye-Sensitized Solar Cell, ZnO Photoelectrode, Titanium Dioxide Coating, 

Nanoparticle, Nanoporous Sphere, Light Trapping, Mixed Electrode 
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Chapter 1. Overview 

 

1.1. General Introduction of Dye-Sensitized Solar Cells 

Dye-sensitized solar cells (DSSCs), invented by Michael Grätzel and O’Regan in 1991 with 

power conversion efficiency of ~8%, have been regarded as potential candidates for the next-

generation solar cells due to their low cost, high durability, large flexibility in shape, and transparency 

[1-3].  In spite of these advantages, the efficiency of DSSC is remained in early ten percent over ten 

years, with the maximum reported efficiency of approximately 12% [4].  To overcome the efficiency 

limitation, each component of DSSC should be improved.   

 

1.2. Light Absorber in Dye-Sensitized Solar Cells 

DSSC is composed of transparent conducting oxide, nanostructured metal oxide, absorber dye, 

iodide/iodine redox couple electrolyte, and catalyst deposited on counter electrode as illustrated in Fig. 

1-1 [5].  Among other things, a dye is the most important component for high efficiency because it 

plays a role of light absorber and electron generator.  When the dye absorbs the light which has 

higher energy than the difference between the lowest unoccupied molecular orbital (LUMO) and the 

highest occupied molecular orbital (HOMO) of the dye, it generates carriers and transports them to 

the metal oxide where it is attached on.  A ruthenium-based dye (N719) shows the highest efficiency 

with bandgap of approximately 1.7 eV, which is much wider than that of a silicon (~1.1 eV).  

Therefore a ruthenium-based dye cannot absorb the light efficiently above 700 nm wavelength, as 

demonstrated in Fig. 1-2 [6].  Since DSSCs use limited light from sun, it is urgent to develop a dye 

which has smaller bandgap to absorb the long wavelength and generate more carriers.  In addition, 

acidity of the dye from carboxyl proton limits the use of various metal oxides such as ZnO dissolved 

in acidic environment [7].  When the DSSC is exposed for long period of time under the sun, the 

performance of DSSC is degraded.  The reason of decrease in cell efficiency is the exchange of a dye 

ligand with iodine in electrolyte [8].  The ligand-exchanged dye loses the ability of regeneration, and 

then the current and efficiency are reduced.  Therefore, it is necessary to develop a nonacidic dye 

having a new ligand which does not react with iodine in electrolyte.  
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Fig. 1-1. (Color) Schematic illustration of dye sensitized solar cell.  From Ref. [5]. 
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Fig. 1-2. Chemical structure and absorption spectra of N719 in different solvents.  From Ref. [6]. 
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1.3. Metal Oxides in Dye-Sensitized Solar Cells  

The nanostructure metal oxide is another important component in DSSC.  A metal oxide affords 

the place where dye is attached on and transports electrons to a working electrode from the dye.  

Therefore, a metal oxide should have suitable energy band position with the dye.  For instance, their 

conduction band edge is located lower than the LUMO level of the dye to allow the electron injection 

from the dye to the semiconductor.  And also the high electron mobility and large surface area are 

demanded. 

 

1.3.1 Various Metal Oxides Candidates 

Wide bandgap semiconductors such as titanium dioxide (TiO2), zinc oxide (ZnO), and tin oxide 

(SnO2) are commonly used metal oxides having properties mentioned above.  A barium tin oxide 

(BaSnO3) which has perovskite structure is also considered as a probable candidate for the high 

efficiency.  As shown in Fig. 1-3, the various nanostructures having a large surface area are reported, 

such as branched ZnO nanowires, TiO2 nanobamboos, and SnO2 nanosheets [9-11]. 

Among various semiconducting materials, much attention has been given to TiO2.  Because of 

the wide bandgap of TiO2 (3.2 eV), no visible light is absorbed directly in the metal oxide, so that the 

dye can absorb the light effectively.  Furthermore, TiO2 has high mobility of 1-4 cm2/Vs in single 

crystal, chemical stability in acidic environment, and non-toxicity [12].  From these advantages, the 

DSSC using nanostructured TiO2 has achieved highest efficiency of 12% [4]. 

ZnO is also considered as a potential candidate and actively researched for DSSCs.  The energy 

bandgap of ZnO (~3.2 eV) and the position of conduction band are similar with that of TiO2 (ZnO: -

0.2 V versus NHE at pH = 1, TiO2: -0.28 V versus NHE at pH = 2), as demonstrated in Fig. 1-4 [13].  

ZnO has mobility of 2 orders of magnitude higher than that of the TiO2 and is easy to synthesize in 

various nanostructures with simple and low-cost methods [14,15].  Nevertheless, ZnO has been 

showing limited performance on account of instability in acidic environment of a ruthenium-based 

dye and low electron-injection kinetics from dye [16].   

In case of SnO2, it has wider bandgap of 3.6 eV and lower position of conduction band than that 
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of ZnO or TiO2 [17,18].  In spite of higher carrier mobility of 250 cm2/Vs, SnO2-based DSSCs 

exhibit the relatively lower open-circuit voltage and fill factor due to the high recombination kinetics 

with electrolyte and lower position of conduction band [19].  The possible strategies to overcome 

these problems are doping with gallium or zinc to elevate the conduction band position and surface 

modification (e.g. TiO2, Al2O3, and MgO) to reduce the interface recombination, as illustrated in Fig. 

1-5 [20,21]. 

To replace commonly used TiO2, ternary metal oxides have been explored.  Among various 

ternary metal oxides, the DSSC fabricated with a barium tin oxide (BaSnO3) shows the highest 

efficiency for reported ternary oxide-based DSSCs [22].  BaSnO3 which has perovskite structures is 

an intrinsic n-type semiconductor with indirect bandgap between 3.1 eV and 3.4 eV.  The efficient 

electron injection from the dye to the conduction band of the BaSnO3 nanoparticles is proved by the 

valence-band spectra and superior charge collection is observed in a thick film of ~40 μm [23].  The 

other ternary metal oxides, such as Zn2SnO4 or Bi4Ti3O12 are also studied with the possibility of high 

efficiency [24,25].   
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Fig. 1-3. Various nanostructures of metal oxides. (a) branched ZnO nanowires, (b) TiO2 

nanobamboos, and (c) SnO2 nanosheets.  From Ref. [9-11]. 
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Fig. 1-4. (Color) Bandgap energies and redox potentials for several semiconductors using the 

normal hydrogen electrode (NHE) as a reference.  From Ref. [13]. 
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Fig. 1-5. (Color) Illustration of band structures and electron transfers of gallium-doped SnO2 

DSSCs.  From Ref. [20]. 
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1.3.2. Interface Recombination 

Not all of electrons generated from dyes can arrive to the electrode because of the interface 

recombination.  Therefore, reducing the interface recombination is one of main factors for improving 

efficiency.  The recombination occurs from differences in kinetic properties at each interface, as 

shown in Fig. 1-6.  The recombination takes place in the excited dye between generated electrons 

and holes directly (k-1), injected electrons in the metal oxide with oxidized dyes (k4), and between 

electrons in metal oxide or FTO and triiodide ions (I3
-) in the electrolyte (k5) [26].  The major 

recombination reaction occurs between a metal oxide/electrolyte interface, because metal oxide has 

lot of electrons by the fast electron injection from dye in a few femto seconds and electrolyte has 

empty states due to fast dye regeneration in micro seconds [27].   

The most efficient way to reduce the interface recombination is energy barrier formation between 

metal oxide/electrolyte interfaces, and many studies about interface control using various metal oxides 

have been actively reported.  TiCl4 treatment is the most commonly used interface control method, 

especially in TiO2-based DSSCs [28-30].  The reasons of TiCl4 treatment on efficiency improvement 

have been reported that the recombination is reduced by deposition on defect sites presents on TiO2 

nanoparticles, TiO2 condenses at the interparticle neck to help electron transport, or downward shift of 

conduction band increases the quantum efficiency of charge separation at the interface.  Although 

downward shift of conduction band would decrease cell voltage, Voc value is remained or increased 

from greater concentration of electrons by reduction in the recombination.  Wide bandgap of metal 

oxides such as Al2O3, ZrO2, and SiO2 are used for energy barrier formation [31-34].  From their 

insulating property having bandgap of higher than ~5 eV, they can restraint the interface 

recombination effectively.  When the coating is thicker than several monolayers, however, it blocks 

the electron injection from a dye and decreases the current.  Furthermore, various semiconductors 

are utilized for surface treatment.  Nb2O5 which is used for nanostructured film in DSSC is also 

utilized for interface control [35,36].  Nb2O5 has conduction band position that is lower than LUMO 

of a dye and higher than conduction band of TiO2 or SnO2 (approximately < ~0.1 eV for TiO2 and < 

~0.7 eV for SnO2), therefore, efficient barrier formation can be expected as shown in Fig. 1-7 [37].  
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Surface coating with CaCO3 on TiO2 nanoparticles shows the reduced recombination, however, it 

decreases Jsc from its insulating property of wide bandgap (~5.6 eV) [38].  In case of Li2CO3 which 

is one of the electrolyte components, it forms the passivation layer on TiO2 and the conducting 

substrate.  The passivation layer suppresses the rate of the main recombination reaction between the 

photoinjected electrons and the oxidized ions in the electrolyte solution [39].  Surface coating using 

SrTiO3 increases the cell voltage by negative shift of TiO2 conduction band from dipole formation on 

TiO2 surface, not the barrier formation [40]. 

The proper band position, chemical stability, and transport property should be considered for 

surface coating material.  To establish an energy barrier at the metal oxide/electrolyte interface, 

proper band position of coating material, lower than LUMO level of dye molecule and higher than 

conduction band of nanostructured metal oxide, is needed.  Otherwise, it can block both the 

recombination from metal oxide to electrolyte and transport from dye to metal oxide.  That is why 

wide bandgap materials, for instance Al2O3, are hard to control their properties on the metal oxide and 

cause decrease in current [31-33].  It blocks the electron transport from dye to nanostructured metal 

oxide due to their much higher position of conduction band than LUMO level of dye, thus it should be 

thin enough to transport electrons through electron tunneling.  Because surface coating material 

contacts directly with dyes, as a shell in nanostructured film, it should have fast kinetic property of 

electron injection from dye and improve the insufficient surface property of inner metal oxide, for 

instance weak chemical stability of ZnO.  Although TiCl4 treatment has been shown efficient effect 

on reduced recombination, their acidic environment can dissolve the ZnO electrode and change the 

morphology [41].  Surface coating material is required to have fast mobility because it is possible 

that injected electrons transport through surface coating layer, when coating layer cover all surfaces of 

nanostructured metal oxide or form their own network.  In addition, when bandgap of coating 

material is much smaller ( < ~2 eV), it can absorb the light before dyes absorb and generate another 

recombination site of hole in valance band.  If coating material has better absorption ability than a 

dye molecule, it can be considered as a little different type of solar cell, such as quantum-dot-

sensitized solar cell (QDSCs) [42-44]. 
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Although various metal oxide materials are reported with the enhanced efficiency, regarding 

mechanisms are still uncertain in inconsistency of literatures.  This is probably because of the 

difficulty of finding optimum thickness, coverage and crystallinity in different experimental condition.  

Thus, researchers on this topic should continue making an effort on both scientific and technical 

aspects.  
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Fig. 1-6. (Color) Recombination reactions in dye sensitized solar cell.  From Ref. [26]. 
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Fig. 1-7. Schematic diagram with energy levels of Nb2O5-coated TiO2-based DSSCs.  From Ref. 

[37]. 
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1.3.3. Scattering Effects for Light Harvesting 

To generate more carriers, more amount of dye is required, because dyes absorb the light and 

generate electrons in DSSCs.  As dyes are adsorbed on metal oxide as a monolayer, the surface area 

of metal oxide should be increased through reducing in particle size or increasing film thickness to 

increase the amount of dyes.  But there is a limitation on particle size reduction or increasing film 

thickness.  When the particle size is too small, generally less than 10 nanometers, or film thickness 

becomes greater than electron diffusion length, the electron losses from interface recombination 

exceed the increased electrons from more dye adsorption [45].  Also from the nonlinear relation 

between light absorption and film thickness, the average electron density in metal oxide decreases as 

the film thickens, because back side of metal oxide film cannot absorb the light sufficiently compared 

to absorption of the front part, reducing the cell voltage consequently [46,47].  

