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ABSTRACT 

MYOUNG-RYUL OK: Soft Lithographic Patterned Architectures  
in Dye Sensitized Solar Cells  

(Under the direction of Edward Samulski)  

Arrays of periodic surface features were patterned on mesoporous Nb2O5 and TiO2 

films by soft-lithographic techniques to construct photonic crystal (PC) structures on the back 

side of the oxide. The patterned oxide films were integrated into dye-sensitized solar cells 

(DSSCs) and their performance was evaluated relative to flat (unpatterned) counterparts. The 

PC structure on niobium oxide surfaces caused large changes in optical characteristics, 

particularly in the blue wavelength regime. The incident photon-to-current conversion 

efficiency (IPCE) of patterned niobium oxide anodes exhibited a relative enhancement over 

the entire wavelength range corresponding to the higher absorption in optical measurements. 

However, the effect of surface PC structures on the optical response of the TiO2 is different 

from that of the Nb2O5 photoanode. The enhancement of light harvesting efficiency (LHE) is 

not obviously due to the higher thickness and larger dye loading than Nb2O5 films. However, 

patterned TiO2 samples exhibited higher global efficiency than the flat reference, although 

there was no notable change in LHE. It was hypothesized that surface PC structures changed 

the de-trapping rate from trap states based on the simulated reflection behavior near the 

surface of the PC structure, and that in turn, enhances charge collection efficiency. 

A cubic array of rectangular ITO posts (556.5µm, 10µm period) were fabricated on 

FTO coated glass in order to reduce the distance between charge generation points in the 
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mesoporous TiO2 film and the transparent conductive oxide (TCO) layer in an effort to 

enhance charge collection in the DSSCs. In spite of the decrease in optical transmission due 

to the tall ITO structures, DSSCs with patterned ITO exhibited increased photocurrent by 

12~18% to the reference DSSCs with identical volume of sensitized TiO2. However, DSSCs 

with patterned ITO substructures showed deterioration in the open circuit voltage (Voc), fill 

factor, and global efficiency. Electrochemical impedance spectroscopy (EIS) showed that 

DSSCs with patterned ITO exhibited faster recombination rates leading to the decline in Voc,, 

fill factor, and global efficiency. We conclude that a barrier coating to suppress back electron 

transfer to the electrolyte should be conformally applied in order to take full advantage of the 

patterned ITO substructure. 
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CHAPTER 1 

LITERATURE REVIEW OF AND INTRODUCTION TO SOFT-LITHOGRAPHY  
AND DYE-SENSITIZED SOLAR CELLS 

 

1.1 Introduction to soft-lithography 

Nanopatterning is one of the key technologies in modern science and engineering. 

Most of the nanopatterning methodologies were developed initially for semiconductor 

industries1 which require continued reduction of feature sizes to integrate more components 

per unit area, reduce manufacturing cost, miniaturize electronic devices, lower power 

consumption, and increase processing power of the devices.2 Recently, it has been discovered 

that nanostructured materials do not simply mean physically smaller feature sizes, but new 

properties of existing materials solely stemming from their dimensions.3-8 Good examples of 

these inherent departures from nominal properties with decreasing size are the metal-

insulator transitions of metal clusters,3 the Coublomb blockade and single electron 

tunneling,4 and quantum dots.5-8 So, it becomes even more important to develop 

nanopatterning methodologies not only to enable smaller feature sizes, but to build new 

nanostructures with a variety of functional materials in various fields, such as optics,9 

biotechnology,10 and/or energy materials.11,12  
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In this section, I provide a brief review of nanopatterning methods focusing on the 

conventional photolithographic technologies and the newly developed soft-lithographic 

methods.  

1.1.1 Photolithography 

Photolithography is a technique to utilize UV lights, photomasks, and photoresists to 

fabricate patterns.1 Figure 1.110 shows a typical nanopatterning processes using conventional 

photolithograpy. A thin photoresist layer was spin-coated onto the substrate (first step of the 

Figure 1.1) and exposed to UV radiation to develop a nanopattern in the photoresist on the 

substrate. In this step, usually a projection-printing system is utilized for projecting the 

image/pattern on the photomask in reduced size onto the photoresist thin film.13,14 By proper 

etching and removal of the residual photoresist, nanopatterns are subsequently formed on the 

substrate. Since photolithography utilizes projections of images at the photomasks onto the 

photoresist to transfer the nanopatterns, the resolution of the nanopatterns are determined by 

the precision of the optical system. It is widely known that shorter wavelengths are critical to 

getting smaller resolution in optical microscopy.1 So, UV wavelengths used for 

photolithography have moved to shorter wavelengths, e.g. 436nm (g line of Hg lamp, 

resolution of the nanostructure: 500nm), 365nm (i line of Hg lamp, 350nm resolution), 

248nm and 193nm (KrF and ArF excimer laser respectively).1,14 However, higher resolution 

could be achieved even with the same wavelength of UV in combination with delicate optical 

technologies like phase shifting masks,15 immersion optics,16,17 or the absorbance modulation 

optical lithography (AMOL)18 to overcome the wavelength limitation. For further reduction 

of feature sizes below 100nm, advanced lithographic techniques such as electron-beam 

lithography,19 X-ray lithography,20 ion beam technologies,21 and/or proximal probe 
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lithography22 are required. On the other hand, there are several problems with the fabrication 

of nanopatterns that depend on the photolithographic methodology: adaption of these new 

technologies inherently results in a spike in the manufacturing costs;14 moreover, 

photolithography can basically be applied only to flat surfaces due to its optical nature.1,14 

Moreover, with the spreading of nanopatterning technologies beyond microelectronics, there 

arose strong needs for nanopatterning techniques which can form nanostructures not only 

simply with photosensitive materials, but with various functional materials to pattern 

functionalities on the surface,23 e.g., proteins on the surface,24 or organic photovoltaic 

materials.25 So, new methods for nanopatterning which are easily accessible to scientist in 

various fields and are low cost became necessary. The new technology should also be able to 

pattern various functional materials below the micrometer scale, even onto non-flat surfaces. 

  

Figure 1.1 Schematic representation of the typical photolithography steps for nanopatterning. 
(Reprinted with permission from reference 10. Copyright © 2006 Elsevier Ltd.) 
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1.1.2 Soft-lithography 

As nanotechnologies become mature and widespread in various fields of sciences and 

engineering over the last couple of decades,26-29 the manufacturing cost of the nanopatterning 

techniques has become a more important factor to researchers in various fields. To the 

biological scientists and materials scientists who require a number of experiments, 

nanopatterning techniques have still been difficult to access and expensive14 to manage for 

the bulk of experiments, in part because nanopatterns fabricated by state-of-the-art 

techniques are expensive and are usually just for one-time use. So, there has been a strong 

demand for new techniques which enable the construction of nanopatterns at a resolution on 

the ~100nm level with reduced expense.10,14   

Whitesides and coworkers have opened a new field called ‘soft-lithography’ which 

enabled low cost fabrication of nanopatterns on the lab-scale in the 1990s:14,23,29 instead of 

building new nanopatterns with photolithography every time, they reproduced nanopatterns 

by adapting soft elastomers which are the ‘replicas’ of the expensive master nanopatterns 

made by conventional photolithography. Polydimethylsiloxane (PDMS) has been the main 

elastomer since the invention of the soft-lithography,14 and other polymeric materials such as 

polyacrylates,30 polyurethane (PU),31 fluoropolymers,32,33 polyolefins,34 polycarbonates.35 

Recently, a new fluoropolymer, perfluoropolyether (PFPE) was developed and intensively 

used for nanopatterning by DeSimone and coworkers.36-38 PFPE has advantages such as high 

permeability of vapors, higher strength, and low surface energy compared to the prevailing 

PDMS.37  

Soft-lithography is generally classified in detail as microtransfer molding (µTM),39  

replica molding (REM),40 solvent-assisted micromolding (SAMIM),41 micromolding in 
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capillaries (MIMIC),42 and microcontact printing (µCP),43 depending on the physical and 

chemical characteristics of the methods. Figure 1.229 is a schematic representation of the 

specific soft-lithography techniques listed above. 

 

Figure 1.2 Schematic representation of soft-lithographic techniques following the 
classification of reference 29. (Reprinted with permission from reference 29. Copyright © 
1998 Annual Reviews) 
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1.2 Dye-sensitized solar cells (DSSCs) 

With the predicted exhaustion of current fossil energy resources, extensive and 

intensive research is ongoing for the realization of solar energy, one of the attractive 

sustainable energy technologies.44 According to Grätzel,45 as the solar energy supplied in a 

year is estimated to be 3μ1024J, more than 104 times of the annual energy consumption by 

human civilization. Energy produced by photovoltaic (PV) cells with just 10% conversion 

efficiency covering 0.1% of the earth’s surface could supply sufficient energy to mankind. In 

the history of PV technology, initial PV cells have been dominated by solid-state junction 

devices based on crystalline or amorphous silicon which could be readily adapted to the 

built-in technologies of the silicon semiconductor industries,45 as is evident in Figure 1.3.46  

The dye-sensitized solar cell (DSSC) has been one of the emerging photovoltaic cells 

with very low production costs since the first report of 7.1% efficiency by O’Regan and 

Grätzel in 1991.47 By the combination of better dye molecules absorbing a wider spectrum of 

sunlight,48-52 and/or new electrolytes with enhanced transport,53-55 their efficiency exceeded 

12% in 2011,55 and current world record is 15%.56  

In this section, I present brief explanations of the basic operating principles of the 

DSSC. Also, I introduce the research trends and issues associated with the improvement of 

the conversion efficiency of the DSSCs in terms of the basic operating principles. 
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Figure 1.3 Best research cell records of various types of PV cells by timeline. (This figure is 
reprinted with permission by the National Renewable Energy Laboratory, 
http://www.nrel.gov/ncpv/images/efficiency_chart.jpg.46  Accessed July 24, 2013.) 
 

1.2.1 Basic principles and terms of DSSCs  

As anatase nanoparticle TiO2 has a band gap energy of 3.2eV,57 which corresponds to 

the photon energy of the UV light, it is not a proper material for photovoltaic cells as it is, 

because it cannot absorb and utilize a large portion of sunlight, i.e., the visible and the IR. So, 

in DSSCs, TiO2 nanoparticles are sensitized with a mono layer of dye molecules which 

absorb a wide spectrum of sunlight and inject excited electrons to the underlying supporting 

TiO2, and the electrolyte transferring electrons to the holes in the dye molecules.45 As DSSCs 

solely depend on the monolayer of dye molecules to harvest photons and produce electrons, 

the TiO2 layer should have a large surface area in order to accommodate the maximum 

number of dye molecules on the surface of TiO2. Typically, the TiO2 layer in the DSSC has a 
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mesoporous morphology consisting of nanoparticles around 20nm; this provides sufficient 

internal surface area—a factor of 1000 greater than the arial area.48 The injected electrons 

diffuse through the nanoparticle network to be finally collected by an FTO film before 

flowing to the counter platinized electrode through an external circuit. The typical electrolyte 

contains iodide/triiodide (I-/I3
-) ions:45 when a dye molecule (denoted by S in its stable state) 

absorbs a photon to give an excited electron in its LUMO level (S*), it can inject the electron 

to the TiO2, and thereby leave a hole in the HOMO of the dye (S+). Finally, the I- ions in the 

electrolyte regenerate the dye (S+S) and transform to I3, which can be oxidized again to the 

I- ion at the platinized counter electrode. The schematic representation of the operation 

principle of the DSSC is summarized in Figure 1.4.47 

 

Figure 1.4 Schematic representation of the operation principle of DSSC. (Reprinted with 
permission from reference 47. Copyright © 1991 Nature Publishing Group) 
 

Generally, DSSCs are composed of a photoanode which is a sensitized TiO2 film on 

the transparent conductive oxide (TCO) electrode (typically the fluorine-doped tin oxide 

(FTO)), a platinized cathode, and an electrochemical redox electrolyte containing I-/I3
- ions 
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for regeneration of dye molecules. For enhanced stability, solid state DSSCs with the solid 

hole-conducting organic layer were reported58 to avoid liquid electrolytes which are less 

stable and difficult to seal. 

Characterization of the solar energy conversion performance of DSSCs is basically 

evaluated by the incident-photon-to-current conversion efficiency (IPCE) measurement as a 

function of photon wavelength, and the J-V (or I-V) measurement under simulated sunlight, 

typically called AM1.5 (100mW/cm2, full sunlight).58 IPCE is the ratio of the number of 

electrons collected at the external circuit to the incident flux of (monochromatic) photons on 

the sensitized TiO2 films, generally expressed as equation 1.47 

 

IPCE λ LHE λ φ                                    (1.1) 

	 

Here, LHE λ  is the light harvesting efficiency, φ  and  are charge injection efficiency 

(CIE) and charge collection efficiency (CCE), respectively. The details of the LHE, CIE, and 

CCE will be discussed in the next section. IPCE is also called the external quantum 

efficiency (EQE).59 As IPCE indicates the conversion efficiency as a function of wavelength, 

it is especially useful when combining a photonic crystal geometries with DSSCs.59-61 

The J-V (or I-V) measurement shows the maximum photovoltage (called as the open 

circuit voltage), photocurrent (short circuit current), and power output of the DSSCs. By 

linearly sweeping potentials (typically from -1V to 1V interval), resultant current is 

monitored with and without illumination. The J-V curve in the dark reveals the electrical 

characteristics of the DSSC, e.g. the shunt resistance, etc.62 Important parameters under 

illumination are the open circuit voltage (Voc), the short circuit current density (Jsc), the 
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maximum power output and/or global efficiency () of the cell, and the fill factor (FF). The 

open circuit voltage, Voc, is the maximum voltage in the J-V curve when the DSSC is in an 

open circuit condition, i.e. the net external current is equal to 0. So, under open circuit 

conditions, as the external current is equal to zero, electrons injected to the TiO2 network 

from the dye molecules should be balanced by the electron back transfer from the conduction 

band of TiO2 to the I3
- ions in the surrounding electrolyte.63 The measured open circuit 

voltage is the difference between the quasi Fermi level of the TiO2 and the redox potential of 

the triiodide/iodide ions in the electrolyte,45 as shown in Figure 1.4 (noted as V in the 

figure). The short circuit current density, Jsc, is the maximum photocurrent density flowing 

out to the external short circuit. So, the measured short circuit current is the flow of 

photoelectrons injected by the dye molecules into the TiO2 nanoparticle network, and 

diffused through it to the FTO layer, and flew out to the external short circuit.63  

In real conditions, utilization of both maximum photocurrent and photovoltage is 

impractical, due to the series resistance and finite shunt resistance not perfectly suppressing 

alternative pathways for electron transfer.64 So, by multiplying the photocurrent density (in 

mA/cm2) and the photovoltage (V) of every point in the J-V curve, one can get the maximum 

power output. Using the maximum power output conditions (Jm and Vm in the Figure 1.5), 

the fill factor (FF) of the cell can be obtained as the ratio of the value JmμVm (area of the 

rectangle in orange color in the figure) to JscμVoc (denoted as the rectangle in blue color in 

the figure). Equation 1.2 is the global efficiency () of the DSSCs using the fill factor.47 

 

η                                                        (1.2) 
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Here, Pinc is the incident power to the DSSC in measurement, usually 100mW/cm2 

corresponding to the solar energy density of AM1.5.58 Very recently, the Grätzel group 

reported an efficiency of 15%, the world record of the (solid state) DSSC so far.56 

 

Figure 1.5 Schematic representation of the typical J-V curve under illumination. The ratio 
JmVm/JscVoc is the fill factor which is graphically indicated by two rectangles in blue and 
orange colors. 
 

1.2.2 Issues for the enhancement of the power conversion efficiency 

Photoelectrochemical solar energy conversion processes occurring in DSSCs are 

thoroughly summarized in numerous references.45,47,62 The widely accepted steps are ‘light 

harvesting’ of incident photons followed by the ‘charge injection’ from the dye molecules to 

the TiO2 nanoparticle network, and charge collection processes. 45, 47, 48, 65,66 

The light harvesting efficiency (LHE) is related to the photon absorption process by 

the dye molecules. So, for higher LHE, optimized nanoparticle networks of supporting metal 
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oxide semiconductor (typically TiO2) should load a sufficient amount of dyes for maximized 

absorption. Currently, the light absorption of sensitized TiO2 film of typical thickness 

(10µm~) at the absorption peak of dye molecules (N3 or N719) reaches close to unity.45,66 It 

also depends on the characteristics of the dye species: there are several brilliant advances in 

developing new dye molecules absorbing more photons over a wider sunlight spectrum, e.g. 

N3,48 N719,50 Black dye,49 and C101.52 In summary, high LHE is achieved by the 

combination of the optimized nanostructure accommodating as much dyes as possible and 

good dye molecules which can absorb more photons over wide wavelength range. There have 

been efforts to enhance LHE through the application of photonic crystal structures which can 

reflect unabsorbed photons back to the sensitized TiO2 layer and increase the chance of 

additional absorbtion.59,61,67 The DSSCs combined with the photonic crystal structure will be 

discussed in the separate section later. 

The charge injection efficiency (CIE) is the quantum yield for charge injection,47 i.e. 

the efficiency of the photoelectron injection from the dye molecule into the nanoparticle 

network of the metal oxide semiconductors. According to Grätzel,45 the electronically excited 

dye state is deactivated so quickly (with a rate of 103~1010 s-1), that charge injection should 

occur about 100 times faster than the deactivation process. Indeed, the well-developed dye 

molecules like commercially available N3 and/or N719 also have CIEs close to unity,48,51,66 

which means that charge injection occurs in picoseconds, i.e. with a rate of 1012 s-1.45 

The charge collection efficiency (CCE) is the efficiency of collecting injected 

electrons.47 Injected electrons travel along the complex network of TiO2 nanoparticles which 

is surrounded by the electrolyte containing iodide/triiodide redox couples and cations. Many 

researchers pointed out that the nature of electron movement in the TiO2 network is not the 
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drift, but the diffusional process due to the shielding of Coulomb potential of electrons by the 

cations in the electrolyte which in turn, prevents the formation of the electric field in the 

mesoporous TiO2 film that enables charge drift.68 Some researchers showed that diffusing 

electrons spend 10-3 to 100 seconds in the nanoparticle network experiencing trap/detrap 

processes of ~106 times before harvested by the FTO layer.69 Most of the trap states are 

provided by the interfacial defects between nanoparticles, and electron back transfer occurs 

mainly from the trap states of the nanoparticle network to the I3
- ions in the electrolyte.44 

Moreover, even after collected by the FTO layer, electron back transfer can occur from the 

FTO layer to the electrolyte.63 These electron back transfer pathways give basic ideas on how 

to improve the CCE: cover the FTO layer with a dense barrier coating,54,66,70,71 and/or form 

TiO2 structures with less interfacial defects, and/or  reduce the diffusion length of electrons 

to the TCO.44,66 TiCl4 treatment has been reported as an effective method for forming a dense 

TiO2 barrier coating on the FTO layer in order to suppress electron back transfer.48,70,72-74 In 

an effort to reduce the diffusion length from the charge generation point to the FTO as well 

as the number of interfacial defects, TiO2 layers comprised of 1-dimensional (1D) geometry 

were reported in the form of nanowires73,74 and nanotubes.75,76 Nevertheless, as these 1D 

geometries inevitably have reduced surface area for the dye monolayer, their overall power 

conversion efficiencies were not comparable to that of conventional random nanoparticle 

networks.44 So, in order to take advantage of both aligned geometries and the mesoporous 

morphology, branched structures were developed such as nanotripods,77 nanoflowers,78 and 

nanoforests.79,80 Additionally, alterations of the DSSC structures aimed at minimization of 

the diffusion length to the TCO were reported in the form of conformal, thin TiO2 layers69,81 

and patterned electrode structures.66 
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1.2.3 Photonic crystal (PC) structures 

A photonic crystal is a periodic optical structure on the wavelength scale (several 

hundred nanometers) which can control the propagation of photons.82 Joannopoulos et al.83 

used an analogy to explain the nature of photonic crystals: just as periodic electrostatic 

potentials of atoms can control the propagation of electrons in the crystals, periodic array of 

refractive index contrast on the wavelength-scale can alter the propagation of photons. Figure 

1.6 shows the analogy between electronic bandstructure of Si atoms in diamond structure and 

photonic bandstructure of dielectric particles (=12) in a diamond structure.83 

Photonic crystals originate from the work of Yablonovitch84 and John85 in 1987. 

Historically, Lord Rayleigh observed a photonic band gap from a 1-dimensional stacking of 

aternative refractive index materials,82,83 as shown in Figure 1.7 (left).82 This phenomenon is 

actually very frequently found in nature, e.g. iridescence of butterfly wings.83  However, 

Yablonovitch and John’s work showed the extension of the photonic band gap concept to 

more than 1-dimension, and successfully drew strong attention from researchers. Since then, 

researcher have focused on finding new 2- or 3-dimensional (3D) photonic crystal structures 

that can be realized with available fabrication methods.83 The center and right images of 

Figure 1.7 are conceptual representations of 2D and 3D photonic crystals, respectively.82,86 
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Figure 1.6 Electronic bandstructure of Si atoms in diamond structure (left) and photonic 
bandstructure of dielectric spheres in diamond structure showing the analogy of control of 
electron motion in the periodic electrostatic potential and photons in the periodic refractive 
index contrast. (Reprinted with permission from reference 83. Copyright © 2003 Elsevier 
Ltd.) 
 
 

 

Figure 1.7 Exemplary representation of the 1D, 2D, and 3D photonic crystal structures 
showing the two repeating unit of different refractive indices conceptually. (Redrawn 
following the reference 86.) 
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Historically, the realization of a complete photonic band gap with 3D structures of 

high refractive index materials like Si has been challenging requiring expensive, multistep 

photolithographic techniques that depend on ‘top-down’ approaches.82 The self-assembly of 

colloidal building blocks provided a much easier way to fabricate 3D photonic crystal 

structures.87 One of the most popular 3D photonic crystal structures of this type is the inverse 

opal structure,88 which is the inverse structure of a FCC array of monodisperse particles. 

Figure 1.888 shows an inverse opal 3D photonic crystal and the resultant optical 

characteristics. As shown in the figure, at the wavelength corresponding to the photonic band 

gap, an abrupt drop of transmission and an increase in reflection can be seen. So, if the 

inverse opal photonic crystal layer is combined with a sensitized mesoporous TiO2 layer in 

the DSSC, photons that are not absorbed (or harvested) by the sensitized TiO2 layer cannot 

propagate through the photonic crystal layer but are reflected back to the sensitized layer and 

can be “reused.”59-61  

In DSSCs, polystyrene (PS) is the popular material for the FCC array, because once 

the FCC array is formed, it is easy to make the inverse structure by filling the interstitial 

spaces between PS spheres with oxide precursors and then removing the PS by 

calcination.59,61 Bilayer structures of inverse opal photonic crystal in conjuction with a  

sensitized TiO2 mesoporous layer59-61 is the typical architecture in the photonic crystal 

DSSCs. Figure 1.961 shows the complex multistep processing required to build such an 

architecture. By changing the diameter of the PS spheres, one can easily tune the photonic 

band gap wavelength61 to enhance the LHE of the wavelength region where the intrinsic 

absorption of the dye molecule is weak.59,61 However, the complex multistep process for 

fabricating the bilayer structure has prevented researchers from applying inverse opal 
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photonic crystal structures easily to the DSSCs, and has been the source of interfacial defects 

at the sensitized TiO2/inverse opal layer interface. So, the usefulness of light scattering 

inverse opal layer has been controversial59-61 and reports dealing with a sufficient number of 

samples—enough for statistics need to confirm the enhancement of the power conversion 

efficiency by photonic crystals—are rare in the literature.61 So, there is a strong demand for 

new photonic crystal structures with simpler fabrication processes.  

 

Figure 1.8 (a-b) SEM images of Si 3D inverse opal structures. (c) Calculated photonic 
bandstructure of Si inverse opal showing photonic band gaps in 1.5 and 2.5µm. (d) Optical 
measurement exhibiting photonic band gaps at predicted wavelength region.(Reprinted by 
permission from reference 88. Copyright 2000 © Macmillan Publishers Ltd) 
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Figure 1.9 Complex multistep processes for building inverse opal/mesoporous TiO2 bilayer 
structure. (Reprinted by permission from reference 61. Copyright 2008 © American 
Chemical Society) 

 

1.3 Scope of thesis 

In section 1.1, I reviewed the history and challenges of conventional photolithography 

and their limitations when applied to the research outside of microelectronics, ie. in terms of 

cost and versatility of applicable materials. Soft-lithographic techniques which can be used to 

fabricate nanostructures and patterns with relative ease and at much lower cost by using 

reproduced elastomers were also introduced. As the soft-lithographic techniques are 

appropriate to deal with liquids and viscous pastes to fill the replica patterns in the elastomer, 

they can be adapted to build special nano/micro structures in the DSSCs by just slightly 

modifying the conventional doctor blading process.  

In section 1.2, the operation principles of DSSCs and related issues were introduced 

in terms of light harvesting, charge injection, and charge collection issues. Basic principles 

needed to enhance the CCE were discussed based on those working mechanisms, and then 

photonic crystals were also reviewed as candidate structures to enhance the LHE of DSSCs. 