This is why the efficient use in incident light is greatly important for increase of carrier 

generation in limited thickness or metal oxide particle size.  The efficient use of light can be 

performed with scattering effect that increases light-path length passed through the film.  

Theoretically, the scattering effect depends on both the size of the scattering centers and the 

wavelength of the incident light.  The maximum of scattering effect occurs when the diameter of 

scatterers is about kλ and k means a constant and λ is the wavelength and this indicates that several 

hundreds-nanometer-sized scatterers have efficient scattering effect for DSSCs that mainly use visible 

light [48].  The scattering layer for DSSC is proposed based on theoretical examination for the first 

time by Usami’s group in 1997 [49].  It has been shown that the theoretical scattering effects of 

several hundreds-sized TiO2 nanoparticles as the light scatterers on the film consisting of 40 nm-sized 

small particles.  The scattering effects of large sized nanoparticles have been experimentally verified 

by many groups [50-54].  They showed the enhanced efficiency by scattering effect using from 100 

to 500 nm-sized scatterers on nanostructured film composed of nanoparticles, nanotubes, and 

nanorods.  But the introduction of large-sized particle leads to a significant decreased surface area to 

volume ratios due to their large size.  To overcome the drawback, various hierarchical nanostructures 

which provide both the large surface area and efficient light scattering effect are considered.  There 
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are various hierarchical nanostructures: aggregates composed numerous nanoparticles, nanoflowers 

consisted nanosheets or nanorods, and hollow spheres [55-64].  They show comparable surface area 

(80 ~ 100 m2/g) to that of the nanoparticles film (~90 m2/g) with efficient scattering effect.  Apart 

from morphologies of scatterers, the film structures with scattering particles are investigated to 

enhance the scattering effect more effectively [65,66].  These studies try to optimize the scattering 

effect by tuning the film structure: embedding scattering particles in the nanocrystalline film or 

forming scattering layer with monolayer or multilayer, as shown in Fig 1-8.  They propose that 

scattering layers acting as the back reflector and multilayer with gradually increased scatterer size 

from the most-inner layer provide the largest achievable light harvesting efficiencies.  

As the demonstrated effects of scattering on efficiency, scattering becomes indispensable for high 

efficiency in DSSCs.  I think size, morphology and position of scatterers should be considered for 

efficient scattering effect.  As mentioned above, scatterers are of several hundreds of nanometers that 

scatter the visible wavelength, and they should be composed of smaller particles for not to sacrifice 

the total specific surface area of films.  Thus, the use of hierarchical nanostructured scatterers is 

inevitable.  I consider aggregates composed of nanoparticle are most efficient scatterers among 

various hierarchical nanostructured scatterers.  Although all aggregate morphologies have sufficient 

scattering effect, aggregates composed of nanowires or nanosheets have smaller surface area than 

nanoparticles and counteract their fast transport property because they are synthesized in all directions 

not to straight on the electrode [56,59,60].  Hollow structure also has smaller surface area even 

though it shows more efficient scattering effect from multiple reflections inside hollow spheres, as 

shown in Fig. 1-9 [58,63].  Aggregates which consist of nanoparticles have the largest surface area 

and highest configuration density.  In case of size of scattering particle size, scatterers sized of 

300~500 nm are generally known to be efficient for visible light, and scattering layer composed with 

various sizes of scatterers are more efficient to scatter the various wavelength of light [51,67].  For 

the electrode structure with scatterers, I consider the bilayer or multilayer more desirable to optimize 

the scattering effect, because scatterers near the conducting glass can reflect the incident light before 

dyes absorb.  Furthermore, large voids and unfavorable transport among large sized scatterers should 
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be improved.  These problems can be solved by adding nanoparticles in scattering layer [68-70].  

The added nanoparticles provide additional surface area and short electron transport path by filling 

large voids.  For this concept, the balance between surface area and scattering effect should be 

considered through various ratios of nanoparticles and scattering particles. 
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Fig. 1-8. (Color) Schematic figures of scattering effect in a) standard nanoparticles film, b) 

electrode embedding diffuse scattering particles, and c) film with a scattering layer.  

From Ref. [65]. 
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Fig. 1-9. Evolution process of the multi-shelled ZnO hollow microspheres (left) and diffuse 

reflectance spectra of ZnO hollow spheres with single to quadruple shells (right).  From 

Ref. [63].  
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1.4. Electrolyte in Dye-Sensitized Solar Cells 

The last major component of DSSC is electrolyte.  Electrolyte transports the electrons from a 

counter electrode to the dye and regenerate the dye using the redox reaction.  The most widely used 

redox mediator is iodide/tri-iodide (I-/I3
-) and the oxidation-reduction reaction is as below: 

   −   	 ↔   
                                  (1) 

three iodides release two electrons and form one tri-iodide.  The redox potential of mediator has a 

significant effect on efficiency because the open-circuit voltage is determined with the difference 

between redox potential and metal oxide Fermi level.  To regenerate the dye, the redox potential of 

mediator should be higher than dye HOMO level.  The iodide/tri-iodide (I-/I3
-) redox potential is 

approximately 0.5 eV higher than N719 HOMO level, therefore there is the possibility of increased 

open-circuit voltage using newly developed mediator with lower redox potential, as shown in Fig. 1-

10 [71].  For instance, DSSC having ~12% efficiency uses the cobalt-based electrolyte (Co2+/Co3+), 

which has lower redox potential of ~ 0.2 eV than that of the iodide, and shows the high open-circuit 

voltage of 0.94 eV [3].  

Volatility of electrolyte is another problem generated in long-term use under sunlight exposure.  

To minimize this problem, solid-state hole-transport materials (HTM) are developed such as spiro-

OMeTAD (2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)9,9′-spirobifluorene) or P3HT (Poly(3-

hexylthiophene-2,5-diyl) [72].  But solid-state DSSCs show lower efficiency than the DSSCs used 

liquid type of electrolyte because it is difficult to permeate into the pores of nanostructured electrodes 

due to their high viscosity and has low hole mobility (10-4 cm2/V s) [73].  The p-type direct bandgap 

semiconductor, CsSnI3, is developed for new HTM.  This HTM material is solution-processable and 

has high mobility of 585 cm2/V s, and shows conversion efficiencies of up to 10% [74].  As 

mentioned above, nonvolatility electrolyte having fast mobility and lower redox potential should be 

developed to enhance the efficiency. 
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Fig. 1-10. (Color) (a) Schematic energy diagram for dye-sensitized solar cell using iodide/tri-iodide 

(I-/I3
-) and cobalt (Co2+/Co3+) based electrolyte.  From Ref. [52]. 
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1.5. Objective of Research  

The main components of DSSCs are a dye which absorbs the light and generates electron, metal 

oxide which provides surface where dye can attach and transports generated electrons, and electrolyte 

that regenerates the dye by the redox reaction itself.  Large bandgap of dye (~1.7 eV) and low molar 

absorption coefficient (~104 /cm M) results in insufficient light absorption and then low efficiency [6].  

To overcome this, synthesis of new organo-metal ruthenium-based dye are attempted with various 

ligands for sufficient absorption of the long wavelength light and inorganic-organic hybrid perovskite 

absorbers, such as methyl ammonium lead iodide (CH3NH3PbI3), are used as a new absorber in 

established DSSC system and have shown the high efficiency of ~17% [75].  In case of electrolyte, 

redox potential is directly related to open-circuit voltage of the cell, so the lower redox potential is 

needed to increase the voltage and volatility issue should be answered for long-term use of the cell in 

sunlight exposure.  To overcome these problems, electrolytes with new redox mediator, having lower 

redox potential such as cobalt-based electrolyte (Co2+/Co3+), are developed and sol-gel type of non-

volatile electrolytes, for instance spiro-OMeTAD, are used instead of liquid type of electrolyte [3,43].  

High viscosity of sol-gel type of electrolyte remains a challenge because of the difficulty of 

penetration into the nanostructured metal oxide.  And electron losses at metal oxide surfaces by 

interface recombination occur from different kinetic properties of each component.  Limited metal 

oxide film thickness by relatively short electron diffusion length of approximately ~8 μm is also a 

problem and should be solved in metal oxide part [76]. 

This study focuses on the main problems of the metal oxide component.  As mentioned above, 

electron losses from interface recombination between metal oxide/electrolyte are considerable 

because oxides form nanostructures which allow more dye to attach with, thus surface of 

nanostructure involves large portion in whole architecture.  Therefore, interface of metal oxide 

should be controlled to reduce interface recombination.  And also, there is a limitation of increase in 

film thickness because recombination occurs more when metal oxide film gets thicker than electron 

diffusion length, and average electron density decreases due to the nonlinear relationship of 

absorption and film thickness [46,47].  To generate more carriers, nanostructure of metal oxide film 
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should be optimized to absorb the light sufficiently in the limited film thickness.  The most important 

things to be improved are reduction of interface recombination and efficient use of the light in metal 

oxide.  Therefore, this study focuses on two experiments, first interface control to reduce the 

recombination and second optimization of nanostructure for efficient light absorption, respectively.   

The interface control of metal oxide is significant and necessary to reduce the recombination at 

the metal oxide/electrolyte interfaces [31,35,36].  The surface coating using metal oxide which is one 

of the interface control methods can be performed by easy, low-cost techniques, and takes advantages 

of both inner and outer materials.  ZnO is chosen for inner metal oxide due to the fast mobility of 

electron and suitable conduction band position to obtain increased voltage among commonly used 

metal oxides, ZnO, TiO2, and SnO2, etc., however, it has unfavorable surface property that dissolves 

in acidic N719 dye solution and forms Zn2+/dye complex [77].  Thus, the materials for surface 

treatment of ZnO must have strong stability against acidic environment and fast electron injection 

property from dye, because coating material contact directly with the dye instead of inner metal oxide, 

ZnO.  Among the various metal-oxide candidates, I select TiO2 as a surface coating material.  TiO2 

has strong stability against acidic environment and faster kinetic property of electron injection from 

dye to TiO2 than dye to ZnO [78].  When comparing the conduction band position of each in the bulk, 

ZnO has a similar electron affinity with that of the TiO2 so barrier formation might be difficult from 

TiO2 to ZnO.  But the conduction band position with increased bandgap is expected when the 

expected coating thickness of TiO2 layer is lower than Bohr radius of ~2 nm [13,35,79].  When the 

size of the semiconductor particle decreases from the bulk to that of Bohr radius, bandgap increases 

due to the spatial confinement of charge carriers [80,81].  C. P. Hang’s group reports that the 

bandgap change of TiO2 is approximately 0.12 eV when the particle size decreased from 17 nm to 3.8 

nm and M. R. Hoffmann’s group reports blue shift of the absorption edge by 0.156 eV when the 

particle size is less than 12 nm [82,83].  In this study, much more increase of TiO2 bandgap is 

expected, because bandgap increase of more than 0.1 eV is observed even in larger particle size than 

Bohr radius.  Thus, TiO2 is considered as the appropriate material as a barrier to reduce 

recombination and also transport electron to ZnO.  ZnO coated with TiO2 can have both advantages, 
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first high mobility from ZnO and second from TiO2, strong stability in acidic and fast electron 

injection from dye, at the same time.  The effect of surface treatment on efficiency as mentioned 

above will be discussed in chapter 2.  

The efficient use of sun light is extremely important due to insufficient absorption of the dye and 

limited film thickness.  The dye has molar absorption coefficient of only ~104 /cm M and even much 

lower in the long wavelength region, as shown in Fig. 1-2.  To increase the amount of the dye, film 

thickness of metal oxide can be increased.  Otherwise, this gives rise to decrease in voltage because 

of the electron losses from increased interface recombination and the insufficient light absorption 

toward the film end.  The light-path length passed through the film should be increased with the 

nanostructure having the efficient scattering effect.  Several hundred-nanometer-sized particles are 

known as most effective scatterers for visible wavelength but they have very small surface area from 

their large particle size [50-54].  Hierarchical nanostructures having efficient scattering effect with 

the large surface area should be used for scatterers, such as nanoaggregates or nanoflowers structure, 

etc. [56,59,60].  But the hierarchical nanostructures dissipate the spaces forming the voids among 

them and transport the carriers with point contact from their large particle sizes.  And also, the film 

structure with scatterers should be contemplated because the loss of the light can occur from scatterers 

near the glass where the light is incident.  The optimized nanostructure that has large surface area in 

bottom layer and sufficient scattering effect in upper layer should be designed.  Thus, I would like to 

suggest the bilayer structure that bottom layer consists of nanoparticles which provide large surface 

area but no scattering effect and upper layer consists of mixture of nanoparticles and nanoporous 

spheres that help facile carrier transport and efficient scattering (in chapter 3). 
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Chapter 2.   