However, as the conventional bilayer structures based on the inverse opal layer depend on 
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complex, multi-step processes, a new photonic crystal structure which can be built by simpler 

methods with good structural integrity is worth pursuing. 

Consequently, in this thesis, I suggest new architectures for DSSCs that aim to 

increase the solar energy conversion efficiency. The modified DSSC structures focus on the 

improvement of the LHE and CCE, and most importantly easier fabrication of those 

structures. For modification of the conventional DSSC structures, I apply soft-lithographic 

techniques based on the PFPE elastomers.  

In chapter 2 and 3, I suggest surface patterns for simpler photonic crystal geometries. 

As surface patterns can simply be built on the conventional mesoporous TiO2 or other metal 

oxide semiconductor layer by adding just one more step using the identical oxide paste, a 

seamless photonic crystal structure with the conventional DSSCs can be fabricated without 

major structural alterations. In chapter 2, Nb2O5 was used for the supporting mesoporous 

nanoparticle network, with a thickness around 3µm, which is about 30% of the conventional 

sensitized layer thickness of DSSCs. Fabricated nanostructures were discussed focusing on 

their nanostructures and optical behavior in terms of LHE enhancement. IPCE was used as a 

measure of solar energy conversion efficiency. In chapter 3, TiO2 nanoparticle networks were 

used for light harvesting media. Surface patterns were fabricated to form photonic crystal 

geometries by adapting soft-lithography methods. Characterization of the surface patterned 

photoanodes focus on the optical behavior of surface patterned structures and their solar 

energy conversion by IPCE and J-V measurements. 

In chapter 4, structural modification of the TCO was introduced in patterned ITO 

substructures for enhancing CCE. The ITO substructures were formed on a micrometer scale 

comparable to the typical thickness of the sensitized TiO2 layers in order to minimize 
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electron diffusion pathways to the TCO electrode. The effects of ITO substructures on the 

DSSC performances were analyzed in terms of their morphology, optical change of the 

photoanode, and solar energy conversion efficiency in IPCE and J-V measurements. 

Electrochemical impedance spectroscopy (EIS) was used to elucidate the characteristics of 

the DSSC structure with embedded ITO patterns and suggestions were made based on the 

integrated characterizations.   
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CHAPTER 2 

SURFACE PATTERNING OF MESOPOROUS NIOBIUM OXIDE FILMS FOR SOLAR 
ENERGY CONVERSION  

 

2.1 Introduction 

Since the first report of a high efficiency (~7.1%) dye sensitized solar cell (DSSC) by 

O’Regan and Grätzel,1 the DSSC has been promoted as a promising photovoltaic technology 

with lower intrinsic costs compared to conventional Si-based photovoltaic devices. 

Subsequently, extensive and intensive research has focused on improving DSSC efficiency, 

mainly by the development of new dye molecules absorbing over a wider spectrum of 

light,2,3 novel electrolytes,4-6 the design and optimization of cell nanostructures (e.g. 

tubular7,8 or nanoforests9 of TiO2), and new metal oxides and/or doped materials in addition 

to titania for dye supports.10-13 Niobium oxide has been a candidate in those efforts to replace 

TiO2, especially noteworthy for its higher conduction band energy,11,14-17 which can be a 

benefit in principle by generating a higher open circuit voltage.18 Recently, a high conversion 

efficiency (4.1%) cell having only a 4µm thick Nb2O5 nanoporous network was reported.19  

 
This chapter is reproduced with permission from Myoung-Ryul Ok, Rudresh Ghosh, M. Kyle 
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Another application of niobium oxide with its higher conduction band energy is a 

shell material of the TiO2/Nb2O5 core/shell structured DSSCs, forming an energy barrier to 

lower the recombination loss.20,21 Along with the efforts to apply niobium oxide to DSSCs 

and produce photocurrents, other approaches are underway to use niobium oxide as the wide 

band gap semiconductor electrode for solar fuel production, e.g. hydrogen generation with 

the dye-sensitized photo-electrochemical cells (DSPECs).22 An additional variable to exploit 

to obtain better performance with existing materials is to utilize optical structures within the 

DSSCs for improving photon absorption and photocurrent generation.23-31 These optical 

elements have been utilized extensively in TiO2 based DSSCs. Utilizing for instance 

additional layer of larger TiO2 particles for effective scattering that confines light in the dye-

sensitized mesoporous TiO2 layer,23 or including a photonic crystal (PC) layer on top of the 

conventional mesoporous TiO2 film for forming a photonic stop band and reflecting 

unabsorbed photons back to the mesoporous TiO2 layer.24-31 In some particularly effective 

cases, 3-dimensional (3-D) opal-like structures formed with monodisperse polystyrene (PS) 

beads were employed to create the photonic crystal layer.24-30 This structure is advantageous 

because one can easily choose the photonic stop band wavelength by simply selecting the 

diameter of the PS beads, especially targeting the red region where intrinsic photon 

absorption by the dye molecules is weak.29 However, despite the benefits of the inverse opal 

based bilayer structures, its construction is a complex multistep processes, limiting the 

practical application of PC structures to the DSSCs. Actual enhancements in cell efficiency 

with good reproducibility are rare.30 Although 2-dimensional (2-D) PC structures are not as 

effective as the 3-D PCs which form a complete photonic band gap (PBG),32 2-D PCs in the 

form of surface patterning by soft-lithography33 can be an alternative approach, considering 
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the easy and simple methods to fabricate them, and 2-D PCs have been applied to organic 

photovoltaic devices34 and solid state DSSCs.35  

Herein, I demonstrate a simple surface patterning method based on the soft-

lithographic techniques to form PC structures on the nanocrystalline niobium oxide film 

surface. A photo-curable perfluoropolyether (PFPE)36,37 was used to replicate 2-D patterns on 

a Si master and reproduce them on the surface of mesoporous niobium oxide anodes; the 

method exploits the low surface energy and high gas permeability of PFPE.38 Optical 

characteristics and solar energy conversion performances of the surface patterned niobium 

oxide films were analyzed and compared to flat niobium oxide anodes. 

 
2.2 Experimental 

2.2.1 Preparation of the niobium oxide paste via sol-gel synthesis 

Mesoporous nanocrystalline niobium oxide films were prepared on FTO coated glass 

substrates via a sol-gel route. 1.255ml (0.005mol) of niobium ethoxide (Nb(OEt)5, 99.95%, 

Aldrich) was dissolved in 10ml of ethanol, and 1ml of this mixture was hydrolyzed with 

0.3ml of ammonium hydroxide solution (29.53%, Fisher Scientific). After hydrolysis, 1ml of 

glacial acetic acid (99.9%, Fisher Scientific) was added to the hydrolyzed mixture, sonicated, 

and stirred overnight for peptization. To this niobium oxide mixture, 1.7ml of hydroxypropyl 

cellulose (Mw: 100,000, Aldrich) solution in deionized water (10wt%) was added and well 

mixed by stirring overnight. The as-prepared paste was used for mesoporous niobium oxide 

base layer and condensed paste was used for additional surface patterning on top of the base 

layer.  

2.2.2 Preparation of the patterned PFPE mold 
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For surface patterning on top of the calcined niobium oxide films by soft-lithography, 

patterned polymeric mold was prepared by following the method reported by Hampton et 

al.39: Photocurable PFPE solution (a solution consisting of 1000g/mol PFPE 

functionalized dimethacrylate and 2,2-diethoxyacetophenone as the photo-initiator) was 

poured and spread evenly onto a patterned Si-wafer. The surface pattern used was an 

arbitrarily chosen 2-dimensional hexagonal array of cylindrical posts (200nm(D)200nm(H)) 

with 400nm periodicity which was anticipated to exhibit observable effects in the visible 

wavelength range. After purging with N2 gas for 3min, PFPE was polymerized on a Si 

patterns by radiating UV light for 3min. The photo-cured PFPE film was carefully removed 

from the Si master and rinsed with ethanol to remove uncrosslinked residues on the PFPE 

film. Si wafer grade flat PFPE films were also made by using a non-patterned, flat Si wafer 

for preparing non-patterned niobium oxide anodes as a control. 

2.2.3 Fabrication of mesoporous patterned niobium oxide films 

FTO coated glass substrates (15/sq, 2.3mm thick, Hartford glass) were sonicated in 

acetone (99.5%, Fisher Scientific), isopropanol (99.9%, Fisher Scientific), and deionized 

water for 20min respectively  and then heat-treated at 500C in the air for 10min to 

completely remove organic residues before coating the niobium oxide paste. Niobium oxide 

paste was dropped onto FTO coated glass substrate districted by the tape spacers (3M), dried 

on a hot plate (80C), and then calcined in a tube furnace to 600C (2K/min) with mild air 

stream.  

Figure 2.1 summarizes the steps for fabricating surface patterned niobium oxide 

films: On top of these flat and patterned PFPE films, a very small amount of condensed 

niobium oxide paste was spread evenly. Then, the PFPE molds with very thin paste layer 
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were put onto the calcined niobium oxide layer (Figure 2.1 (a), (b)). Mild pressure was 

exerted to the calcined layer/additional paste layer/PFPE-mold assembly to ensure good 

mechanical contact among them during the drying step (in an 80C oven). After sufficient 

drying, additional niobium oxide paste layer (dried, patterned or flat) and the calcined 

niobium oxide film got fused into a single solid entity (Figure 2.1 (c)). Then, the niobium 

oxide films with additional dried layer were calcined again in the tube furnace to 600C 

(2K/min) with sufficient air stream.  

2.2.4 Characterization of the nanostructure of the patterned niobium oxide 

Crystallographic characterization was performed with X-ray diffraction (Rigaku 

MultiFlex X-ray diffractometer, Cu K radiation, 40kV-40mA, scan speed 4/min) and a 

tunneling electron microscope (TEM, 100-CX, JEOL). Morphological information of the 

calcined niobium oxide films and surface patterns was obtained with a scanning electron 

microscope (SEM, S-4700, Hitachi). UV-visible absorption spectra were collected with an 

integration sphere (Cary 5000 fitted with DRA 2500). A surface profilometer (KLA Tencor 

P-6, scan speed: 50µm/s, scan length: 5mm) was used to measure the thickness of prepared 

films. 

2.2.5 Evaluation of the solar energy conversion performances 

To evaluate the solar energy conversion performance of flat and patterned niobium 

oxide films, prepared films were sensitized with N719 dye and assembled to DSSCs: N719 

dye was dissolved to a 1:1 mixture of acetonitrile and t-butanol (0.2 mM), and the solution 

was then centrifuged to remove aggregates. Before sensitization, prepared niobium oxide 

films were heat treated (500C for 30min) and cooled down to 80C, and carefully 

submerged into the N719 dye solution. The films were sensitized overnight in the solution, 
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and rinsed with acetonenitrile to wash off unabsorbed portion of dye. The sensitized niobium 

oxide films were shaped to ~5mm5mm with a razor blade. Sealed DSSCs were prepared 

basically following methods in the literature,40 using a 100 µm Surlyn spacer and drilling one 

hole for electrolyte injection. The redox electrolyte used was a solution of 0.5 M LiI and 0.05 

M I2 in dry acetonitrile. A 75 W Xe Oriel 6251/Oriel Cornerstone 260 monochromator 

coupled with a Keithley 6517A current meter was used to measure the incident photon-to-

current conversion efficiency (IPCE).  
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Figure 2.1 Procedure for forming mesoporous patterned niobium oxide film using a photo-
cured PFPE mold. 
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2.3 Results and Discussion 

2.3.1 Morphological analysis of the patterned niobium oxide films 

The surface images of the calcined niobium oxide samples are shown in Figure 2.2. 

Patterns were well developed maintaining their original periodicity, 400 nm, as shown in 

Figure 2.2 (a). One can see that the diameter of the individual features is much smaller than 

200 nm, the original diameter of the cylindrical posts on the Si master. As the patterns were 

made of a paste containing oxide nanoparticles and a polymeric additive, a large amount of 

shrinkage occurs during the calcinations by the removal of the residual solvent and polymeric 

phase and interconnection between oxide nanoparticles. However, even with the change in 

detailed shape of individual features relative to the original mold, the resulting surface 

structures exhibited the periodic 2-D spatial dimensions which constitute a PC geometry. The 

surface of the niobium oxide film revealed a mesoporous fine structure of around 10 nm 

(based on the smallest dimension) particles, as shown in Figure 2.2 (b). Note that the top 

surface shows only the nanostructures of an additional layer formed by patterning; that layer 

experienced the calcination process just once whereas the bulk of the niobium oxide base 

layer was calcined twice. In Figure 2.2 (c), one can clearly see the bilayer structure through a 

defective top layer. The dimensions of the base layer were much coarser than the top layer. 

To resolve the morphological discrepancy between the fine top layer and the coarse base 

layer, a monolayer with equivalent thermal history to the base layer (double calcinations with 

heating rate of 2K/min to 600C) was prepared and observed with an SEM. As shown in 

Figure 2.2 (d), a layer with double calcination steps exhibited a bicontinuous mesoporous 

structure with coarser particle size about 20~40 nm, which matches well to the image of the 

base layer exposed in Figure 2.2 (c). The particles were so well connected that one cannot 
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discriminate individual nanoparticles from each other in the SEM images. This implies that 

the morphology of the base layer would have been like the fine structure of the top layer 

surface shown in Figure 2.2 (b) after the first calcination, and then became coarse and 

bicontinuous by the second calcination step. In terms of solar energy conversion, this coarser 

but bicontinuous nanostructure could be beneficial in electron transport, while detrimental to 

dye loading, in general.  

 

Figure 2.2 SEM images of the patterned niobium oxide films in different magnifications 
((a)-(c)) exhibiting mesoporous surface morphology. The bilayer structure of the thin top 
layer on a coarser base layer is evident through a surface defect in the top layer in (c), and the 
morphology of the base layer achieved by calcining a film twice is shown in (d). 
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2.3.2 Crystallographic characterization of the patterned niobium oxide films 

Crystallographic information of the niobium oxide films were analyzed with XRD 

and TEM. In Figure 2.3 (a), XRD data are shown. Considering the process conditions and 

resultant crystal structure in the literature,22,41 it appears that the crystal structure of the 

prepared niobium oxide film is orthorhombic structure (JCPDS #27-1003). However, as 

shown in Figure 2.3 (a), most of the main peaks of both an orthorhombic and a hexagonal 

structure (JCPDS #28-0317) are so close that it is very difficult to identify one from the other 

solely by XRD from a thin film on a substrate. So, transmission electron microscopy (TEM) 

was used to collect more crystallographic evidence. Figure 2.3 (b) and (c) are TEM image of 

the niobium oxide particles and selected area electron diffraction (SAED) pattern of them 

prepared by grinding the niobium oxide film. The TEM image in Figure 2.3 (b) exhibited 

fragmented nanoparticles and larger globular structures together. Though the globular 

structures are an order of magnitude larger than the average particle size of the coarse base 

layer, they revealed many sections in contrast and looked like overlapped particles of several 

tens of nanometer. So, considering the SEM images shown in Figure 2.2, they are believed to 

be the globular flakes of the prepared oxide film which were the interconnected structure of 

the nanocrystalline niobium oxide particles. From the SAED pattern in Figure 2.3 (b), the 

crystal structure of the niobium oxide nanoparticles was identified as orthorhombic structure 

(T-phase) with a zone axis ]801[ . This matches well with the crystal structure and process 

conditions reported in the literature.20,39 However, there exists discrepancy in the thermal 

history of the top and base layers and top layer is the most probable position where the 

residual low temperature hexagonal phase could exist. Figure 2.3 (c) is TEM image of the 

small ground structure and SAED pattern from it. Considering the size of the nanoparticles in 
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it, it is evident that the particle is a part of the top layer fired once. The SAED pattern in 

Figure 2.3 (c) was also identified as the orthorhombic structure with the same zone axis 

]801[ . So, it can be concluded that both top and base layers consist of nanocrystalline 

orthorhombic niobium oxide particles.  

 

   

Figure 2.3 Crystallographic analysis of the prepared niobium oxide by using (a) XRD and 
(b), (c) TEM. SAED patterns in (b) and (c) revealed an orthorhombic crystal structure with a 
zone axis ]801[ . 
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2.3.3 Optical properties of the patterned niobium oxide films 

The optical properties of the flat and patterned niobium oxide films were measured in 

the UV-visible range. Initially, apart from the mesoporous niobium oxide films shown in 

Figure 2.2, denser surface patterns were produced (by not adding polymeric additives to the 

oxide paste) to maximize the photonic crystal effect: when making photonic crystal 

structures, selection of two materials with high refractive index contrast yields the most 

effective effect.32 In this surface patterning study, one material of the repeating unit is either 

air, (refractive index=1) in optical measurements, or the redox electrolytes in actual solar 

energy conversion experiments, e.g. acetonenitrile (n=1.34) in DSSCs; the other material is 

the niobium oxide (refractive index=2.3942). Once the intrinsic refractive index of two 

materials for patterning is determined, maximization of refractive index difference could be 

achieved by forming dense niobium oxide patterns: porous materials have refractive index 

between the neat materials and the air filling the pores.  

SEM images of the dense surface patterns are shown in Figure 2.4 (a) and the 

transmission spectra in the UV-visible range of flat and patterned niobium oxide film with 

and without dyes are shown in Figure 2.4 (b). One can see a clear decrease in transmission by 

the surface patterned films, especially in the blue range, both with and without dye loading. 

The net change of transmission, reflection, and absorption by patterning are illustrated in 

Figure 2.4 (c) by normalizing the spectra from the patterned niobium oxide film to those 

from flat films. It can be seen from the plot that the effect of patterning on the optical 

property is distinct over a wide wavelength range. Moreover, PC effect is evident especially 

in the normalized transmission and absorption spectra, despite the large degree of variation 

with wavelength and the relatively small variation of normalized reflection spectra with 
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wavelength. Indeed, it was confirmed from Figure 2.4 (b) and (c) that the dense surface 

patterns on the surface constituted a PC structure strongly interacting with UV and visible 

light. However, the niobium oxide paste used to build dense patterns had critical problems in 

the surface patterning steps: as the paste did not contain polymeric additives, the additional 

layer dried too quickly when spread onto patterned PFPE mold and it could not be fused to 

the base layer. So, it was really hard to pattern a large area uniformly. Also, when spread 

onto the base layer and covered with a patterned mold to avoid the ‘quick drying’ problem, 

as the viscosity of the oxide paste without a polymeric additive is too small, it flows into the 

pores in the base layer and makes it less porous, rather than staying within the space between 

mold and base layer for patterning. Consequentially it was essential to stabilize the 

fabrication processes by using an oxide paste containing a polymeric additive while 

sacrificing some portion of the benefit of dense patterns; it would be meaningful to compare 

the optical properties of PCs made from porous patterns to those made from dense oxide 

patterns.  
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Figure 2.4 (a) SEM image of the dense patterns made of an oxide paste without polymeric 
additives. (b) Transmission spectra of flat and patterned niobium oxide films with and 
without dye loading. (c) Normalized transmission, reflection, and absorption spectra from a 
patterned film relative to a flat film as a function of wavelength. 
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Optical transmission spectra of mesoporous top layers (flat and/or patterned) identical 

to the films shown in Figure 2.2 are shown in Figure 2.5 (a). Although not so distinct as in 

the spectra of dense patterns, a drop in the transmitted intensity can be seen in the raw 

spectra. The normalized transmission in Figure 2.5 (b) indicates that the mesoporous patterns 

also formed a PC structure exhibiting decrement in transmission close to 20% around the 

400nm wavelength range. Although the decrement of the normalized transmission by the 

mesoporous patterns was about a half of the value exhibited by dense patterns, considering 

the huge benefits of the polymer-containing oxide paste in the fabrication processes, the 

degradation of PC performance with mesoporous patterns is acceptable. 

 

 

Figure 2.5 (a) Transmission spectra of flat and patterned films with mesoporous top layers. 
(b) Normalized transmission of the PC sample relative to the flat film. 
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2.3.4 Photoelectrochemical solar energy conversion by IPCE measurement 

In order to observe how the optical effects by the superficial PC structure can actually 

affect the photocurrent generation, the flat and patterned niobium oxide electrodes were 

prepared in sealed DSSCs and the incident photon-to-current conversion efficiency (IPCE) 

was measured. Figure 2.6 (a) is the IPCE of flat and patterned samples versus wavelength. 

The patterned sample exhibited higher IPCE values than the flat sample over the whole 

wavelength range shown. To clarify the PC effect as a function of wavelength, the IPCE of 

the each sample was normalized at 530nm, as shown in the Figure 2.6 (b), and the 

normalized IPCE of the sample with PC to the IPCE of a flat reference sample, as drawn in 

the Figure 2.6 (c). It is notable from the Figure 2.6 (b) that the increment in IPCE exhibited 

by the PC structure becomes more distinct as the wavelength of the photons decreases, which 

is in good agreement with the trend observed in the optical measurements in Figure 2.5 (b). 

The enhancement of IPCE over the whole wavelength range is distinct especially in the 

Figure 2.6 (c): the normalized IPCE curve in the figure lies above one, meaning that all IPCE 

values of the PC structure were greater than the IPCE of the flat sample. Although the 

patterned sample was 3.6% thicker than the flat sample (2.971 µm and 2.864 µm, 

respectively), normalized IPCE revealed a much larger difference which could not to be 

explained by the thickness difference. This implies that the decrement of light transmission 

by the surface PC structure could be related to the increment of the absorption of photons as 

confirmed in Figure 2.4 (c), and that the increased absorption of photons caused a greater 

generation of photocurrent. So, it can be concluded that building PC structures by merely 

patterning the surface is a simple but powerful strategy for enhancing light harvesting and 

solar energy conversion. It can be seen from the plots in Figure 2.6 that the surface patterns 
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were especially more effective in the blue relative to the red end of the visible spectrum. As 

the patterns form a 2-D surface PC structure with an incomplete photonic band gap (PBG) 

rather than a 3-D structure forming a complete PBG in a narrow wavelength range,32 it 

reflects photons over a wide energy span back to the mesoporous sensitized layer.30,35 So, the 

blue enhancement can be explained by the combination of the two effects: on the one hand, it 

can be attributable to the geometry (especially the periodicity35) of the surface patterns used 

in this investigation, and one can expect different optical responses by tuning the period of 

the patterns. On the other hand, it is impacted by scattering in the blue wavelength region, i.e., 

by Rayleigh scattering30,43 as photons of higher energy scatter more in the media. So, when 

unabsorbed photons are reflected back to the sensitized layer by the surface PC structure, 

reflected photons of shorter wavelength tend to have more chance for absorption. Thus, the 

enhancement of photon-to-current conversion by the surface patterns should increase by 

decreasing the wavelength of the photons, as shown in Figure 2.6 (a) through (c).  

Indeed, the superficial surface patterns described here are quite an effective strategy 

to incorporate PC effects into DSSC devices using a much simpler fabrication process 

relative to 3-D photonic crystals structures. In addition, as the PC effects result from 

combinations of refractive indices of materials and geometry of the patterns,32 if one apply 

the same patterns used in this study to other oxide semiconductor materials with similar 

refractive index, one can expect similar enhancement in solar energy conversion. Moreover, 

the hexagonal array of cylindrical posts investigated in this study was selected from extant 

patterns, not designed intentionally for optimal effects. This implies that more enhancements 

of IPCE than reported in this study are likely to be achieved by optimization of the geometry 

of the surface patterns. 
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Figure 2.6 IPCE of flat and PC samples. (a) IPCE of flat and patterned (PC) niobium oxide 
anode; (b) the normalized IPCE of flat and PC samples at 530nm and (c) the normalized 
IPCE of PC relative to IPCE of flat film, revealing an enhancement of IPCE in the blue 
range. 