*  The Effect of TiO2-Coating Layer on the Performance in 

Nanoporous ZnO-Based Dye-Sensitized Solar Cells 

 

2.1. Introduction 

Dye-sensitized solar cells (DSSCs) have been regarded as one of potential candidates for 

next-generation solar cells due to their low cost, high durability, large flexibility in shape, and 

transparency [1-3].  While TiO2 is the most commonly used as a oxide semiconductor, ZnO has also 

been considered as a promising candidate for DSSCs.  The main reasons of ZnO uses are carrier 

mobility of single-crystal ZnO (115 - 155 cm2 V-1 s-1), which is two orders of magnitude higher than 

that of TiO2 (1 - 4 cm2 V-1 s-1), its direct bandgap (~3.2 eV), and the position of the conduction band 

similar to that of TiO2 [4-8].  Furthermore, various ZnO nanostructures can be obtained by easy and 

low-cost techniques [9-18].  Despite these advantages, the performances of ZnO-based DSSCs are 

typically lower (7.5% as a world record) [19] than those of TiO2-based DSSCs (12.3% as a world 

record) [3].  The limited performance may be explained by the formation of Zn2+/dye complexes and 

recombination at the ZnO/dye/electrolyte interface [20,21].  The Zn2+/dye complexes are attributed 

to the poor chemical stability of ZnO in acidic dye solution, and are responsible for the inefficient 

electron injection from dye to semiconductor [22]. 

To overcome the problem of Zn2+/dye complexes formation, several metal-oxide materials such 

as Al2O3, MgO, Nb2O5, SiO2, and TiO2 have been reported as a coating layer on ZnO-based DSSCs 

[23-28].  Among those materials, TiO2 has been drawing most attention owing to its high stability in 

an acidic environment and the best performance so far in an optimized system such as iodine/iodide 

electrolytes or organometallic dye.   

                                         

*The work presented in Chapter. 2 was published in J. Power Sources 232, 159 (2013) entitled, 

“The Effect of TiO2-Coating Layer on the Performance in Nanoporous ZnO-Based Dye-Sensitized Solar Cells” 

Chohui Kim, Jongmin Kim, Hongsik Choi, Changwoo Nahm, Suji Kang, Sungjun Lee, Byungho Lee, and Byungwoo Park* 
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Cao’s group reported that ZnO-TiO2 core-shell structure deposited by atomic layer deposition 

(ALD), demonstrated enhancements in both the open-circuit voltage and fill factor [29].  However, 

ALD is not considered as a cost-effective method, and the correlations between photovoltaic 

properties and coating layer thickness have not been investigated.  It was reported that the TiCl4 

treatment improved the conversion efficiency of DSSCs composed of ZnO nanorods or nanoparticles 

[30,31].  However, it is hard to achieve the desired coating thickness by dipping samples into the 

aqueous solution of TiCl4 with ZnO dissolved.  Therefore, I adopted thin layer of TiO2 coated on the 

ZnO electrode by a wet-chemical method which is inexpensive, convenient, and not acidic, and 

photovoltaic properties are systematically identified with various TiO2-coating times. 

 

2.2. Experimental Section  

For the fabrication of nanoporous ZnO spheres, zinc acetate dihydrate (Zn(CH3COO)2·2H2O: 

Sigma-Aldrich) was added to diethylene glycol ((HOCH2CH2)2O: Sigma-Aldrich), stirred with a 

magnetic bar at 300 rpm at room temperature (RT) for 10 min and heated in an autoclave at 160°C for 

6 h [32].  Then, the as-synthesized solution was cooled down to RT, centrifuged at 3000 rpm for 15 

min to separate the nanoporous ZnO spheres from solution, redispersed in anhydrous ethanol two 

times to remove the supernatant, and dried in air oven at 60°C.  1 g of as-prepared ZnO powder, 

0.45 g of cellulose ((C6H10O5)n: Aldrich), and 5 ml of terpineol (C10H18O: Aldrich) were mixed and 

stirred on hot plate at 150 rpm and 40°C for one day.  Terpineol is an organic solvent with high 

boiling point of 219°C and cellulose acts as a binder, preventing cracks during heat treatment and 

increasing adhesion among the ZnO nanospheres [33].  The resulting paste was spread on a cleaned 

fluorine-doped tin oxide substrate (FTO, TEC 8: Pilkington) by a doctor-blade method.  FTO glass 

was cleaned by acetone, ethanol, and deionized water and subsequently dried with nitrogen.  The 

doctor-blade was performed with two layers of punched Scotch tape having 80 μm thickness and 

straight edge such as a razor blade.  The as-deposited films were dried on hot plate at 60°C for 10 

min and subsequently annealed at 350°C for 1 h.   

The TiO2-coating layer on ZnO was prepared by a facile wet-chemical method.  The as-
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prepared ZnO films were immersed in 10 mM titanium butoxide (Ti[O(CH2)3CH3]4: Aldrich) in 2-

propanol ((CH3)2CHOH: Sigma-Aldrich) at RT.  The thickness of the coating layer was controlled by 

changing the deposition time (30, 60, and 120 min).  After deposition of TiO2 layers, films were 

rinsed with 2-propanol, dried with nitrogen gas, and post-annealed at 450°C for 30 min.  

Additionally the bare film was also sintered as a control set.  After annealing, the films were 

sensitized with 0.5 mM of N719 dye (RuL2(NCS)2:2TBA, L = 2,2'-bipyridyl-4,4'-dicarboxylic acid, 

TBA = tetrabutylammonium: Solaronix) for 6 h at RT, followed by rinsing with ethanol and drying 

under a nitrogen stream.  To prepare the counter electrode, Pt thin film was deposited by 

rf-magnetron sputtering on the diagonally pre-drilled FTO substrate with two holes.  The deposition 

was carried out at RT under Ar atmosphere with an operating pressure of 30 mTorr, and rf power of 

100 W for 20 min. The sensitized electrode and platinized counter electrode were sealed with 

thermoplastic foil (25 μm: Dupont, U.S.A.) on hot plate at 100°C, and the gap between the two 

electrodes was filled with an iodide-based redox electrolyte (AN-50: Solaronix, Switzerland) using 

micropipette.  

The crystal structure of the electrode was analyzed by x-ray diffraction (XRD, M18XHF-SRA: 

MAC Science, Japan).  Field-emission scanning electron microscopy (FE-SEM, SU70: Hitachi, 

Japan) was carried out to observe the morphology of the nanostructures.  Photocurrent-voltage (J-V) 

curves were obtained on a solar cell measurement system (K3000: McScience, Korea) under a solar 

simulator (Xenon lamp, air mass (AM) 1.5, 100 mW cm-2).  High-resolution transmission electron 

microscopy (HRTEM, JEM-3000F: JEOL, Japan) and a focused ion beam (FIB, SMI3050SE: SII 

Nanotechnology Inc., Japan) were used to identify the uniform coating of TiO2 through the 

nanoporous ZnO spheres.  The elemental compositions and distribution were examined using 

energy-dispersive  x-ray spectroscopy (EDX, ISIS-300:  Oxford Instruments).  An inductively 

coupled plasma-atomic emission spectrometer (ICP-AES, Optima-4300 DV: Perkin-Elmer, MA, 

U.S.A.) was employed to determine the atomic ratio of Ti/Zn in the electrode.  In order to investigate 

the electrochemical reactions at the interfaces [34-36], electrochemical impedance spectroscopy (EIS) 

and open-circuit voltage decay (OCVD) were measured from a potentiostat (CHI 608C: CH 
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Instrumental Inc., Austin, U.S.A.).  The absorption spectra of the unloaded dye molecules were 

recorded on a UV/Vis spectrophotometer (Lambda 20: Perkin-Elmer, Waltham, U.S.A.), and incident 

photon-to-current conversion efficiency (IPCE) spectra were measured on an IPCE measurement 

system (K3100: McScience, Korea). 

 

2.3. Results and Discussion 

To clearly identify the mechanisms of the TiO2-coating layers with various thicknesses, the 

experiment was performed with extremely long dye-adsorption time (6 h).  The most critical reason 

for the low efficiency of ZnO-based DSSCs is the formation of Zn2+/dye complexes.  When ZnO is 

immersed in acidic dye solution, the dissolved Zn2+ ions and deprotonated dyes form Zn2+/dye 

complexes [22].  These complexes cover the surface as a multilayer form, and change the original 

morphology of the electrode.  Furthermore, Zn2+/dye-complexes can absorb the visible light, and the 

electron transfer through these complexes is not effective [21].  The Zn2+/dye-complex formation is 

much severe under the extreme condition (6 h), and the suppressed complex formation by TiO2-

coating layer can be observed more dramatically.  To achieve higher efficiency, shorter immersion 

time (30 min) is also performed, because typical efficiencies of ZnO-based DSSCs exhibit 

approximately 1.5% - 5.4% [32,37-40]. 

The ZnO nanoparticle has hexagonal wurtzite structure (JCPDS #36-1451), with no zinc-blende 

phase (JCPDS #77-0191), and TiO2 is not detected due to the subnanometer-scale coating (XRD 

analysis in Fig. 2-1) [41].  The nanocrystallites are able to provide effective light scattering having 

relatively large surface area, because the submicrometer-sized ZnO spheres are consisted with 

nanoparticles, as shown in Fig. 2-2 [19,32]. 

The TiO2-coating layer on the ZnO surface improves both the open-circuit voltage (Voc) and 

short-circuit current (Jsc) as shown in the J-V curves of Fig. 2-3.  In particular, the 60-min-coated 

cell shows an optimum power-conversion efficiency of 1.27%, increased by a factor of three 

compared with that of the bare cell.  As the coating layer becomes thicker, Voc gradually increases 

while Jsc decreases as summarized in Table 2-1.   
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Fig. 2-1. (Color) (a) X-ray diffraction of bare and 60-min-coated film after 450°C annealing.  The 

peak intensities and positions from the hexagonal ZnO (JCPDS #36-1451) are shown as 

solid lines. (b) a comparison of enlarged part of (100), (002), and (101) peaks. 
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Fig. 2-2. Cross-sectional TEM image of nanoporous ZnO spheres coated with TiO2 (60 min). 
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Table 2-1. (Color) Performance of DSSCs consisting of nanoporous ZnO spheres with various TiO2-

coating times (dye-adsorption time: 6 h).  

 

 Jsc (mA cm-2) Voc (V) FF η 

Bare 1.50 0.595 43.9% 0.39% 

30 min 3.02 0.645 54.2% 1.06% 

60 min 3.30 0.663 58.3% 1.27% 

120 min 2.55 0.679 57.2% 0.99% 
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Fig. 2-3. (Color) Photocurrent-voltage curves of DSSCs with various TiO2-coating times, and the 

inset shows the corresponding power-conversion efficiency (dye-adsorption time: 6 h).   
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The interface control using TiO2 has an effect on nanostructure morphology.  The as-

synthesized ZnO nanoporous spheres by hydrothermal method are composed of ~10 nm-sized 

nanoparticles as shown in Fig. 2-4(a) and magnified SEM image.  The as-synthesized ZnO 

nanoporous spheres are annealed at 350°C to remove organic component in paste and improve the 

crystallinity of ZnO nanoparticles.  While undergoing relatively high temperature annealing, ZnO 

atoms on the surface are diffused to reduce the surface energy.  Both the nanoparticle size and the 

pore size are consequently increased as shown in Fig. 2-4(b) [42].  As 350°C annealing is performed 

in all samples, with and without TiO2-coating samples have bigger nanoparticle size than that of as-

synthesized ZnO.  After TiO2-coating process, additional annealing of 450°C is carried out on all 

samples to improve the quality of TiO2 layer and keep the same experimental conditions.  Although 

the bigger particle size is expected at higher annealing temperature of 450°C, TiO2 layer on ZnO 

would prevent the surface diffusion of ZnO atoms; therefore, TiO2-coated sample is composed of 

smaller ZnO nanoparticles than without TiO2-coated sample.  When comparing the ZnO nanoparticle 

size between with (Fig. 2-4(c)) and without (Fig. 2-4(e)) TiO2-coating samples, size of ZnO 

nanoparticle is confirmed to be approximately 20 nm and 30 nm by SEM images respectively.  The 

difference of nanostructure morphology is also supported by the larger full-width at half-maximum 

(FWHM) of the TiO2-coated film than bare film from XRD diffraction data (Fig. 2-1) [43,44].  The 

full width half-maximum (FWHM) is the full width of the peak measured at half of the maximum 

value and can be obtained by fitting each peak using Lorentzian peak function.  The FWHM (Δ(2θ)) 

has correlation with effective grain size and strain as described below [45]: 

  	 =
2 

 
	    	 (2 )	 

          	 =        	    +	       	      	 = 	
 (2 )

 
	+	
  

 
	
4 

 
     

where λ is incident x-ray wavelength, K is shape factor and has a value of 0.9 for spherical-shape 

particle, D is effective grain size, d is interplanar spacing in the atomic lattice, and θ is the angle 

between the incident x-ray and the scattering planes.  When effective grain size becomes smaller or 

local strain is larger, the FWHM value becomes larger, because finite grain size or local strain disturbs 
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the crystal periodicity [46].  Thus, a coated film is considered as compose of smaller grain size than 

bare film from larger full-width at half-maximum of the coated film as shown in Fig. 2-1(b).  After 

dye loading for 6 h, the bare film (Fig. 2-4(d)) is covered with Zn2+/dye complexes.  However, no 

significant morphological change is observed in the coated film (Fig. 2-4(f)), confirming that the TiO2 

layer efficiently restrains the formation of Zn2+/dye complexes.  
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Fig. 2-4. (Color) Plan-view and magnified of FE-SEM images of (a) as-synthesized nanoporous 

ZnO spheres (b) schematic illustration of surface diffusion from reference [42]. (c-f) 

with/without TiO2-coating layer (60 min) followed by 450°C annealing, and before/after 

dye loading. 
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As Fig. 2-5 demonstrated, the homogeneous coating of TiO2 is confirmed from the spatial 

distribution of Zn and Ti elements throughout the nanopores and TiO2-growth mechanism is 

investigated.  TiO2 layer is prepared by hydrolysis and polycondensation reactions of titanium 

butoxide (Ti(O(CH2)3CH3)4) and the reaction is listed below [47]: 

hydrolysis: Ti(OR)4 + HOH → Ti(OR)3OH + ROH                   (1) 

water condensation: Ti(OR)3OH + Ti(OR)3OH → TiO(OR)6 + H2O             (2) 

alcohol condensation: Ti(OR)4 + Ti(OR)3OH → TiO(OR)6 + ROH             (3) 

overall reaction: Ti(OR)4 + 2H2O → TiO2 + 4ROH                   (4) 

In this reaction, R is alkoxides ((CH2)3CH3)4).  The hydrolysis reaction of titanium butoxide is so fast 

that homogeneous nucleation and precipitation of TiO2 can happen individually, so alcohol based 

isopropanol is used for solvent without additional water.  Therefore, water is needed in hydrolysis 

reaction and it would come from the adsorbed water molecules on the ZnO surface.  The formation 

of water by water-condensation reaction would become the cause of TiO2 homogeneous nucleation 

observed by being whitish solution color at some point during synthesis and nonlinear increase of 

TiO2 thickness with time.  The linear formula of titanium butoxide is Ti(OCH2CH2CH2CH3)4 and the 

expected horizontal and vertical length of the Ti precursor molecule is less than 2 nm, respectively, 

according to bonding length of C-O is 0.143 nm, C-C is 0.154 nm, C-H is 0.109 nm, and Ti-O is 

0.194 nm [48].   

To investigate the penetration possibility of a Ti precursor into the core part of nanoporous ZnO 

spheres, nanostructural feature and pore size of nanoporous ZnO spheres are considered.  

Nanoporous ZnO spheres are synthesized by gradual temperature rise of solution including Zn 

precursors from RT to 160°C in autoclave.  When the solution temperature reaches 130°C, solution 

color is changed from turbid to colorless, indicating Zn precursors are completely dissolved.  As 

temperature increases to 160°C, the solution color is changed from transparent to milky white, 

meaning ZnO nanoparticles aggregate each other and form spherical secondary particles of micron 

size and this phenomenon is considered as reduction of the surface energy.  When synthesis 

temperature rises more from 160°C to 190°C, ZnO aggregates are disassembled and lost their 
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spherical shape of micron sized-secondary particles, however, no appreciable differences in the 

nanoparticle size, shape, and surface area are observed by SEM, XRD, and Brunauer-Emmett-Teller 

(BET)  [32].  In addition, compared surface area measured by BET between ZnO aggregates 

composed about 12~15 nm nanoparticles (~80 m2/g) and ZnO nanoparticles (~12 nm: 98 m2/g and 

~20 nm: 90 m2/g), ZnO aggregates indicate comparable surface area with nanoparticles, though a 

slight surface area loss would be occurred by aggregation formation [32,42,49-51].  It indicates that 

nanoporous ZnO spheres are consisted of individual nanoparticles to the inside, suppressing the grain 

growth between ZnO nanoparticles or closed pore formation spheres in aggregation process.  The 

pores are formed by interstitial voids among the nanoparticles and these pores provide pathway, where 

a Ti precursor or dye can be penetrated.  The pore sizes of ZnO aggregates measured by BET are 

reported approximately 10 nm, referring the study that uses the similar synthesis methods [52].  

When comparing the assumed size of pore and a Ti precursor, Ti precursor molecules are expected to 

diffuse into ZnO nanoporous spheres.  Furthermore, from the comparison of the amount of dye 

loading of nanoparticles film (1.4 × 10-7 mol/cm2) and aggregates film (1.38 × 10-7 mol/cm2), it 

implies that the ~1.26 nm sized of a N719 dye which has similar size with a Ti precursor can penetrate 

and adsorbed inside of porous ZnO aggregates [53,54].  Nevertheless, the pore or network can be 

blocked in TiO2-coating process and there would exist non-coated ZnO part because coating process 

is solution process and the narrow parts of inert passage from small pore size are stuck during a Ti 

precursor diffusion.  The formed pores are multidirectional pores not the one-way open pores 

because they are built from a nanoparticle surrounded by other nanoparticles on every side, therefore, 

the penetration of a Ti precursor would be possible even if a pore in some place is blocked.  In 

addition, larger FWHM values (Fig. 2-1) support that TiO2 is coated throughout the nanopores, 

because the FWHM value indicates the average value of total. 
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Fig. 2-5. (Color) (a) Cross-sectional TEM image of nanoporous ZnO spheres (60-min-coated film), 

(b) elemental analysis, and (c and d) EDX mapping of Zn and Ti, respectively. 

 

  



47 Chapter 2. 

The realistic possibility of uniform TiO2 growth on ZnO surface is approached with surface free 

energy perspective.  There are three modes of the thin film growth: Stranski–Krastanov growth 

(layer-by-layer), Volmer-Weber with islands formation, and layer plus island.  The growth modes 

depend on the difference of surface free energy of substrate (ZnO in this study) and sum of surface 

free energy of deposited material (TiO2) and interfacial energy between two materials (ZnO/TiO2).  

The surface free energy relies on the size, shaped or exposed direction, and strain energy but it can be 

neglected on the basis of Yong-Dupre equation and can be defined as below [55]: 

Δγ = γm + γi – γs                               (5) 

where γm, γs and γi is are material’s surface free energy, substrate’s surface free energy, and interfacial 

energy subsequently.  In this study, γs is surface free energy of ZnO nanoporous spheres, γm is surface 

free energy of coated TiO2, and γi is interfacial energy of newly formed interphase between ZnO and 

TiO2.  In case when the surface free energy of ZnO (γs) is higher than the sum of the surface free 

energy of TiO2 (γm) and interfacial energy between ZnO and TiO2 (γi), the growth mode will be layer-

by-layer (Δγ < 0) because surface covered with TiO2 is a way to minimize overall surface free energy 

of system.  If the opposite, it will be Volmer-Weber mode, as shown in Fig. 2-6.  The surface free 

energies of ZnO and TiO2 are investigated by literature survey.  A. Navrotsky’s group experimentally 

researched the surface free energy of ZnO and TiO2 by measuring the surface free enthalpy difference 

between 20 nm-sized nanoparticle and bulk material when they are dissolved in molten sodium 

molybate (3Na2O 4MoO3) at 700°C [56,57].  The surface free energy arises from different 

environment of atoms at the surface compared to those atoms from its interior.  Each atom in the 

bulk is surrounded by same atoms; however, the atoms at the surface have a different energy 

distribution, such as broken bonding and configuration changes, and etc., from the inside and have a 

higher excess energy.  The difference in energy between atoms located at the surface and in the bulk 

is the surface free energy [58].  As all systems try to minimize the total energy, the surface free 

energy is also considered to have a tendency to minimize with minimizing area as small as possible.  

Thermodynamically at constant temperature, pressure, and composition, the surface free energy is the 

increase in the Gibbs energy of the system when surface area increases.  Thus, it is a function of the 
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difference between the surface free enthalpy formed by broken bonding and surface free entropy by 

reduced geometric constrain and increased extra configuration such as vacancy, kink, step, and etc.  

The surface free entropy is slightly dependent on temperature and measured value vary between 0 and 

3 mJ/m2 K [59].  The reported surface free entropy of ZnO is ~0.02 mJ/m2 K, which is essentially 

zero, therefore the surface free energy is considered to be evaluated by surface free enthalpy [60].  

The surface free energy is obtained as below equation: 

ΔH (nano → soln) = ΔH (bulk → soln) – Aγ.                     (6) 

Where, ΔH is the surface free enthalpy normalized by mole, A is surface area measured by BET, and γ 

is surface free energy of nanoparticle.  Although the experiment performs in solution not in air, the 

principle of the surface free enthalpy measurement is the relative comparison of endothermic reaction 

for bulk and nanomaterial.  Thus, the final state condition of solution merely provides the standard of 

relative comparison, as mentioned below.  

ΔH (nano → soln) = Hdissolved in solvent – Hnano                     (7) 

ΔH (bulk → soln) = Hdissolved in solvent – Hbulk                     (8) 

Aγ = ΔH (bulk → soln) – ΔH (nano → soln) = Hdissolved in solvent – Hbulk – (Hdissolved in solvent – Hnano) (9) 

where ΔH (nano → soln) is the energy needed in endothermic reaction of tens of nanometer particle 

dissolution in high temperature solvent at 700°C.  It is measured by temperature change of solvent 

when nanoparticles are supplied.  ΔH (bulk → soln) is the same signification with the exception of 

dissolved bulk material.  As mentioned above, surface has higher energy then bulk, the energy 

required for dissolution of nanoparticle is smaller than bulk material and this difference arises from 

the surface free energy term (Aγ).   
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Fig. 2-6. (Color) Schematic figures of growth modes (a) Stranski–Krastanov growth (layer-by-

layer), (b) Volmer-Weber, and (c) layer plus island.  From Ref. [47]. 
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As a result, surface free energy of TiO2 is 0.51 J/m2 and ZnO has 1.31 J/m2 that is greater than 

twice of TiO2 value.  These values are in reasonable range when compared with values obtained in 

other research, which illustrated in Fig. 2-7.  The investigated values are calculated by density 

functional theory considering atom density of each plane and bonding energy or experimentally 

obtained by calorimetric measurement, and detailed information is specified on the right side of the 

graph [61-66].  The distribution shows that the difference in ZnO and TiO2 surface free energy is at 

least 0.5 J/m2 up to 1.5 J/m2.   