45 

2.4 Conclusions 

A simple surface patterning technique using a photo-curable PFPE was applied to 

form photonic crystal structures on the mesoporous niobium oxide films. The surface 

patterns were well replicated using a PFPE mold on top of a preformed base layer with 

minimal changes in the dimensions of the oxide morphology. Even though surface structures 

exhibited changes in the detailed shape and dimensions relative to that of the mold, they 

retained the attributes of an ordered array retaining periodicity of the mold. Synthesized 

niobium oxide nanoparticles in the top and base layers had an orthorhombic structure (T-

phase) irrespective of the number of calcination steps. Optical measurements showed that the 

surface patterns formed a PC structure resulting in increased absorption of photons, 

especially in the blue wavelength region. By this surface alteration of the optical behavior of 

niobium oxide films, more photocurrent was generated in solar energy conversion 

experiments using DSSCs. The IPCE was enhanced by the surface PC structure over the 

whole wavelength range of the UV-visible spectrum, but the enhancement was more distinct 

in the blue range, agreeing with the optical measurement. In summary, mesoporous surface 

patterns on niobium oxide electrodes can be readily formed into a photonic crystal structure 

that effectively enhances the photocurrent generation. This surface patterning strategy can 

also be applied to other mesoporous oxide semiconductor materials having similar refractive 

indices (e.g., titanium oxide and zinc oxide) routinely used in DSSCs. 
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CHAPTER 3 

SURFACE PATTERNING ON MESOPOROUS TITANIA FOR DYE-SENSITIZED 
SOLAR CELLS 

 

3.1 Introduction 

Since the seminal discovery of the high efficiency dye sensitized solar cell (DSSC) by 

O’Regan and Grätzel,1 a wide range of strategies have been applied to increase its efficiency, 

primarily by the development of new dyes absorbing a wider spectrum of light,2-6 new oxide 

semiconductor supports in addition to titania,7-15 and the design and optimization of the cell 

structure, e.g. tubular TiO2.
16-19 An alternative approach to enhanced efficiency is to interface 

optical structures with DSSCs for improving photon absorption and photocurrent generation 

in the conventional mesoporous titania layer.20-27 Usami proposed a new structure having an 

additional layer of larger titania particles with optimal diameter about 1.3~1.4/k (where k 

is the wave number) for effective scattering and total internal reflection in order to confine 

light in the dye-sensitized mesoporous titania layer.20 Then, photonic crystals (PCs) were 

used to increase the path length of light: bilayer structures of a conventional base titania film 

(for loading a large number of dye molecules and mainly generates photocurrent) and 

additional photonic crystal layers having an inverse opal structure (for forming a photonic 

stop band and reflecting unabsorbed photons back to the mesoporous titania layer).21-27 The 

reason inverse opal/base bilayer structures have been intensively studied is that one can 
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easily form a 3-D photonic stop band systematically by selecting the diameter of the 

monodisperse polystyrene (PS) beads.26 This implies that one can easily design a photonic 

stop band wavelength by simply selecting the diameter of the PS, mainly focusing on the red 

region where intrinsic absorption by the dye molecules is weak.27 Mihi et al. proposed 

different sequence of bilayer structures and modeling for them, and reported an enhancement 

in IPCE by the inverse opal photonic crystal layer.23,24 Nishimura et al.21 and Halaoui et al.22 

also reported enhanced IPCE by the inverse opal PC layer. However, due to the complex, 

multistep processes required to form an inverse opal photonic crystal layer in the DSSCs, it 

has been challenging to clarify the photonic crystal effects on the actual operation of 

DSSCs.27 And, to the best of our knowledge, only the recent work by Lee et al.26 confirmed 

the enhancement of efficiency—up to 24% in the photoelectrochemical operation of 

DSSCs—with multiple numbers of samples. So, it is necessary to develop a new PC structure 

which can be fused into the DSSCs via simpler processes. For example, although PC 

structures of lower dimensions are not as effective as the 3-D PCs which form a complete 

photonic band gap (PBG),28 2-D surface patterning by soft-lithography29-31 is worth pursuing 

as an alternative approach because of its easy and simple fabrication methods.15,32,33  

Herein, I describe a simple surface patterning process based on the soft-lithographic 

techniques29-31 to form photonic crystal structures on a DSSC electrode surface. 

Perfluoropolyether (PFPE)30 was used to replicate patterns etched into Si master and 

reproduce them on the mesoporous titania electrodes. We utilize PFPE’s low surface energy 

and high gas permeability.34 The optical characteristics and the performance of the surface 

patterned DSSCs were analyzed and compared to the flat DSSCs. 
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3.2 Experimental Section 

3.2.1 Materials  

A titania gel containing nanocrystalline anatase titania particles and a polymeric 

plasticizer (DSL 18NR-T) was purchased from Dyesol. The gel was diluted—mixed with 

ethanol (200proof, Decon Labs, Inc.), 800mg of gel with 1ml of ethanol—for spin-casting. A 

PFPE precursor solution consisting of 1000g/mol PFPE (an functionalized 

dimethacrylate and 2, 2-diethoxyacetophenone as the photoinitiator) was donated by Liquidia 

Technologies Inc. FTO coated glass substrates (15/sq, 2.3mm thick) were purchased from 

Hartford glass. FTO coated glass substrates were sonicated in acetone (99.5%, Fisher 

Scientific), isopropanol (99.9%, Fisher Scientific), and deionized water sequencially and then 

heat-treated at 500C in the air for 10min before coating the titania gel. Cis-

bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium(II) bis(tetrabutyl 

ammonium) (RuL2(NCS)2-2TBA, commonly known as Ruthenium535 bis-TBA or N719 dye) 

was purchased from Solaronix. For preparation of the redox electrolyte, LiI (99.9%, Aldrich), 

I2 (99.99%, Aldrich), 1,2-dimethyl-3-propylimidazolium iodide (98%, Tokyo Chemical 

Industry), tert-butylpyridine (96%, Aldrich), guanidiniumthiocyanate (99%, Aldrich), and 

acetonitrile (99.9%, Fisher Scientific) were used. A 100µm Surlyn film was purchased from 

Solaronix to fabricate sealed DSSC’s. 

3.2.2 Preparation of patterned PFPE molds  

PFPE molds were prepared by following the method reported by Hampton et al.:35 A 

photocurable PFPE solution was poured onto a patterned Si-wafer and spread evenly. After 

purging with nitrogen gas for 3min, polymerization was achieved by UV radiation for 3min. 

The photocured PFPE mold was carefully removed from the mold and washed with ethanol 
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to remove uncrosslinked residues on the patterned surface. Flat PFPE films were also 

prepared similarly by using a non-patterned, flat Si wafer for fabricating non-patterned 

mesoporous titania electrodes as a control. 

3.2.3 Preparation of patterned electrodes  

FTO coated glass substrates (15/sq, 2.3mm thick, Hartford glass) were sonicated in 

acetone, isopropanol, and deionized water for 20min each, followed by heat treatment at 

500C for 10min to completely remove organic residues. Figure 3.1 shows the procedure for 

forming mesoporous patterned titania electrodes for the DSSC. Surface patterned titania 

films were prepared in a 2-step process: 1) formation of a thick base layer (Figure 3.1-(b); the 

final thickness around ~12µm after calcination), and 2) formation of an additional thin layer 

(Figure 3.1-(c), patterned or flat, less than 1µm thick after calcination).  

 

Figure 3.1 Procedures for forming mesoporous patterned titania electrodes for the DSSC. 
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To form thick base layers, titania precursor films were formed on prepared FTO 

coated glass substrates by spin-casting the titania containing gel for precise control over the 

final oxide layer thickness. The titania gel was mixed with ethanol (800mg of gel with 1ml of 

ethanol) to obtain a solution suitable for spin-casting. The diluted oxide solution was spin-

cast onto prepared FTO-coated glass substrates (2000rpm, 30 sec); this was repeated 3 times 

to achieve the desired thickness (around 10µm). On top of a thick base layer, an additional 

thin patterned layer was formed by the soft-lithographic technique called PRINTTM (pattern 

replication in non-wetting templates),30,31,32 as shown in Figure 3.1-(c). A very small amount 

of titania gel was spread evenly onto either flat (for the control group) or patterned PFPE 

molds that were placed onto the thick base layer. Mild pressure was applied to the base-

layer/additional-layer/PFPE-mold assembly to ensure good mechanical contact between the 

PFPE mold and oxide gel under layer throughout the drying step (80C in an oven). After 

complete drying, the thick base layer and the additional thin (patterned or flat) layer merged 

into a single united entity without an interior interface. The latter interface layer inherently 

appears in the conventional inverse opal-based DSSCs.21,23,26,27 The dried multi-layered films 

were calcined in a furnace at 500C into mesoporous titania (Figure 3.1-(d)). The surface 

patterns used were gratings with variable spacings consisting of rectangular lines 

(250nm(W)150nm(H) separated by 250, 500, and 750nm on the Si master), or a 2-

dimensional array of cylindrical posts (200nm(D)200nm(H)) separated by 200nm in a 

hexagonal surface pattern. 

3.2.4 Analytical instrumentation  

Both surface patterns and mesoporous morphologies of the calcined titania films were 

analyzed with a scanning electron microscope (S-4700, Hitachi). Quantitative information 
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about the surface patterns were collected with an atomic force microscopy (AFM, Veeco 

Metrology Group). UV-visible absorption spectra were obtained with an integration sphere 

(Cary 5000 fitted with DRA 2500). A surface profilometer (KLA Tencor P-6, scan speed: 

50µm/s, scan length: 5mm) was used to measure the thickness of prepared titania films. 

3.2.5 Sensitization of electrodes  

N719 dye was used for sensitization of the mesoporous titania. The N719 dye was 

added to a 1:1 mixture of acetonitrile and t-butanol (0.2mM), and the solution was sonicated 

for 30 min. The solution was then centrifuged to remove aggregates. Before sensitization, 

prepared titania films were heat treated at 500C for 30min and cooled down to 80C, then 

slowly submerged into the dye solution to avoid a thermal shock and possible damage to the 

nanoparticle network. The samples were sensitized overnight in the solution. After 

sensitization, samples were rinsed with acetonenitrile to wash off unabsorbed dye and the 

sensitized titania films were trimmed to ~4 mm4 mm with a razor blade.  

3.2.6 DSSC preparation and photochemical measurements  

In order to measure the performance of the DSSC’s, we prepared sealed DSSC’s 

basically following methods reported by Wang et al.,36 using a 100µm Surlyn spacer and 

drilling one hole for electrolyte injection. The redox electrolyte was a solution of 0.1 M LiI, 

0.05 M I2, 0.5 M 1,2-dimethyl-3-propylimidazolium iodide, 0.5 M t-butylpyridine, and 0.1 M 

guanidiniumthiocyanate in dry acetonitrile. A Keithley 6517A current meter coupled with a 

75W Xe Oriel 6251/Oriel Cornerstone 260 monochromator was used to measure the incident 

photon-to-current conversion efficiency (IPCE). The photocurrent density-photovoltage (J-V) 

curves of the cells were measured using an AM 1.5 solar simulator (NEWPORT 1000-W Xe 

lamp and an AM 1.5 filter) and a Keithley 2400 source meter. 



55 

3.3 Results and Discussion 

3.3.1 Analysis of the surface morphology and patterns 

The surface images of the calcined samples are shown in Figure 3.2. The calcined 

films exhibited a mesoporous structure with titania particle sizes around 20nm, adequate to 

load the (patterned) substrate with a sufficient amount of N719 dye. The well-formed surface 

patterns on the titania films had lateral dimension almost equal to the original dimensions of 

the Si master and the PFPE molds. This implied that it is highly probable that the heights of 

the patterns might be lower than the original mold depth dimension as a result of shrinkage 

during the drying and calcinations steps. The AFM heights of patterns have nominal values 

of ~175nm for cylinders in the hexagonal array, and ~135nm for line patterns, less than the 

master dimension (200nm for cylinders in the hexagonal array and 150nm for line patterns). 

During the drying following the PRINT step, the superficial thin titania gel layer was 

confined between the patterned PFPE mold and the previously dried, thick base layer; it fuses 

into a single entity by the diffusion of the fluid thin paste layer across the base layer interface. 

That process was enabled by the mild applied pressure to ensure the contact between the 

mold containing the titania gel and the base layer. When this interfacial junction dried, lateral 

shrinkage was prohibited by the solid base layer, and thus most of the shrinkage must be 

accommodated in the direction normal to the interface surface. As the PFPE has high gas 

permeability,34 the normal direction is the most likely direction for the evaporation of the 

solvent phase from the titania gel in contact with the mold. 

It was noted that the height shrinkage of the 2-D arrays of cylinders and 1-D lines was 

similar, 12.5% and 10%, respectively, consonant with lateral confinement effects on the 

surface plane of the base layer. A more important feature of the surface patterned 
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mesoporous TiO2 layer in Figure 3.2 (e) was the cross-section of the sample: There was no 

hint of the interface between the initial underlying thick base layer and the additional thin 

layer produced in the PRINT step. These seamless structures could be obtained because the 

base layer and thin layer used for PRINT were made from identical gels. In contrast, related 

inverse opal/mesoporous base bilayer structures are inherently susceptible to defect 

formation at the interface region during the fabrication process, and these defects can cause 

serious problems both mechanically and electrically.27 In summary, the PRINT methodology, 

a kind of soft-lithographic technique employed herein for surface patterning of titania 

electrodes, can readily form photonic crystal structures in a much simpler way without 

serious structural or interface issues.  

3.3.2 Optical characterization of the sensitized TiO2 films 

To evaluate the optical properties of the patterned TiO2 films, UV-vis absorption was 

measured in the integration sphere (IS). Figure 3.3 compares two types of integration spheres: 

one placing the sample at the entrance window of the sphere (Figure 3.3 (a)), and the other at 

the center (Figure 3.3 (b)). As the sensitized TiO2 films scatter light, and the commercially 

available FTO coated glass substrate and a metallic mask have finite thicknesses on the order 

of a millimeter, some portion of light cannot enter the IS shown in Figure 3.3 (a), even 

though the sample actually transmits or reflects that portion. The undetected portion of light 

results in an underestimation of transmission (T(λ)) or reflection (R(λ)). As this type of IS 

calculates absorption (A(λ)) by subtracting T(λ) and R(λ) from the incident intensity, A(λ) 

can be overestimated if measured by this type of IS. Moreover, as the sample is placed at the 

center of the IS in Figure 3.3 (b), all of the incident light except that absorbed can be detected. 

So, A(λ) can be calculated more accurately by subtracting the measured portion of the light 
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from the incident light. This is more important to the surface PC structures with line gratings 

which scatter and change the direction of photons,37 having a potentially higher risk of 

overestimation of absorption. 

 

Figure 3.2 SEM images of the patterned surfaces: rectangular line patterns with different 
spacing ((a) 250nm, (b) 500nm, (c) 750nm) and cylindrical post in hexagonal array (d) and 
(e). The crosssection view in (e) reveals that the base layer and PRINT layer formed a 
monolayer without an interface. Scales were 10µm in large images and 1µm in small images. 
(Scales are 1µm in the insets and 10µm in the larger figures.) 
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Figure 3.3 Comparison of two types of integration spheres for evaluating absorption of 
sensitized TiO2 samples. (a) The samples is placed at the entrance window of the IS and 
some portion of light can be neglected, leading to overestimation of absorption. (b) As the 
sample lies inside the IS, all of the light except that which is absorbed is measured by the 
detector. 
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Figure 3.4 shows measured and smoothed absorption spectra of flat and patterned 

samples respectively, after sensitization. The measurement was performed in the wavelength 

range from 350nm to 750nm, covering the UV to the near IR, but due to large scattering at 

shorter wavelengths (below 450nm), only the portion with wavelengths longer than 450nm is 

shown. Samples were located inside of an integration sphere to avoid potential intensity loss 

by reflection or diffraction. Hence, the light intensity recorded by the detector is the portion 

of the incident light minus the absorbed portion. One cannot see any distinct absorption 

enhancement by patterning. In fact, there appears to be some decrement over some or all of 

the wavelength range (Figure 3.4 (a)). This may be attributed to thickness variations both in 

an individual sample (typically ~1µm~) and between samples (average thickness of 

individual samples varied typically 12.5~13.51µm), because the spot size of the incident 

beam is much smaller than the titania film area, i.e., the measured spectra were collected only 

from a small area exposed to the incident beam.  

 

Figure 3.4 Absorption spectra of samples measured in the integration sphere. The spectra 
shown in (a) were smoothed to remove noises for easier comparison. Spectra shown in (b) 
were obtained by normalizing spectra in (a) at 530nm. 
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The trend is almost the same in the normalized spectra at 535nm, as shown in Figure 

3.4 (b). Though the difference between spectra is not so clear, one can see a very slight 

enhancement in the normalized absorption spectrum of the 250/750 sample over the whole 

wavelength range shown. Similar relative enhancements at shorter wavelengths are apparent 

in the absorption spectra of 250/250, 250/500, and HEXA samples, relative to that of the flat 

control sample. Note that the samples have 1- or 2-D photonic crystal structures only on the 

surface rather than a 3-D structure in the bulk substrate like the inverse opal architectures. 

This means that the main function of the superficial patterning is diffraction of light to 

various angles and modes depending on the photonic crystal geometry,15,37 rather than 

forming a photonic stop band at a specific designed wavelength. Thus, there cannot be sharp 

absorption enhancements at a specific wavelength in the patterned substrates. Another 

noteworthy aspect of the experimental conditions is that because of experimental limitations 

the absorption spectra in Figure 3.4 were collected in the air (refractive index, n=1), and not 

in the redox electrolyte of the DSSC. As the main component of the redox electrolyte is the 

acetonitrile, the refractive index difference between sensitized TiO2 and acetonitrile 

(refractive index, n=1.3426) is smaller than that in air. Consequently, the actual optical 

attributes of the patterned titania films should be inferred from experiment or calculations 

that consider the optical consequences of the acetonitrile medium found in a DSSC. 

To evaluate the absorption of flat, reference TiO2 and patterned samples close to the 

real operation condition of DSSCs, sensitized TiO2 films embedded in the redox electrolyte, 

and sealed between two FTO coated glasses, were prepared. The only difference between 

these samples and the real DSSCs is the absence of the Pt layer on the cathode to allow 

transmission of light. Figure 3.5 shows the absorption spectra of sensitized TiO2 films 
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embedded in the actual electrolyte to simulate the DSSCs. There is no special difference 

between groups, which agrees with the spectra in Figure 3.4. So, there is no evidence for a 

significant enhancement of the light harvesting efficiency (LHE),1 contrary to my previous 

work with 3µm Nb2O5 film.15 The discrepancy seems to result from different thickness levels 

and porosities of the two systems so that the intrinsic absorptions are too different to be 

equally affected by the surface PC structures: as the intrinsic absorption of the sensitized 

TiO2 is high enough, no significant enhancement can be made by reflection at the surface 

patterns; additionally, the thin (around 3µm) Nb2O5 films don’t absorb much and have more 

room for enhancement by surface PC patterns. 

 

Figure 3.5 Absorption spectra of sensitized TiO2 with or without surface PC structure 
embedded in the electrolyte: T and R were measured by the IS shown in Figure 3.3 (a) and 
absorption was calculated by the relationship A=1-T-R. 
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On the other hand, it can be seen from Figure 3.6 that there appear significant 

changes between the transmission spectra of samples. One most probable reason for this is 

the surface PC structures which scatter photons back to the sensitized TiO2 layer and cause 

an apparent decrement in transmission spectra depending on wavelength. However, as the 

spectra were measured before sensitization, the differences would become smaller after dye 

loading, but Figure 3.6 gives a hint about the characteristics of the surface PC structure as a 

function of wavelength. At this point, enhancement in LHE does not seem evident enough to 

cause significant changes in solar energy conversion performances. So, in the next section, I 

will show experimental data of solar energy conversion and discuss the results focusing on 

the PC effect. 

 

Figure 3.6 Normalized transmission spectra of flat (denoted as ‘0’) and patterned (1~6) TiO2 
films before dye loading.  
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3.3.3 Characterization of photoelectrochemical solar energy conversion 

The incident photon-to-current conversion efficiency (IPCE) of samples was 

measured to analyze the effects of the superficial PC structure on the characteristics of 

DSSCs. In Figure 3.7 (a), the IPCE of selected samples are shown. All of the patterned 

samples revealed higher IPCE values than the flat sample over the whole wavelength range 

shown, although significant enhancement in absorption spectra was not confirmed in the 

previous section. This suggests that incorporating photonic crystal structures in the form of 

surface patterning in DSSC is an effective way for solar energy conversion with all the LHE 

variation in error range. As IPCE is given as a function of LHE, CIE, and CCE as shown in 

Equation 1.1,1 the results in Figure 3.7 (a) imply that there might be changes in CIE or CCE 

by the surface PC structure. To clearly show the PC effect as a function of wavelength, 

IPCE’s normalized to the IPCE of a flat sample, were depicted in Figure 3.7 (b). All of the 

spectra were higher than 1, meaning there is enhancement over the whole wavelength range. 

The surface patterns were especially good at producing higher enhancement in the short 

wavelength range relative to the red end of the visible except for the hexagonal patterned 

arrays. The pattern most effective at the absorption peak of N719 dye was the 250/750 line 

pattern; the 250/250 line pattern revealed a peak around 470nm, and the 250/500 line pattern 

exhibited a plateau around 560nm. Irrespective of peak positions, the IPCEs of the line 

patterned samples revealed an increasing degree of enhancement on decreasing the 

wavelength. In general, photons with higher energy scatter more in the media by Rayleigh 

scattering.26,38 So, when unabsorbed photons are reflected back through the mesoporous 

titania electrode by the surface photonic crystal structure, photons of shorter wavelength tend 

to be absorbed more. Thus, the overall trend of photon-to-current conversion should increase 
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by decreasing the wavelength of the photons, as shown in the figure. However, the sample 

with the hexagonal pattern revealed different characteristics in its normalized IPCE: A higher 

enhancement was found at ~460nm and longer the wavelength region >640nm, and a 

minimum at 540nm. Considering the absorption peak of N719 dye, this implies that the 

hexagonal array of posts on the surface effectively enhanced the IPCE at wavelength ranges 

shorter or longer than the absorption peak of the dye.  

Nevertheless, due to the high degree of fluctuation of the absorption spectra measured 

in the IS, Figure 3.4 (a) only cover wavelengths longer than 450nm and did not show if there 

exists enhancement in LHE below 450nm range. So, there is no clear evidence to relate the 

increased IPCE in that interval to the LHE at the shorter wavelength at this moment. 

However, it can be seen in Figure 3.6 (b) and Figure 3.7 that there are coincident in the 

wavelength range between decreased transmission in Figure 3.6 (b) and enhancement in the 

IPCE in Figure 3.7, though the question if the decrement in transmission by the TiO2 films 

not sensitized can be enough to generate larger change in the IPCE shown in Figure 3.7 is 

still left open. 
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Figure 3.7 (a) Incident photon-to-current conversion efficiency (IPCE) of selected samples 
and (b) after normalization to the IPCE of flat sample. The IPCE curves of patterned samples 
all exhibit enhancement at the whole wavelength range.  
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Figure 3.8 (a) Photocurrent density vs. photovoltage (J-V), (b) Open circuit voltage (Voc), (c) 
short circuit current (Jsc), (d) global efficiency, (e) fill factor (FF), (f) thickness, (g) Jsc per 
unit thickness, and (h) maximum power per unit thickness of flat and patterned samples.  
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Figure 3.8 shows results obtained by photo-electrochemical measurements that reveal 

the effect of the surface photonic crystal structure on the characteristics of the DSSC. The 

photocurrent density vs. photovoltage (J-V) curves shown in Figure 3.8 (a) exhibit different 

short circuit current (Jsc) values with different surface patterns. As anticipated from the IPCE 

spectra, all patterned samples showed higher short circuit current densities than the flat 

sample, which can be attributed to an increased light path via the photonic crystal structure 

on the surface. Figure 3.8 (b) shows the variation of the open circuit voltage (Voc) with 

surface geometry and sample by sample. Although one can see variations of open circuit 

voltages by surface geometry, considering the strong dependency of open circuit voltage on 

the thickness of the titania layers,36 the variation may not be attributed solely to the PC effect, 

but rather to the combined effect of thickness and photonic crystal structure. This will be 

discussed later in this paragraph together with the thickness data. In Figure 3.8 (c), the short 

circuit current density of the different sample groups were drawn. All patterned groups 

showed higher short circuit current values than the flat control group, although the values 

partially overlap by the scatter in the data from sample to sample; the 250/750 line patterned 

group exhibited the maximum value. Figure 3.8 (d) presents the global efficiency of the 

DSSCs as a function of surface patterning. The average efficiency of the 250/250 line-

patterned group lies outside of the error range of efficiency values of the flat control group. 

Moreover, there is no overlap in the efficiency range between the flat control group and the 

250/750 line patterned group, meaning that enhancement of the efficiency by 250/750 line 

patterning is significant. All of the other groups also exhibited average efficiency values 

higher than that of the flat control group. The maximum average efficiency enhancement 

achieved by surface patterning, was 16.6% by the 250/750 line patterns. The other 
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enhancements were 10.9% (250/250 lines), 6.5% (250/500 lines), and 4.3% (hexagonal array 

of posts). These enhancements are remarkable, considering the extreme difference in the 

dimensions between the thickness of the titania layer (~13µm), and nearly negligible height 

of the surface structures (~135~175nm). The latter constitute only about 1.0~1.4% of the 

thickness of the base layer. Note that the efficiency enhancement of ~ 24% reported by Lee et 

al.26 was achieved by building a substantive inverse opal/base bilayer structure through 

complex multistep process. By comparison, the superficial surface patterning with PRINT 

described here is quite an effective strategy to incorporate photonic crystal effects into DSSC 

devices using a much simpler process, one exhibiting comparable efficiency enhancement to 

the inverse opal photonic stop band. The patterns investigated in this study were selected 

from extant patterns, not designed intentionally for optimal effects: this implies that more 

enhancements in efficiency than reported in this study are likely to be achieved by optimizing 

the geometry of the photonic surface patterns. 

Even with a larger enhancement in solar energy conversion exhibited in the IPCE and 

global efficiency, the optical characteristics measured do not show a clear relationship to 

explain the large enhancement. One possible reason for the discrepancy is the variation of 

thickness sample by sample, due to the manual preparation of patterned TiO2 films. For 

example, Figure 3.8 (f) shows thickness variation more than 1µm even in one group. So, one 

may argue that the apparent enhancement is actually due to the thickness variation, rather 

than optical reasons by the surface PC. To clarify this, measured short circuit current density 

and maximum power values were normalized by the thickness of each sample. In Figure 3.8 

(g) and (h), normalized short circuit current densities and maximum power generated by each 

DSSC to the thickness are shown. One can see in Figure 3.8 (g) that patterned groups had 
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higher short circuit current density values per thickness than the flat reference group, G0. 