The interfacial energy between ZnO and TiO2 is approached from the point of view of a misfit 

because the interface can be considered to be comparable or smaller than some high angle grain 

boundary when two materials having different lattice parameters create the interface [67,68].  The 

interphase interface can be divided on the basis of their crystal structure and lattice parameter into 

three classes: coherent, semicoherent, and incoherent [59].  A coherent interface occurs between 

materials having same crystal structure and lattice parameter and it has small interface energy of 

approximately 200 mJ/m2, such as a interface energy between Cu(111)fcc//Si(0001)hcp.  The interface 

is replaced from coherent to semicoherent interface having misfit dislocations when atomic misfits of 

interfacial area are sufficient.  When a misfit (δ) is under 0.25, it classified as a semicoherent 

interface and a misfit can be defined as below: 

 =	
     

  
                                  (10) 

where dα is atomic distance of substrate and dβ is atomic distance of deposited film.  The 

semicoherent interfacial energy is composed of structural distortions caused by misfits and chemical 

contributions by different components, and the value range is 200 to 500 mJ/m2.  When a misfit is 

more than 0.25, an incoherent interface can be formed and has interfacial energy of 500 to 1000 

mJ/m2.  The interface between ZnO and TiO2 is considered coherent or semicoherent because the 

atomic distance between Zn-O in wurtzite structure (1.98 Å) and Ti-O in anatase (1.98 and 1.93 Å) 

are very similar and epitaxial relationship is observed between zone axes of [110]TiO2 and [010]ZnO 

with a twisted angle of 27º as shown in Fig. 2-8.  Furthermore, the deposited film would be grown 

toward direction having the similar distance to maintain continuity and reduce the strain, especially 

within several atomic layers [69]. 
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Fig. 2-7. (Color) Literature survey of interface energy of ZnO and TiO2 [48,54,58-63]. 
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Fig. 2-8. (Color) (a) Structural models and 2D atomic arrangement along [110]TiO2 and [010]ZnO axis, 

respectively, with a twisted angle of 27º (b) HRTEM image, and (c) lattice-fringe-resolved 

HRTEM Image at TiO2/ZnO interface.  From Ref. [69]. 
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I confirm the possibility of formation of uniform TiO2 layer on ZnO surface from the perspective 

of surface free energy and interfacial energy, but principle of energy minimization is not sufficient to 

predict the growth mode when deposition does not occur under thermodynamic equilibrium 

conditions.  In practice, uniform TiO2 coating using ALD or sol-gel method on various ZnO 

nanostructures is reported.  Furthermore when they form multilayers alternately, ZnO agglomerates 

on TiO2 but TiO2 builds the relatively uniform layer on ZnO as demonstrated in Fig. 2-9 [70-72].  It 

is hard to predict the growth mode on the basis of surface free energy alone, it is valuable that the 

thermodynamically approach to possibility of uniform TiO2 layer on ZnO is attempted.  The way of 

adding the surfactant which has opposite charge to a Ti precursor or exposure the plane having larger 

surface energy would be help to increase the possibility of uniform coating. 

With the atomic ratios of Ti/Zn measured by ICP-AES, the thicknesses of TiO2 coating layers are 

estimated with a simple back-of-an-envelope calculation.  Because I confirmed from the EDX 

analysis that TiO2 is coated relatively uniformly throughout the ZnO nanopores, I assume that each 

nanoparticle is covered with a uniform TiO2 layer.  The TiO2-coating thicknesses are obtained 

without considering the three-dimensional necking of nanoparticles and all calculated values are 

estimated in subnanometer as shown in table 2-2.  The subnanometer thickness of TiO2 layer is not 

regarded as unreasonable values when considering the growth mechanism that each Ti precursor 

molecules are bonded and condensed one by one.  The actual thicknesses are considered to be 

thicker than the calculated thicknesses in respect that calculation does not take account of surface loss 

from annealing.  Although the atomic ratios of Ti/Zn are also measured by EDX, ICP-AES method 

is used due to its reliability of quantitative analysis.  Most of the generated electron carriers from dye 

would transfer through ZnO nanoparticles because TiO2 layer is too thin to transfer electrons 

effectively, and also ZnO is a preferred electron channel due to the high mobility [4,5].   
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Fig. 2-9. SEM images of (a) TiO2 shell on ZnO nanowire deposited by APCVD, (b) amorphous 

TiO2 coating on ZnO nanoparticle by sol-gel method, and (c) multilayer of ZnO 

(polycrystalline) and TiO2 layers (amorphous) by ALD.  From Ref. [70-72]. 
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Table 2-2. (Color) Atomic ratios of Ti/Zn in the films, as measured by ICP-AES, and the thicknesses 

of TiO2 layer, with the assumption of uniform coating on each nanoparticle. 

 

 Ti/Zn TiO2 Thickness 

30 min 0.81% 0.04 nm 

60 min 2.67% 0.23 nm 

120 min 3.63% 0.32 nm 
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The amount of adsorbed dye was carried out by desorbing the dye from the ZnO films into 1 M 

NaOH solution and then measured using the ultraviolet-visible absorption spectra of the resultant 

solution as shown in Fig. 2-10.  The adsorption amount of dye molecules on ZnO surface was 

calculated by Beer-Lambert law:  

lcA e= .                                (11) 

Where A is absorption, ε is molar absorption coefficient (m2/mol), c is concentration (mol/l), and l is 

path length (cm) of measured sample [73].  While the dye loading of all the coated films is higher 

than that of the bare film, and the 60-min-coated film shows the optimum value.  The increase in 

dye loading is attributed to the suppression of Zn2+/dye-complex formation at the outer surface of ZnO 

sphere, which can block the dye diffusion into the nanoporous sphere.  In the 120-min-coated film, 

the amount of dye is slightly decreased.  A possible reason is the surface area loss due to the coating 

on the nanoporous connections among ZnO nanoparticles. 
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Fig. 2-10. (Color) UV-Vis absorption spectra of N719 desorbed from DSSCs in 1 M NaOH solution. 
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Impedance analysis was performed at the open-circuit condition under AM 1.5 [74-76], and the 

resistance (between ~100 and ~103 Hz) increases with the thickness of the coating layer (Fig. 2-11).  

This indicates that the TiO2-coating layer suppresses back electron transfer, and consequentially 

improves Voc [77,78].  In contrast, thicker coating suppresses forward electron injection, resulting in 

a decreased current density [79-82].  The bare cell shows the highest resistance due to the formation 

of resistive Zn2+/dye complexes. 

Reduction of charge recombination was also observed (Fig. 2-12) [83-85].  The decay response 

of the coated cell is slower than that of the bare cell, indicating recombination is effectively reduced.  

The electron-carrier lifetime (τ) is obtained from [83]:

 

 

1-

÷
ø

ö
ç
è

æ
-=

dt

dV

e

Tk ocBt
,
                          (12) 

where kBT is the thermal energy, e is the elementary charge, and t is time (Fig. 2-8(b)).  The electron-

carrier lifetime of the coated cell is approximately one order of magnitude higher in comparison with 

the bare cell.   

The TiO2-coated cells show higher IPCE values than the bare cell in the whole visible region 

due to the reduction of recombination by TiO2 coating, as shown in Fig. 2-13.  Even in the lower 

wavelength region (below ~390 nm) where light is mainly absorbed by ZnO, the IPCE of the bare cell 

is still lower than that of the coated cell because of the formation of Zn2+/dye complexes while the 

degree of enhancement among the coated cells becomes insignificant.  The bandgap of ZnO 

nanoparticle aggregate is expected to be similar to that of the bulk (~3.2 eV), because the size of 

nanoparticle is much larger than the exciton diameter of ZnO (~5.6 nm) [86].  The IPCE value 

dropped to zero at wavelength around 300 nm due to the absorption of FTO [87].   
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Fig. 2-11. (Color) Nyquist plots with different coating times. 
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Fig. 2-12. (Color) (a) Experimental decay results of Voc for the bare and coated cells.  (b) Electron 

lifetime from Eq. (12) as a function of voltage. 
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Fig. 2-13. (Color) Incident photon-to-current conversion efficiency (IPCE) spectra of bare and coated 

cells. 
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The shorter dye-adsorption time (30 min) is also performed for higher efficiency, and the 

corresponding photocurrent density-voltage (J-V) characteristics are presented in Fig. 2-14.  These 

results indicate similar tendency with that of the longer dye-immersion time (6 h) that Voc increases 

while Jsc decreases, as the coating-layer thickness increases, as shown in table 2-3.  The optimum 

power-conversion efficiency of 2.54% is obtained in the 60-min-coated cell, which is ~26% higher 

than that of the bare cell (1.87%).   

The interface stability of TiO2-coated cell is investigated for two weeks, which shown in Fig. 2-

15.  In first several days, both Voc and fill factor (FF) increase while Jsc decreases, resulting in the 15% 

decrease in efficiency, however, all values remain relatively constant after several days, indicating 

good stability of the TiO2-coated cell.  The similar tendency of stability is also reported in TiO2-

based DSSCs [88,89].  The reason of decreased efficiency is not verified clearly, but most widely 

accepted theory is that thiocyanate (SCN-) ligand of N719 dye is exchanged into iodide in electrolyte 

[90].  A. Hagfelt’s group reported that the exchange of SCN ligand into iodide occurs when the dye 

is regenerated by redox reaction of electrolyte mediator repeatedly as the equation below: 

Ru(dcbpy)2(SCN)2
2- + I3

- → Ru(dcbpy)2I2
2- + I2SCN               (13) 

where Ru is ruthenium metal and dcbpy is bis(2,20-bipyridyl-4,40-dicarboxylato) in N719 dye.  

The exchange reaction is observed by resonance Raman scattering with various electrolyte component 

conditions.  When both iodide and iodine are not included in electrolyte, all Raman lines of the dye 

such as SCN at 2103 cm-1, bcdpy at 699 cm-1 and 1549 cm-1 are well indicated.  When same 

concentration of iodide and iodine with commercially used electrolyte added, the intensity of SCN 

Raman line at 2104 cm-1 is markedly decreased expect nothing else.  Furthermore, Z. Zou’s group 

measured the absorbance of the dye after 1000 h cell operation and the blue shift of absorbance onset 

is confirmed [89].  The ligand exchange of SCN with iodide decreases the dye regeneration and 

efficient light absorption which mentioned as above, and those issues lead current reduction over time.  

Otherwise, Voc can be increased by reduced tri-iodide ion (I3
-) which acts recombination site of 

electrons in metal oxide conduction band.    
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Table 2-3. (Color) Short-circuit current, open-circuit voltage, fill factor, and power-conversion 

efficiency of the DSSCs with various TiO2-coating times (dye-adsorption time: 30 min). 

 

 Jsc (mA cm-2) Voc (V) FF η 

Bare 5.44 0.601 57.2% 1.87% 

30 min 6.64 0.605 58.7% 2.36% 

60 min 6.77 0.627 59.9% 2.54% 

120 min 4.63 0.635 60.4% 1.78% 
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Fig. 2-14. (Color) Photocurrent density-voltage characteristics of the TiO2-coated ZnO-based DSSCs 

(dye-adsorption time: 30 min), and the inset shows the power-conversion efficiency of 

DSSCs with respect to the TiO2-coating time. 
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Fig. 2-15. (Color) The changes of short-circuit current, open-circuit voltage, fill factor, and power-

conversion efficiency of the 60-min-coated cell for two weeks (dye-adsorption time: 30 

min). 
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I calculate that the amount of reduced I3
- and the ligand exchanged dye which leads to increased 

Voc of approximately 0.1 V, with assumption that the reduced concentration of tri-iodide ions is the 

only reason of increase in Voc.  Voc value is defined as below equation [91]: 

÷÷
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V

][
ln

30
aa ,

                         (14) 

where kBT is the thermal energy, q is the elementary charge, Iinj is the current resulting from injection, 

ncb is the electron concentration at the conduction band of metal oxide in dark, ket is the rate constant 

for the back transfer of electron, m is order of the rate of reaction for I3
- (m ≈ 1.9), u is order of the 

rate of reaction for electrons, α is electron-transfer coefficient (uα ≈ 0.7), and [I3
ˉ] is I3

ˉ concentration 

in electrolyte.  The Voc increase occurs in the same cell system, the values of Iinj, ncb, and ket are 

roughly considered to be same between before and after light exposure.  As a result, 75% decrease of 

I3
ˉ concentration causes the Voc incensement of 0.1 V.  This is enormous amount of decrease even if 

increase of Voc is considered to be only affected by I3
ˉ concentration in electrolyte.  The other studies 

employing electrolytes of different iodine concentration indicate similar amount of iodide 

concentration change of 76% for the Voc incensement of 0.1 V [91,92]. 