Also, the normalized power values exhibit the same tendency shown in the global efficiency 

in Figure 3.8 (d). So, with all the variation of thickness of more than 1µm as shown in Figure 

3.8 (f), the change in solar energy conversion performances cannot be disputed. So, I would 

try to resolve the discrepancy with various aspects in the following sections focusing on the 

premise that if surface PC really enhances LHE, or if there are some other processes that can 

explain the phenomena by improving CIE or CCE without significant change in LHE. 

3.3.4 Optical simulations for light harvesting efficiency (LHE) 

 When measuring absorption in the integration surface (IS), an incident white light 

beam less than 1mm impinges on the sample and the unabsorbed portion was detected. 

However, in addition to the thickness variation from sample to sample, there exists another 

type of thickness variation within a sample: the thickness changes point by point across the 

sample surface, as shown in Figure 3.9.  

 

Figure 3.9 Thickness variation in a sample by position: (a) 12.13µm near the left edge and (b) 
14.11µm at the center region. 
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In Figure 3.9 (a), the thickness value at the point marked by two yellow lines is 

12.13µm, while thickness at the center of the scan (Figure 3.9 (b)) is 14.11µm, a fluctuation 

of about 2µm (~16%). As a result, one cannot know the exact thickness of the point of 

measurement, and this can prevent accurate evaluations of the thickness and possibly mislead 

the analysis of the absorption.  

To check if the absorption spectra are almost identical to each other regardless of 

surface structures under experimental conditions, an optical simulation was performed 

assuming a typical 10µm thick, surface patterned and dye-sensitized titania film embedded in 

the redox electrolyte. As the refractive index of N719 dye is not available in the literature to 

the best of my knowledge, the refractive index of Z709 was used from the literature.39 For 

simulations the DiffractMODTM (RSoft) package was used. 

Figure 3.10 is the simulated absorption spectra of flat and line patterned samples 

assuming sensitization with the Z709 dye. As shown in the figure, there is no significant 

change in the absorption spectra. Although the type of dye used and density of the dye 

molecules in the TiO2 film may not be equal to the experimental conditions of this study, the 

results shown in Figure 3.10 are in good agreement with the experimental absorption data 

illustrated in Figure 3.4 and 3.5. So, it can be concluded that by experiment and simulation, 

there is no evidence that surface PC structure really improves the LHE. Hence, it is highly 

probable that the large increment of solar energy conversion is due to the change in CIE or 

CCE assisted by changes in the optics stemming from the surface PC structure. For example, 

there is a strong change in reflection by the surface PC both in simulation (Figure 3.11) and 

experiment (Figure 3.12). 
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Figure 3.10 Simulated absorption spectra of flat (G0) and line-patterned groups (G1~G3).  

 

Figure 3.11 Normalized reflection of line-patterned groups to the flat (G0). The simulation 
was performed at the domain near the surface as shown in the figure. 
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Figure 3.12 Schematic representation of reflection measurement (up) and normalized 
reflection of G3 (250/750) to the G0 (flat). 
 

3.3.5 Alternative approaches to resolve discrepancies 

If one tries to resolve the discrepancy between similar LHE (or absorption) levels and 

significant changes in the solar energy conversion (since the CIE of the conventional N3 or 

N719 is close to unity2,5,40), it would be reasonable to find a process which can be influenced 
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by the surface PC structure and result in an improvement in the CCE.  One purpose of 

building PC layers on the sensitized TiO2 layer is to localize photons as the standing wave 

forms in the sensitized layer.23,24 Figure 3.13 is the field strength calculation at 360nm and 

700nm wavelengths. The field strength at 360nm (Figure 3.13 (a)) decays faster than at 

700nm (Figure 3.13 (c)), matching well to the predictions from Rayleigh scattering.26,38 As 

the portion of 360nm photons which can reach the surface PC structure located at 12µm in 

the graph is small, there exists a weak interaction between incident and reflected waves only 

near the boundary where the PC is located, as shown in Figure 3.13 (b). However, as the 

intrinsic absorption of 700nm photons by the sensitized layer is weak, the decay of 

electromagnetic field strength is slower than that at 360nm, as indicated in Figure 3.13 (c). 

However, one can see higher degrees of variation in the field strength of wave throughout the 

whole sensitized layer having a surface PC, as illustrated in Figure 3.13 (d). However, the 

average field strength is expected to be almost identical, because the wave-like variations in 

both flat and patterned layers reveal similar levels on average. Thus, one may expect higher 

fluctuations of electron concentration locally changing periodically, and this may influence 

the diffusion of electrons and affect the CCE, even though the numbers of generated 

electrons are the same on a macroscopic scale. 

Another possibility of improved CCE by the surface PC structure is the possibility of 

changes in the trap/detrap rates. When injected electrons diffuse through the TiO2 

nanoparticle network, electrons are trapped by trap states, arising from interfacial defects.41,42 

As detrapping of electrons is a thermally assisted process,43 it is meaningful to calculate the 

interaction between the surface PC structure and the IR photons. According to Peters et al.,44 

photons generated by the radiative recombination processes inside the solar cell can be 
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trapped by the surface photonic crystal structures as shown in Figure 3.14. They suggested 

that photons retained inside the solar cells by the PC can be reabsorbed and generate more 

current.44 However, radiation with sufficient photon energy, i.e., enough to excite the 

electrons at the HOMO of the dye (λ>800nm), should be counted in the absorption spectra in 

Figure 3.3, 3.4, or 3.10. So, one should focus on the IR which does not appear in the UV-vis 

measurements but is potentially energetic enough to detrap the trapped electrons. 

Degeneration of electrons in the dye molecule, cooling of hot electrons,42 recombination of 

electrons from the conduction band of TiO2 to the dye or electrolyte, are candidates for the 

internal radiative processes in DSSCs. Figure 3.15 shows the reflection of photons by the 

final 2µm slabs in both flat and patterned sensitized media. As the direction of 

recombination-related radiation would be radial, tilting was requires to calculate the 

reflection. If we consider a spherical surface for the radiation, there would be no change in 

the emission and reabsorption behavior at the other side of the hemisphere surface away from 

the sensitized layer surface (form angles of 90 to 180, if we define the outward surface 

normal as 0). So, it is expected that the surface PC can interact with the radiation toward the 

remaining half of the sphere, from 0 to 90. However, as the sensitized medium is highly 

absorbing, it would be enough just to consider emission from 0 to 30, considering the 

distance to the surface. In the figure, it can be seen that at angles 0 and 15, the PC reflects 

more than the flat surface over the whole wavelength range considered, except the slight 

depression around 1.3µm and longer wavelength region for the 15 tilting angle. The PC 

pattern reflects close to 3 times more at the peak wavelengths of 1350nm (0) and 900nm 

(15). For a tilting angle of 30, the situation is a little different from the first two spectra. 

Above 700nm, the flat surface reveals a plateau and higher reflection than the PC. However, 
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the PC strongly reflects photons in the visible which are energetic enough to excite the 

electrons in the HOMO of the dye molecule.  

To confirm this hypothesis, electrochemical impedance spectroscopy (EIS) can be 

useful to analyze the diffusion process and recombination of electrons quantitatively by using 

models by Kern et al.,45 Bisquert,46 or Adachi et al.47 which can handle the trap and/or 

recombination.  

 

 

Figure 3.13 Simulated field strength of (a) 360nm and (b) 700nm light waves in the flat and 
250/750 line-patterned sensitized layers of 12µm thick. (c) and (d) are showing the region 
close to the sensitized layer/electrolyte boundary.  
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Figure 3.14 Forbidden emissions by the photonic crystal structure. (Reprinted with 
permission from reference 44. Copyright © 2011 American Institute of Physics) 
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Figure 3.15 Calculation of reflection extended to 1.5µm wavelength IR by 2µm thick flat 
and patterned slabs by tilting angles. As the sensitized media is highly absorbing, 0 to 30 
was considered to simulate the radial radiation. 
 

3.4 Conclusions 

A simple surface patterning technique using soft-lithography was applied to form 

photonic crystal (PC) structures on the surface of titania electrodes of a DSSC. The patterns 

were well replicated by PFPE molds on top of a preformed base layer without introducing 

interfacial defects. This enabled surface patterned DSSC devices free from electron transfer 

problems between the superficial photonic crystal structure layer and the thick base layer. 

The latter is a significant drawback in inverse opal/base bilayer structures. However, there is 

no direct evidence that the surface PC enhances the light absorption, unlike other studies 

dealing with PC-combined DSSCs. Nevertheless, PC effects by surface patterns were 

distinctly exhibited in the IPCE and other photoelectrochemical, solar energy, conversion 

measurements. The IPCE was increased by surface patterning over the whole wavelength 

range, and more photocurrent was generated by the photonic crystal structures, evident from 
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the higher short circuit current values. The global efficiency of PC samples were also higher 

than flat control reference samples by 4.3% to 16.6%, which is remarkable considering the 

minuscule dimensional increment of the surface patterns ( about ~1.4% of the thickness of 

the titania electrodes). These observations suggest that this simple fabrication process can be 

readily adapted to routine DSSC fabrication. 

As there is no clear change in the absorption spectra, the enhancement of global 

efficiency is not stemming from the improved LHE. Since there is little room for 

enhancement in the CIE of the commercial dyes, I suggest a hypothesis that the CCE can be 

improved by the surface PC structure via an enhanced field strength of the light wave in the 

sensitized medium and/or the faster detrapping process by the photons in the IR range which 

can be retained inside the DSSCs by the surface PC structure. Electrochemical impedance 

spectroscopy could be employed as a convincing tool for proving this hypothesis. 
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CHAPTER 4 

PATTERNED ITO SUBSTRATE FOR ENHANCED ELECTRON COLLECTION IN THE 
DYE-SENSITIZED SOLAR CELLS 

 

4.1 Introduction 

The dye-sensitized solar cell (DSSC) has been intensively studied as one of the strong 

candidates for low-cost photovoltaics during the last 20 years since the seminal report of the 

high efficiency (~7.1%) DSSC by O’Regan and Grätzel.1 To achieve higher power 

conversion efficiency of the DSSCs, researchers have mainly focused on the development of 

new dyes absorbing a wider spectrum of light2-6 and novel electrolytes,7-9 and/or the 

application of new metal oxide supports, e.g. ZnO,10,11 SnO2,
10,12,13 or Nb2O5.

14-18  

In addition to the development of new materials, there have been other approaches 

focusing on the optimization and/or alteration of the cell structure for optical18-28 or charge 

transportational29-40 purposes. Optical elements were incorporated into the DSSC in the form 

of an additional layer of larger TiO2 particles to enhance scattering and internal reflection of 

light19 and photonic crystals (PCs) were incorporated in the form of inverse opal layers.20-26 

Additionally, surface patterns,18,27 or 1 dimensional multilayers28 have been used to reflect 

unabsorbed photons back to the mesoporous nanoparticle (NP) network. Structural 

alterations of the DSSCs were mainly introduced to facilitate the diffusion of electrons and 

suppress recombination losses which arose from the nature of the NP network: although it is 
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a highly optimized structure in terms of light absorption with imaximized surface area (7801 

or typically 1000-fold more than the geometric area),41 to accommodate sufficient number of 

dye molecules, injected electrons from the dye molecules must diffuse through the complex 

NP network and spend milliseconds to several seconds before being collected by the TCO 

layer.42 During the diffusion process, electrons experience millions of trapping/detrapping 

events at defect sites43,44 and a significant portion of them are lost by interfacial 

recombination.41 So, vertically textured architectures in the form of nanowires29-33 or 

nanotubes34-40 were adapted to reduce both the number of defect sites and the electron 

diffusion length to the TCO. However, compared to the random NP network of metal oxide 

(typically TiO2) in the conventional DSSCs, as the surface area of these one-dimensional (1-

D) structures should be inherently smaller and consequently load less amount of dye. As a 

result branched nanostructures (nanotripod,45 nanoflower,46 nanoforests17,47-49) were 

developed to increase surface area while maintaining the benefit of the vertical architecture. 