To reduce the ligand exchange, development of the thiocyanate-free ruthenium sensitizer is most 

necessary and many groups have been tried to search a solution as shown in Fig. 2-16.  M. Gratzel’s 

group reported the ruthenium-based dye replacing the SCN ligand with a cyclometallated 2,4-

difluorophenylpyridine, named the complex YE05, and shows promising result of high efficiency of 

10% [93].  A new cyclometalated ruthenium complex T66, [Ru(6’-phenyl-4‘-thiophen-2-yl-

[2,2’]bipyridinyl-4-carboxylic acid)(4,4’,4’’-tricarboxy- 2,2’:6’,2’’-terpyridine)]Cl, is investigated by 

T. H. Ghaddar’s group in order to engineer new ruthenium dyes having strong light absorption [94].  
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Fig. 2-16. (Color) Molecular structures and current-potential curves of (a) YE05, (b) T66 and (c) 

TFRS-1-3 dyes.  From Ref. [58,65,66]. 
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And also a new thiocyanate-free ruthenium dye, which are assembled using both 4,4′-carboxy-2,2′-

bypyridine and 2-pyridyl pyrazolate ancillaries, called TFRS-1-3, is developed showing the high 

efficiency of 9.5%.  Although many attempts to replace the thiocyanata donor ligands have been 

tried, it still shows the lower efficiencies than thiocyanate ruthenium sensitizer which has outstanding 

properties of broad range of visible light absorption and relatively long-lived at excited state.  

Nevertheless, some results of high efficiencies of thiocyanate-free ruthenium dye indicate that the 

ability of effective dye regeneration and potential possibility of improvement.  Unfortunately, 

influence of new developed thiocyanate dye on cell stability is not sufficiently researched, so it should 

be performed and fundamental cause of ligand exchange is also investigated. 

Schematic representations illustrate the effect of the TiO2-coating layer (Fig. 2-17).  This 

coating layer not only reduces the recombination and formation of Zn2+/dye complexes, but also 

preserves the relatively large surface area.  These results directly influence the improved Voc, Jsc, and 

FF compared with the bare cell.  
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Fig. 2-17. (Color) Schematic figures for the effect of TiO2-coating layer on the performance of ZnO-

based dye-sensitized solar cells.  
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2.4. Conclusion 

In this chapter, I reduced the interface recombination which is one of severe problems to be 

solved in metal oxide of DSSCs through TiO2 coating on ZnO electrode.  The surface coating of 

nanostructured metal oxide with other metal oxide is an easy and low-cost technique among interface 

control methods and it has strong points that take both advantages of inner and outer metal oxide 

materials.  Because the inner material transports electrons through their network and determines cell 

voltage from differences between its Fermi level and redox potential of electrolyte, ZnO that has fast 

mobility and higher position of conduction band is chosen for nanostructured material.  On account 

of the direct contact of outer material with dyes, TiO2 that has strong acidic stability and fast electron 

injection property is selected as a coating material.  TiO2 is outstanding choice for surface coating 

material because ZnO is dissolved in acidic environment and forms a complex with a dye that cannot 

transport electrons effectively when it covers the ZnO surface.  The stability against acidic 

environment is much improved by surface coating with TiO2 and it is proved from preservation of 

established porous ZnO nanostructures after extreme dye immersion time of 6 h. 

While this experiment, the most curious points for me were the possibility of TiO2 coating to the 

inside of porous nanostructure and uniform coating of TiO2 on ZnO through the simple dipping 

method.  To investigate the doubtful points, I should figure out whether nanoporous ZnO spheres 

maintain their porous structure into the core part.  From the formation process of nanoporous ZnO 

spheres, I found that the nanoporous ZnO spheres are composed of each nanoparticle not the form 

closed pores through grain growth of nanoparticles.  Nanoporous ZnO spheres keep their 

nanoparticle shapes or sizes although micron-sized secondary aggregates collapse when synthesis 

temperature is much higher than that of the aggregates formation.  This is also supported in my study 

from grain or particle size from XRD and TEM analysis.  When compared the sizes of expected pore 

and a Ti precursor, penetration and diffusion of Ti precursors into core part of porous structure are 

expected; however, I leave to be desired that more accurate pore size or surface area can be obtained 

if BET measurement is additionally conducted in my experimental system. 
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I think TEM is the most obvious and visible analysis to investigate the coating thickness or 

growth morphology of TiO2 on ZnO.  Therefore, I tried TEM analysis with a sample cut into thin 

slice using FIB to investigate middle of micron sized ZnO spheres not the only nanoparticles situated 

at outer part.  But it is hard to observe the TiO2 on ZnO by TEM and the reasons might be that TiO2 

is too thin to detect or hard to focus because TiO2 is on the spherical shape of ZnO, or removed from 

strong gallium ion beam.  Although TEM analysis is specialized for local part not the entire part, I 

leave regret that cannot observe the TiO2-coating layer directly and I look forward to precise 

observation of the TiO2 layer with samples that is coated longer time than 1 h, for instance 2 h or 

more. 

To investigate the possibility of uniform TiO2 coating on ZnO, I approached with surface free 

energy perspective and confirm the possibility of layer-by-layer growth of TiO2 from comparison of 

energy values of surface free energy and interphase interfacial energy.  Although this approach is 

based on thermodynamic equilibrium conditions, I think it is worthful because thermodynamically 

possibility is the most basic step for possibility of realization.  And I also convinced that this 

approach is right direction from practical results of uniform TiO2 layer on ZnO [66-70]. 

Also, another interesting result is increased Voc and FF of the cell as time goes on.  Many 

studies about interface control or morphology change of metal oxide focus on the efficiency 

enhancement.   I think the ultimate objective of all DSSC studies is practical use on the roof, 

operation stability is also important without degradation for 10 to 20 years.  Although I measure the 

stability of the cell for two weeks short term, it shows decreased efficiency with 15% and increased 

Voc and FF.  I think decreased efficiency with increased Voc means something happened during cell 

working, not simply cell degradation from extended exposure to sun light.  The exchange of SCN 

ligand of the dye with iodide in electrolyte is the most generally accepted reason according to 

literature survey.  It is very surprising that about 75% of tri-iodide in electrolyte is decreased even if 

the value is obtained from a simple assumption.  It indicates that things to be improved in a research 

area of dye or electrolyte are also inexhaustible to obtain the higher efficiency and use for 20 years. 
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Chapter 3. 

*  Improving Scattering Layer through Mixture of Nanoporous 

Spheres and Nanoparticles in ZnO-Based Dye-Sensitized Solar Cells 

 

3.1. Introduction 

Dye-sensitized solar cells (DSSCs) have shown promising potential as an alternative to Si thin-

film solar cells because of low fabrication cost and relatively high efficiency [1,2].  Efficient 

utilization of sunlight is greatly important in photovoltaic systems for high efficiency.  Therefore, 

there have been many studies on the scattering layer to fully utilize incident light inside solar cells by 

using different morphology and size of scatterers in TiO2-based DSSCs [3-10].  Despite of the 

advantages of ZnO such as higher carrier mobility and fabrication easiness for various nanostructures, 

studies were limited on scattering layer for ZnO-based DSSCs [11-15].   

Among various nanostructures, hundred-nanometer-sized nanoporous spheres provide both 

effective light scattering and large surface area [16].  X. Tao’s group and W. Que’s group have 

reported on the scattering layer consisting of nanoporous spheres [17,18].  While they have shown 

improvements on the scattering effect, large voids between spheres leave the possibility of providing 

more available surface area where dye can be attached, and better charge transport by improved 

percolation of large-sized spheres should be achieved.   

In this paper, I report the improvements of scattering layers using a mixture of nanoparticles and 

nanoporous spheres.  Nanoporous spheres act as effective light scatterers with the large surface area, 

and nanoparticles favor both efficient charge transport and an additional surface area. 

 

                                         

*The work presented in Chapter. 3 was published in Nanoscale Res. Lett. 9, 295 (2014) entitled, 

“Improving Scattering Layer through Mixture of Nanoporous Spheres and Nanoparticles in ZnO-Based Dye-Sensitized Solar 

Cells” 

Chohui Kim, Hongsik Choi, Jae Ik Kim, Sangheon Lee, Jinhyun Kim, Woojin Lee, Taehyun Hwang, Suji Kang, Taeho 

Moon,* and Byungwoo Park* 
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3.2. Experimental Section 

The ZnO nanoporous spheres were synthesized by using zinc acetate dihydrate (0.01 M, 

Zn(CH3COO)2·2H2O: Sigma-Aldrich) and diethylene glycol ((HOCH2CH2)2O: Sigma-Aldrich) in an 

oil bath at 160°C for 6 h with vigorous stirring at 500 rpm [16].  A reflux condenser was used to 

prevent the solvent from boiling away.  After washing centrifuged ZnO nanoporous spheres powders 

with anhydrous ethanol two times, ZnO nanoporous spheres (NS) and ZnO nanoparticle (NP) (721085: 

Sigma-Aldrich) were mixed to the weight ratios of NP to NS of 10:0, 7:3, 5:5, 3:7, and 0:10.  

Anhydrous ethanol was used for solvent and 0.5 g of cellulose ((C6H10O5)n: Aldrich) was added at 

each mixing condition.  The paste stirred on a hot plate at 150 rpm and 40°C for one day. 

To fabricate bilayer-structured electrodes, a only ZnO nanoparticles (NP:NS = 10:0) paste was 

first spread on a fluorine-doped tin oxide substrate (FTO, TEC 8: Pilkington) covered with dense 

TiO2-blocking layer by sputtering.  The deposition was performed using TiO2 target with an 

operating pressure of 3 mTorr, rf power of 100 W, and deposition time of 30 min at RT under Ar 

atmosphere.  The bottom layer was deposited by doctor-blade method using one layer of punched 

Scotch tape and dried on hot plate at 60°C for 10 min.  After solvent evaporation, the mixed pastes 

with various ratios of NS and NP were spread on top of the nanoparticle film by the same method 

mentioned above.  The upper mixed layer was also fabricated with one layer of punched Scotch tape 

and bigger size than bottom layer to construct the uniform bilayer structure.  The active area was 

0.28 cm2 and the as-deposited films were subsequently annealed at 350°C for 1 h.   

The films were sensitized with 0.5 mM of N719 dye (RuL2(NCS)2:2TBA, L = 2,2'-bipyridyl-

4,4'-dicarboxylic acid, TBA = tetrabutylammonium: Solaronix) dissolved in anhydrous ethanol for 30 

min at RT.  The sensitized electrode was washed with anhydrous ethanol and platinized counter 

electrode were sealed with thermoplastic foil (25 μm: DuPont, U.S.A.) on a hot plate at 100°C.  

When thermoplastic foil is transparent, pressure was applied between electrodes and cool down the 

cell to RT after adhesion.  The gap between the two electrodes was filled with an iodide-based redox 

electrolyte (AN-50: Solaronix, Switzerland) with micropipette. 

X-ray diffraction (XRD, M18XHF-SRA: Mac Science, Japan) was employed to analyze the 
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crystal structure of ZnO electrodes, and field-emission scanning electron microscopy (FE-SEM, SU70: 

Hitachi, Japan) was used to observe the morphology of bilayer-structured electrodes.  The 

electrochemical properties were analyzed by a solar cell measurement system (K3000: McScience, 

Korea) under a solar simulator (Xenon lamp, air mass (AM) 1.5, 100 mW cm-2).  The extinction and 

diffused reflectance spectra were recorded on a UV/Vis spectrophotometer (Cary 5000: Agilent 

Technologies), and incident photon-to-current conversion efficiency (IPCE) spectra were measured by 

an IPCE measurement system (K3100: McScience, Korea).  Electrochemical impedance spectra (EIS) 

were taken by using a potentiostat (CHI 608C: CH Instrumental Inc., Austin, U.S.A.) to analyze the 

kinetic parameters in the DSSCs [19-21]. 
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3.3. Results and Discussion 

Crystalline structures and grain sizes of ZnO nanoparticles and nanoporous spheres were 

analyzed by XRD (Fig. 3-1).  The diffraction confirms the crystalline ZnO having hexagonal 

wurtzite structure (JCPDS #36-1451).  From Williamson-Hall plots [22-24], synthesized ZnO 

nanoporous spheres are composed of ~35-nm-sized grains, while the grain size of the commercial 

ZnO nanoparticles is ~55 nm.  

The ZnO-bilayer electrodes were sequentially prepared by the bottom layer made with only 

ZnO nanoparticles and the top-scattering layer fabricated with various mixing ratios of nanoparticles 

and nanoporous spheres.  As shown in Fig. 3-2, the plan-view SEM images of the scattering layers 

indicate that the nanoparticles and nanoporous spheres are mixed uniformly, not aggregated separately.  

The diameter of nanoporous-sphere is approximately 150 - 500 nm, with the average size of ~300 nm.  

As the ratio of nanoporous spheres increases, void spaces in the film get larger.  The cross-sectional 

SEM images show bilayer structures consisting of the nanoparticle bottom layer and mixed scattering 

upper layer, without any crushes at the interface.  The average thickness of the bilayer films is 

approximately 5.5 μm, and the deviation is less than 10 percent.  The poor connectivity among the 

ZnO nanoporous spheres with the decreased nanoparticle ratio is consistent with the plan-view SEM 

images. 
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Fig. 3-1. (Color) X-ray diffraction of the ZnO films consisting of only nanoparticles or nanoporous 

spheres.  The peak intensities and positions from the hexagonal ZnO (JCPDS #36-1451) 

are shown as solid lines.   
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Fig. 3-2. (Color) Plan-view and cross-sectional SEM images of the ZnO-bilayer electrodes.  The 

weight ratios of nanoparticle (NP) to nanoporous sphere (NS) for the top layers are (a) 

10:0, (b) 7:3, (c) 5:5, (d) 3:7, and (e) 0:10, respectively.  Blue labeled boxes are higher 

magnification for the bilayer interface.  



87 Chapter 3. 

To investigate the optical properties of the mixed scattering layer, the diffused reflectance of the 

bilayer films (without dye) were measured (Fig. 3-3(a)) [25,26].  With the increased nanoporous-

sphere ratio, the diffused reflectance increases, indicating the better light-scattering ability of 

nanoporous spheres due to the comparable size to the visible light wavelength [27,28].  The optical 

images also confirm the scattering effect by the nanoporous spheres.  Without dye, the film which 

consists of only nanoparticles has the weak scattering effect, and the green color of background 

transmitted clearly through the whole film.  With the increase ratio of nanoporous spheres, the color 

of film is getting unclear and the color changes to totally white when the ratio reaches to NP:NS = 

0:10.  After dye adsorption, as the amount of nanoporous spheres increases, the color of the film is 

changed from transparent red to opacity pink.  This observation shows the efficient scattering effect 

of the mixed bilayer obviously. 

Furthermore, after dye adsorption, the NP:NS = 3:7 film shows the highest extinction (Fig. 3-

3(b)).  Especially when NP:NS = 3:7 film is compared to the NP:NS = 0:10 film, the higher 

extinction near the dye-absorption peak is more clear [29].  The results indicate an optimum 

condition for the surface area between void filling by nanoparticles and primary nanoporous spheres.  

The notable change in the curve shape for the NP:NS = 0:10 film (Figs. 3-3(a) and (b)) means that 

light scattering plays a role considerably for the adsorbed dye molecules [30].   
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Fig. 3-3. (Color) (a) Diffused reflectance spectra and optical images of the ZnO-bilayer electrodes 

before dye loading with various mixing ratios.  (b) Extinction spectra with dye loading. 
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The solar-cell performance of the DSSCs fabricated with the various ZnO-bilayer electrodes 

was investigated (Fig. 3-4(a)), and the parameters for each cell were summarized in Table 3-1.  The 

mixed scattering layer improves the both short-circuit current (Jsc) and fill factor (FF), compared to 

the nanoparticle layer.  In particular, the optimum power-conversion efficiency (η) of 2.91% is 

obtained at the ratio of NP:NS = 3:7, and the trend of η is generally consistent with that of Jsc.  The 

Jsc value of NP:NS = 5:5 is higher than that of NP:NS = 0:10, however, this shows the opposite 

tendency with extinction data.  The extinction data (Fig. 3-3(b)) represents higher value in NP:NS = 

0:10 than in NP:NS = 5:5, and this means NP:NS = 0:10 absorbs the more light due to the efficient 

scattering effect of nanoporous spheres.  Nevertheless, the reason of the higher Jsc value of NP:NS = 

5:5 would be the shorten electron path length due to the added nanoparticles between nanoporous 

spheres, resulted in the fast electron transport.  Although NP:NS = 0:10 has more efficient scattering 

effect, recombination caused by relatively long electron path gives rise to reduction of Jsc.  And also 

lower resistance value of the charge transport (Rct) in impedance data (Fig. 3-5) supports that NP:NS = 

5:5 has the fast electron transport. 

The open-circuit voltage (Voc) values are not notably changed among the cells except for the 

NP:NS = 3:7.  From the general trend of parameters, I cautiously consider that the value for the 

open-circuit voltage in NP:NS = 3:7 is out of the tendency.  I consider about different 

nanomorphologies of porous spheres synthesized from the limited number of samples.  Open-circuit 

voltage is represented as [31]: 

0J

J

e

nkT
V

SC
OC ×»

,
                          (1) 

from the general one-diode model [31], and between two conditions of the NP:NS = 5:5 and 3:7, the 

difference in Jsc (i.e., ln Jsc) is not enough to impact on Voc.  Also, the change of Voc may result from 

the difference of reverse saturation current J0.  I have synthesized nanoporous ZnO spheres by 

hydrothermal method [16], and the nanostructural quality of porous ZnO spheres may vary from 

batch-to-batch, thus resulting in the difference of band offset, charge-transfer mobilities, porosities, 

and etc. [32,33]. 
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Fig. 3-4. (Color) (a) Photocurrent-voltage curves of the DSSCs with various mixing ratios.  (b) 

Incident photon-to-current conversion efficiency (IPCE) spectra.  
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Table 3-1. (Color) Characteristics of photocurrent-voltage curves and charge-transfer resistances (Rct) 

for ZnO/electrolyte interfaces, with various mixing ratios of nanoparticles (NP) and 

nanoporous spheres (NS) for the bilayer electrodes in the DSSCs. 

 

NP:NS Jsc (mA cm-2) Voc (V) FF η (%) Rct (Ω) 

10:0 5.98 ± 0.25  0.56 ± 0.01  0.67 ± 0.01  2.25 ± 0.15  30.7 ± 0.3  

7:3 6.64 ± 0.30 0.55 ± 0.01 0.65 ± 0.02 2.36 ± 0.17 33.1 ± 0.2  

5:5 7.45 ± 0.13 0.56 ± 0.01  0.68 ± 0.03  2.81 ± 0.14  29.8 ± 0.2  

3:7 7.47 ± 0.24 0.58 ± 0.01  0.67 ± 0.01  2.91 ± 0.13  31.6 ± 0.2  

0:10 7.28 ± 0.18 0.56 ± 0.01  0.64 ± 0.02  2.60 ± 0.09  34.5 ± 0.3  
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In order to characterize the light-harvesting effects of cells with various mixing ratios, I carried 

out IPCE measurements, shown in Fig. 3-4(b).  If charge-collection probabilities are similar among 

the cells, quantum efficiency depends on the light trapping inside the solar cell [34-37].  The 

different values among the cells in the long wavelength range of 600 - 800 nm is not significant, 

especially when the cells establish a certain degree of the scattering effect as nanoporous spheres 

added.  Nevertheless, the NP:NS = 3:7 cell exhibits the highest IPCE values and this IPCE trend is 

consistent with the extinction data (Fig. 3-3(b)).  Therefore, the enhanced light-harvesting capability 

(i.e., Jsc) by the mixed scattering layer is attributed to efficient light scattering and increased surface 

area.  

Impedance analyses were performed to understand the electrical properties of the synthesized 

solar cells [38-41].  Nyquist plots display two semicircles in Fig. 3-5(a), and the larger semicircles in 

low frequency range (~100 - ~103 Hz) are related to the charge transport/accumulation at dye-attached 

ZnO/electrolyte interfaces, and the smaller semicircles in high frequency (~103 - ~105 Hz) are 

ascribed to the charge transfer at the interfaces of electrolyte/Pt-counter electrode [42].  The 

impedance parameters were extracted using the equivalent-circuit model (inset of Fig. 3-5(a)), and the 

fitting lines are shown as solid lines in the Nyquist and Bode plots.  From the charge-transfer 

resistances (Rct) in Table 3-1, I can see that the proper mixing ratio (e.g., 5:5 or 3:7) exhibits lower 

values implying more efficient charge-transfer processes across the ZnO/electrolyte interfaces, while 

the pure nanoporous sphere layer (0:10) shows the highest Rct.  The low resistance favors the 

transport of the electrons injected within ZnO, thus eventually leading to an effective collection of 

electrons [11].  The better connectivity achieved by the nanoparticles likely facilitate charge transfer 

by providing electron-transport pathways, thereby resulting in the enhancement of FF with less 

recombination.  

Schematic representations illustrate the effect of the mixed scattering layer (Fig. 3-6).  This 

mixed scattering layer of nanoparticles and nanoporous spheres offers the effective scattering ability, 

and also provides the direct charge transport pathway not by the point contact among big-sized 

nanoporous spheres.  
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Fig. 3-5. (Color) (a) Nyquist and (b) Bode plots with various mixing ratios of ZnO nanoparticle to 

nanoporous sphere.  Solid lines are the fitting results using the equivalent-circuit model 

in the inset.    
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Fig. 3-6. (Color) Schematic figures for the effect of mixed scattering layer with nanoparticle and 

nanoporous sphere on the performance of ZnO-based dye-sensitized solar cells.   
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3.4. Conclusion 

The efficient use of sun light is the other important issue with interface recombination in metal 

oxide of DSSCs.  The incident light can be used effectively as increase the light-path length passed 

through the metal oxide film by scattering effect.  Efficient scattering effects of various hierarchical 

nanostructures have been confirmed by many studies [16-18,43-45].  Among the various hierarchical 

scatterers, nanoporous ZnO spheres with tens-of nanometer particles are employed both in chapter 2 

and 3 experiments.  Because of very efficient scattering effect of nanoporous ZnO sphere, they 

would rather reflect the incident light before dye absorbs when ZnO spheres are near the glass where 

the light is incident.  Therefore, proper position of scatters should be designed for using its scattering 

effect efficiently.  This experiment is carried out with the film thickness (~5.5 μm) less than half of 

film thickness (~12 μm) in chapter 2 due to entirely focus on scattering effect and the promising 

perspective of DSSCs is that obtains high efficiency in thin metal oxide with sufficient light 

absorption.  Because when film gets thicker than electron diffusion length, recombination exceeds 

the increased electrons from increased surface area and absorption is not increased proportionally to 

film thickness, therefore, thicker film drops the voltage eventually with decreased average electron 

density of the film [46,47].  Since thin film cannot absorb the light sufficiently from the low amount 

of dye loading, it is very important to use the light efficiently with scattering effect in enough thin 

metal oxide film to allow transport all the generated electrons to electrode.  For these reason, the 

bottom layer consists of only nanoparticle to supply the large surface area and minimize the light loss 

and the upper layer composed of nanoporous spheres acts as a scattering layer are designed in thin 

film of ~5.5 μm.  Especially in this study, I plan to optimize the scattering layer.  The scatterers 

should have large size of several hundreds for efficient scattering of visible wavelength; thus, large 

voids exist between scatterers and electrons transport through the point contact among scatterers.  

Therefore, the upper layer is made up of the various ratios of mixture of nanoparticle and nanoporous 

sphere and nanoparticles in the mixture offer the additional surface area by filling the large voids 

among hundreds-sized nanoporous spheres and facilitate the carrier transport through providing short 

electron-path length. 
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Differences in scattering effects among samples are very distinct and easily distinguished with 

the naked eye from changes of film colors, which are getting whiter.  Although the highest efficiency 

is obtained in NP:NS=3:7, it was found that impact of scattering on the efficiency is great from higher 

efficiency of film composed of only nanoporous spheres (NP:NS=0:10) than that of only nanoparticle 

(NP:NS=10:0).   

When I plan this experiment, I expected not only the better transport from offering short 

electron path through adding nanoparticles, but also increasing the surface area.  I try to analyze the 

transport property by impedance, however in measurement frequency region, the recombination at 

metal oxide/electrolyte interfaces and charge transport through material oxide are mixed.  I think 

more-sophisticated analysis such as transient absorption spectroscopy is needed to investigate effects 

of added nanoparticles on the electron transport [48,49].  Although added nanoparticles would 

facilitate the electron transport, electrons should cross the grain boundary of added nanoparticles, not 

only the nanoporous one.  I consider that would be interesting to investigate the transport property 

with various sized of nanoparticles, especially bigger size one, finding the optimization between 

surface area and transport property. 

This experiment indicates enhanced efficiency through mixed scattering layer of nanoparticles 

and nanoporous spheres and efficient scattering effect, increased surface area, and better transport 

have an effect on efficiency enhancement.  If the impact of these improvement factors can be 

quantified through an additional analysis of BET for comparison of surface area and transient 

absorption spectroscopy for transport property, it is considered to present the standard for more 

advanced studies in scattering research filed. 
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Chapter 4. Concluding Remarks 

 

4.1. Concluding Remarks 

The effect of TiO2-coating on the ZnO-based DSSCs performance is systematically investigated 

with various TiO2-coating thicknesses (topic 1).  The TiO2 layer plays an important role in the 

suppression of the formation of Zn2+/dye complexes and the recombination at ZnO/dye/electrolyte 

interfaces.  As a result, the power-conversion efficiency is enhanced by approximately three times.  

In addition, nanoparticles and nanoporous spheres are mixed with various ratios to improve the 

utilization of scattering layer in ZnO-based DSSCs (topic 2).  Nanoporous spheres play an important 

role in the scattering effect with the large surface area, but possess disadvantages of large voids and 

point contacts between spheres.  Nanoparticles advance facile carrier transport with the additional 

surface area, thereby improving the solar cell efficiency by the enhanced short-circuit current (Jsc) and 

fill factor (FF).  These results imply that not only interface control but also nanostructure 

optimization are greatly important in metal oxides of DSSCs. 

Besides emphasizing the importance of interface control and efficient use of light theoretically, 

it is experimentally demonstrated.  Nevertheless, smaller film thickness of topic 2 (~5.5 μm) than 

topic 1 film thickness (~12 μm), higher current in topic 2 (7.47 mA/cm2) than in topic 1 (6.77 mA/cm2) 

is obtained, which indicates the increase in surface area by adding nanoparticles to the scattering layer.  

The increased surface area leads to more recombination; therefore, the average value of Voc in topic 2 

(0.56 V) is much lower than that of the topic 1 (0.62 V).  Considering the reported diffusion length 

of nanostructured ZnO film of ~8 μm, the increase in film thickness (≥ ~5.5 μm) is proper direction 

for efficiency improvement [1].  Although more occurrences of the recombination from increased 

film thickness can be an issue of concern, the recombination can be effectively reduced by interface 

control using TiO2 that is already proven its superior impact in topic 1.  Therefore, the collaboration 

of topic 1 and topic 2 is considered to be better and expected results will be discussed in next chapter 

in details.  
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4.2. Future aspects 

I consider synergy effects of surface coating and scattering effect based on the factors affecting 

the efficiency.  Due to the limited information in this study, I try to predict theoretically as close 

approximation as possible to approach quantitatively with precise values.  The energy conversion 

efficiency (η) is determined by the short-circuit current (Jsc), open-circuit voltage (Voc), fill factor of 

the cell (FF), and intensity of the incident light (Pin) as given by [2]: 

 = 	
   	   	  	

   	
	.																																																																								(1) 

Voc means the potential when the flux of recombining charges becomes equal to that of charge 

generation and defined as below [3]: 

   =		
   

  
   	

   	

  
 																																																																		(2) 

where n is diode ideality factor, Jph is photo-generated current, and J0 is saturation current which is 

typically expressed as [3]: 

  =	   	    	                                 (3) 

where neo is the electrons density available for recombination when the device is in the dark, krec is the 

recombination rate, NA is the density of empty redox states available for recombination.  From these 

relations, the main determinants of Voc are regard as photo-generated current (Jph) and recombination 

rate (krec).  The optimized nanostructured film used in future work is bilayer with scattering layer in 

topic 2.  This scattering layer is composed of mixture of nanoparticles and nanoporous spheres to 

increase the surface area and facile electron transport.  The nanostructured film is coated with TiO2 

to reduce interface recombination between ZnO/electrolyte, and to improve the acidic stability of 

electrode.  The thickness of metal oxide is decided comparable to diffusion length that is thicker than 

that of topic 2 (~ 5.5 μm), as consider the reported diffusion length of nanostructured ZnO film [1].  

Therefore, optimized nanostructured film has larger surface area than those of topic 1 and topic 2.  

Increased surface area by the addition of nanoparticles in scattering layer and increased film thickness 

allow to absorb more dyes that increase photo-generated current (Jph).  Thus, the higher Voc value 

than that of topic 2 (~0.56 V) is expected from increased photo-generated current (Jph).  Additional 
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TiO2-coating layer reduces the recombination rate (krec) of ZnO and also contributes to increase Voc 

value.  Since the collaboration of topic 1 and topic 2 has the larger surface area than that of topic 1, it 

leads to more interface recombination.  Therefore, Voc of the collaboration of topic 1 and topic 2 is 

expected to be similar or smaller than that of the topic 1 (~0.62 V) [4,5]. 

Jsc is difference between photo-generated current and lost from recombination and is expressed 

as below when a cell is under the illumination with the incident photon flux of Iphoton(λ) [3]: 

   =	  	        ( )	    	    	   

    

    

  																																																			(4) 

where qe is the electron charge, ηLHE is the light harvesting efficiency, ηinj is electron injection yield 

from N719 dye into metal oxide, and ηcc is charge collection efficiency at the electrode.  The light 

harvesting efficiency (ηLHE) can be enhanced by using absorbers having higher molar absorption 

coefficient, more amount of dye loading, or increased optical path length with scattering effect.  In 

the optimized nanostructure, the light harvesting efficiency (ηLHE) is enhanced by efficient scattering 

effect of bilayer structure and increased amount of dye loading caused by additional surface area from 

nanoparticles in mixture and increased film thickness.  The electron injection efficiency (ηinj) from 

N719 dye to TiO2 is reported to be almost 1 [6].  Therefore, TiO2 coating is considered to enhance 

the electron injection efficiency (ηinj) because faster kinetic property of electron injection from dye to 

TiO2 than dye to ZnO [7,8].  The charge collection efficiency (ηcc) is related with the mobility and 

the recombination rate in metal oxide [3].  Not only the reduced recombination by TiO2 layer, but 

also shorten electron path-length by added nanoparticles help more charges to reach electrode before 

recombination, resulting increase of charge collection efficiency (ηcc) [9].  All improved points of 

optimized nanostructure are beneficial to improve Jsc, thus most enhanced improvement is expected 

for Jsc value than that of Voc or FF. 

The fill factor is also important parameter that determines the efficiency, and defined as the ratio 

of the maximum power from the solar cell to the product of Voc and Isc [2], 

  = 	
    	    
   	   

.																																																																										(5) 
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As a high FF means there is little resistance inside the solar cell itself, in order to get higher FF, series 

resistance (Rs) should be decreased and shunt resistance (Rsh) should be increased [2].  The series 

resistance is composed of resistance attributed to the redox reaction at Pt counter electrode, ion 

transport within electrolyte, and contact resistance between TCO and metal oxide.  The shunt 

resistance is related to the recombination resistance at metal oxide/dye/electrolyte interfaces.  As 

film thickness is thicker than topic 2 (~5.5 μm) and less porous nanostructured film by TiO2 coating, 

the diffusion of ions within electrolyte becomes more difficult [10].  It increases the ion transport 

resistance so decreased FF value than topic 2 (~67%) is expected.  On the other hand, shunt 

resistance will be increased by surface coating with TiO2 and film thickness is smaller than topic 1 

(~12 μm), it will help the FF not to be smaller than that of topic 1 (~60%) [11].  Therefore, FF value 

is expected to be increased than topic 1 (~60%) but decreased than topic 2 (~67%).  The expected 

synergy effects are illustrated in Fig. 4-1. 

As mentioned above, the collaboration of two factors (topic 1 + topic 2) is expected to have a 

more improved Jsc value than those of topic 1 and 2, when surface treatment with TiO2 is applied to 

optimized bilayer structure.  Although Voc and FF values are found to be in between values obtained 

from topic 1 and 2, the synergy effects are considered in the film consisting thickness comparable to 

diffusion length [1]; therefore, the respective film thickness of bottom and upper layer and coating 

time of TiO2 should be optimized in newly constructed thick bilayer structure.   
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Fig. 4-1. (Color) Schematic figure for the synergy effects of optimized bilayer ZnO electrode coated 

with TiO2 in dye-sensitized solar cells.   
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염료 감  태양 지는, 1991  스 스  그 첼 님 그룹에 해,  높  

효 인 7%  효  보이며 처  보고 었다.  염료감  태양 지는 한 조단가, 

플 시  (flexible), 그리고 다양한 색상 구  등  인해 차  태양 지  망한 

후보자  간주 었지만, 재 지 효 이 10% 에 르고 있다.  염료 감  

태양 지  효  향상시키  해 는, 인 구 분인 염료, 산 속, 그리고 해

질 모 가 개 어야 한다.  염료  경우 가시  역  를 증가시키  해, 감

소  드갭  새 운 염료가 개 어야 한다.  산 속  표면 개  통해 해질과

 계면 사이에  생하는 재결합  소 하고 나노구조 어를 통해 산란효과를 

하여야 한다.  마지막  해질  경우, 해질  산 원 를 낮추어 지  

압 손실  소 하고  해질  개  통해 장시간 사용에 한 안  

보해야 한다.   

1장에 는, 염료 감  태양 지  주요 구 분인 염료, 산 속, 그리고 해질

 근 동향과 나아가야 할 향에 해 하 다.  특히 이 논  주요 목표인 산

속  표면 개 과 나노구조 어  요  강조하  해, 산  속에 한 부분

 욱 자 하게 다 다.  

2장에 는, 산  티타늄에 한 산  아연  표면개 이 염료 감  태양 지  효

에 미 는 향  다양한 산  티타늄 시간에 라 체계  연구하 다.  산  

티타늄  효  감소시키는 아연 이 /염료 복합체  과 산  아연 계면에

 생하는 재결합  효  감소시키며, 개 압 (Voc)과 단락  (Jsc)를 모  

향상시 다.  결과 , 1시간  산 티타늄 시간에  가장 높  효  보 며, 

이는 표면개  하지 않  태양 지에 해 약 3  증가  효 향상  보여주었다. 
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3장에 는, 산란효과를 극  시키  한 나노구조 어 연구가 행 었다.  효

과 인 산란효과 뿐 아니라  표면  가지는 나노다공  산 아연 입자를 이용하여 

산란  구 하 다.  하지만 나노미  크  나노다공  산란입자들 사이에는 

공간 (voids)이 존재하고 자 또한 입자들 사이   (point contact)에 해 달

게 다.  이러한 단 들  십나노미  나노입자  다양한 합  통해 극

복하고 산란  하 다.  산란입자  나노입자  합  통해  산란  

나노다공  입자에 한 산란효과  첨가  나노입자에 해 증가  표면 과 향상  

자 달특  인해 단락  (Jsc)  충  (FF)이 모  향상 었다. 

마지막 장인 4장에 는, 첫 번째 연구주 인 산 티타늄  이용한 표면 과  번

째 연구주 인 산란  구조 어  시 지 효과에 해 이  고찰 었다.  

 산 아연 나노구조를 산  티타늄  이용하여 표면 하  , 증가  생  

 (Jph)  감소  재결합  (krec)에 해 번째 연구에  얻어진 개 압 

(~0.56 V)보다 증가  개 압이 다.  충  (FF)  경우 향상  자 달 특

 인해 직 항 (series resistance)이 감소 어, 첫번째 연구주 에  얻어진 충

 (~60%)보다 증가  것  다.  단락  (Jsc)는 첫번째 연구 (6.77 

mA/cm2) 그리고 번째 연구 (7.47 mA/cm2) 보다 욱 향상  것  상 며, 그 

이 는 단락 에 향  미 는 모든 인자들 (   (ηLHE), 자 주입  (ηinj), 

캐리어 집진 (ηcc))이 추가  나노입자  산  티타늄 표면 에 해 향상  것이  

이다.  이러한  시 지 결과들  고 해 보았  , 산 속  표면 어  

나노구조 어는 고효  염료 감  태양 지를 해  드시 필요하다.   

 

주요어: 염료 감  태양 지, 산  아연 극, 표면 , 나노 구조 어, 산란 효과. 

학번: 2012-30727 
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