Nonetheless, contrary to the huge number of studies dealing with the improvement and 

alteration of the metal oxide structure mentioned above, relatively speaking, negligible 

attention has been paid to the TCO layer and only limited numbers of investigations 

modifying the TCO structure are available in the literature.42,50-53 As the conductivity of the 

TCO is several orders of magnitude higher than that of the mesoporous TiO2 layer, 

modification of TCO (or any conductive material with acceptable transmittance of light) by 

inserting substructures into the mesoporous NP layer can provide shortcuts to electrons and 

effectively shorten the electron diffusion pathway, as illustrated in Figure 4.1. Martinson et 

al.50 reported architecture of concentric ITO nano layers on the anodic aluminum oxide 

(AAO) template formed by atomic layer deposition (ALD) to reduce electron collection 
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lengths. Yang et al.42,51,52 reported several methods for altering TCO structures by adapting a 

square array of Ni micropillars (3µm in diameter, 10µm in period) fabricated by using  

photolithography and electrochemical deposition,42 inverse opal FTO,51 or random 

nanoparticle network of FTO substrates.52 Wang et al.53 fabricated patterns several hundred 

nanometers in height on commercially available FTO substrates (550~600nm thick) for light 

trapping by using nanoimprint and reactive ion etching (RIE). With these inventive attempts, 

all of these methods rely on complex and/or high cost processes: use of photolithography,42 

nanotemplates,50,51 atomic layer depositon,50,52 or RIE.53 So, there is a strong demand for a 

new method for fabricating patterns on TCO that is easy and is low cost, and that can be used 

in combination with the simple doctor blading employed to manufacture conventional 

DSSCs.  

I describe a simple ITO patterning method based on the soft-lithography techniques54 

to form substructures on the several micrometer scale in the DSSCs in order to reduce 

electron collection lengths. Perfluoropolyether (PFPE)55,56 was used to replicate patterns 

fabricated on a Si master, and transfer them to form a patterned ITO architecture on 

commercial FTO electrodes. Only manual fabrication methods like soft-lithography and 

doctor blading were used to build all of the structural elements of the DSSCs having 

patterned TCO substructure in order to impact the performance of DSSCs with minimal 

fabrication costs. Optical characteristics and power conversion performances of the patterned 

TCO (patterned ITO/FTO coating) DSSCs were analyzed and compared to the flat TCO 

DSSCs.  
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Figure 4.1 Comparison of the flat and patterned architecture of ITO layer depicting reduced 
electron diffusion length to the TCO in the DSSC. 
 
4.2 Experimental  

4.2.1 Fabrication of the ITO paste 

 Cubic arrays of rectangular ITO posts (5μ5μ6.5 µm (WμWμH), 10 µm period) were 

fabricated starting from ITO nanoparticles by using a soft-lithography technique. First, an 

ITO paste was prepared: 500mg of ITO nanoparticles (17-28nm, 99.5%, In2O3:SnO2=90:10, 

Nanotek, Alfa Aesar) and 1ml of ammonium hydroxide solution (29.53%, Fisher Scientific) 

were blended, and 250mg of hydroxypropyl cellulose (Mw: 100,000, Aldrich) was added to 

this mixture in the form of 10wt% solution in deionized water, and then stirred overnight for 

homogenization. This paste can be used for soft-lithography after further concentrating and 

spin-casting for flat reference ITO after dilution.  

4.2.2 Fabrication of patterned PFPE mold for soft-lithography 

For soft-lithography, PFPE molds were used to fabricate a patterned ITO layer on top 

of the FTO coated glass. The PFPE molds were fabricated using the method reported by 

Hampton et al.:57 A photo-curable PFPE precursor solution (donated by Liquidia 
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Technologies Inc.) consisting of 1000g/mol PFPE (an functionalized dimethacrylate 

and 2, 2-diethoxyacetophenone as the photoinitiator) was poured on a Si master and spread 

evenly. After purging with nitrogen gas for 3min to remove oxygen in the precursor solution, 

PFPE was polymerized by UV radiation for 3min. The polymerized PFPE mold was 

carefully removed from the Si master and cleaned with ethanol to remove the uncrosslinked 

residue on the mold surface away.  

4.2.3 Preparation of the anodes on top of the patterned TCO substrates 

The overall procedure to prepare sensitized TiO2 films on patterned TCO is described 

in Figure 4.2. FTO coated glass substrates (15/sq, 2.3mm thick, Hartford glass) were 

cleansed in acetone, isopropanol, and deionized water by sonication for 20min each, 

followed by a heat treatment at 500C for 10min to completely eliminate organic residues. A 

small amount of ITO paste was spread evenly onto the patterned side of the PFPE mold and 

that was placed onto an FTO coated glass substrate as shown in Figure 4.2 (b). 

 

 

Figure 4.2 Procedures for the fabrication of the anode of the DSSC with patterned ITO 
geometry. 
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 Mild pressure was applied to the PFPE mold/ITO paste/FTO coated glass substrate 

assembly to ensure good contact throughout the drying step (80C oven in the air). After 

complete drying, the PFPE mold was carefully removed and the patterned, dry ITO layer was 

calcined in a tube furnace under various heating conditions to obtain sintered patterns of ITO 

as suggested in Figure 4.2 (c). After calcination, one group of calcined ITO patterns was heat 

treated in a hydrogen/nitrogen mixture (5:95) to restore the conductivity of the patterned ITO 

substrates.58 Calcined ITO films were trimmed to 4.5μ4.5mm squares, and tape spacers (3M, 

magic scotch tape) were placed around the ITO layer to delineate that exposed area for the 

subsequent doctor blading step. A TiO2 paste (DSL 18NR-T, Dyesol) was then doctor bladed 

onto the patterned ITO layers, and tape spacers were removed immediately (Figure 4.2(d)). 

Doctor bladed TiO2 films were dried at 80oC on a hot plate and calcined in a tube furnace at 

500oC. After calcination, the edges of the calcined TiO2 films were trimmed so that the TiO2 

films do not contact FTO substrate directly. For reference, flat ITO films about 200nm were 

fabricated by spin-casting a diluted ITO paste (3000rpm, double layers) and calcined in the 

tube furnace. After calcination, TiO2 layers were formed on them with the same method used 

for the patterned ITO. TiO2 films were also prepared directly on the bare FTO coatings for 

comparison. 

4.2.4 Assembly of the DSSCs  

To compare the solar energy conversion performances of DSSCs with embedded ITO 

structures and conventional flat reference DSSCs, calcined TiO2 films were sensitized with 

dyes for light absorption (Figure 4.2 (f)): N719 dye (Cis-bis(isothiocyanato)bis(2,2′-

bipyridyl-4,4′-dicarboxylato) ruthenium(II) bis(tetrabutyl ammonium) (RuL2(NCS)2-2TBA, 

also known as Ruthenium535 bis-TBA, Solaronix) was dissolved in a 1:1 mixture of 
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acetonitrile and t-butanol (0.3mM), and the solution was sonicated for 30min. The dye 

solution was then centrifuged to remove residual aggregates. Before sensitization, TiO2 films 

were heat treated at 500C for 30min and cooled down to 80C, and carefully submerged into 

the N719 dye solution. The samples were soaked in the solution overnight for sensitization. 

After sensitization, the samples were washed with acetonenitrile to remove unabsorbed dye. 

4.2.5 Characterization of the DSSC structure and photoelectrochemical performances 

For optical characterization, UV-visible absorption spectra were measured with an 

integration sphere, Cary 5000 fitted with DRA 2500. For structural analysis, patterned ITO 

substrates and cross-section of the patterned TCO/mesoporous TiO2 film assembly were 

analyzed with a scanning electron microscopy (SEM, S-4700, Hitachi).  

To characterize the performance of the DSSC’s, sealed DSSC’s were prepared 

following the methods by Wang et al.,59 using a 100µm Surlyn film (Solaronix) and one hole 

for electrolyte injection. A solution of 0.1M LiI (99.9%, Aldrich), 0.05M I2 (99.99%, 

Aldrich), 0.5M 1,2-dimethyl-3-propylimidazolium iodide (98%, Tokyo Chemical Industry), 

0.5M t-butylpyridine (96%, Aldrich), and 0.1M guanidinium thiocyanate (99%, Aldrich) in 

acetonitrile (99.9%, Fisher Scientific) was prepared for redox electrolyte. A 75W Xe Oriel 

6251/Oriel Cornerstone 260 monochromator was coupled with a Keithley 6517A current 

meter for measuring the incident photon-to-current conversion efficiency (IPCE). The 

photocurrent density-photovoltage curves of the cells were obtained using an AM 1.5 solar 

simulator (NEWPORT 1000-W Xe lamp and an AM 1.5 filter) together with a Keithley 2400 

source meter.  

 

4.3 Results and Discussion 
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4.3.1 Structural analysis of the DSSC with patterned ITO substructures 

The SEM images of the patterned ITO and TiO2/patterned TCO cross-section are 

shown in Figure 4.3. The calcined ITO structures exhibited mesoporous structure made up of 

sintered ITO nanoparticles. As shown in the inlet of the left figure, ITO posts conserved their 

dimensions close to the original values in the Si master (5μ5μ6.5µm, a cubic array with a 

10µm period). So, soft-lithography using a paste form of ITO nanoparticles is clearly an 

appropriate way to transfer the patterns of the Si master to the FTO coated glass substrate for 

altering DSSC structure on a several micrometer scales. Furthermore, one can clearly see 

from the center image that the ITO patterns retained the original architecture after the post 

processes (doctor blading of the TiO2 paste and another calcination step) to convert the paste 

to a mesoporous TiO2 layer. Although the ITO posts experienced two calcination steps, the 

initial size of the ITO nanoparticle is 14 to 28nm, a similar particle size to the anatase TiO2 

(typically around 20nm), the calcination time is not long enough for distinct coarsening of 

ITO particles. The overall nanostructures of the TiO2 and embedded ITO posts are almost 

identical with similar porosity. In the cross-sectional images of Figure 4.3, a continuous ITO 

layer is observed on top of the FTO coating layer: this flash layer60 was formed during the 

soft-lithography steps because of the good wetting property of the ITO paste on the FTO 

coating layer and/or on the PFPE mold. For patterning, a very small amount of ITO paste was 

spread evenly onto the negatively patterned PFPE to fill the negative pattern on the PFPE 

mold. However, the ITO paste does not only fill the cavities in the negative pattern of the 

mold, but also forms a thin layer on the PFPE mold surface. When the ITO paste was 

transferred onto the FTO coated glass, the thin paste layer stuck to the FTO layer and formed 

a continuous flash layer. This flash layer helps the posts maintain their original position and 
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stand upright on the FTO substrate during the removal of the PFPE film after drying. 

However, the manual paste spreading process cannot control the thickness of the flash layer. 

As a result, the precision and the variation of flash layer thickness point by point from 

sample to sample or within a sample is unavoidable and can potentially be a source of large 

error in terms of electrical and optical fluctuations of the TCO properties.    

 

Figure 4.3 SEM images of the patterned ITO and cross-sections of TiO2/patterned TCO 
architecture for anode of the DSSC.  
 

4.3.2 Optical Characterization  

Under ordinary circumstances, commercially available flat ITO coated glass is 

regarded as virtually ‘transparent’ and doesn’t cause any serious issues when used as simple 

substrates of electronic devices or DSSCs. Yet, in this investigation, as the transmittance of 

the ITO patterns several micrometers high is to be smaller than that of the bare FTO coated 

glass, the difference in light intensity reaching to the sensitized TiO2 layer can be so different 

as to make it difficult to draw out the true structural effect of the patterned TCO geometry. 

So, it is necessary to define another group of DSSCs with a flat intermediate ITO layer on the 

FTO coating so that equal numbers of photons reach the sensitized TiO2 layer. In terms of 

photoelectrochemistry, this can ensure both groups of DSSCs encounter identical 

photoelectrochemical processes originating from the intermediate ITO layers (flat or 
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patterned). By optical simulation using the DiffractMODTM (RSoft), transmission spectra of 

both flat and patterned ITO were calculated and the optimum thickness of the flat ITO 

generating equal transmittance to that of the ITO post arrays at 530nm was found to be 

around 100nm. Nonetheless, as both flat and patterned ITO layers calcined were mesoporous 

bodies scattering photons severely, it should be regarded as a composite of metal oxide and 

air,61 and as a result the refractive index values in the simulation cannot be equal to data 

found for dense materials. So, the thickness was tuned experimentally using the calculation 

result as a starting point.  

The transmission spectra of a 200nm flat ITO layer and patterned ITO posts on FTO 

coated glass substrates are shown in Figure 4.4. Figure 4.4 (a) shows transmission of incident 

light by one flat ITO and two patterned ITO layers, and Figure 4.4 (b) is constructed by 

normalizing the transmission spectra of the patterned samples (namely P1 and P2) to the 

spectrum of flat ITO layer. One can see that the patterned ITO layers transmit less light over 

the whole wavelength range measured. The difference between flat and patterned ITO layers 

in transmission was more distinct in the blue range, up to 36% at 370nm, as shown in Figure 

4.4 (b). As the photons of higher energy scatter more in the media by Rayleigh scattering,26  

the biggest difference in transmission is expected in the blue region considering the 

mesoporous morphology and 6.5µm pattern height. A more important feature revealed in 

Figure 4.4 is that there exists large fluctuations amongn transmission spectra of patterned 

ITO samples. Variations of the flash layer thickness seems responsible for this large degree 

of fluctuation, considering the uncontrollable nature of the flash layer thickness during the 

manual soft-lithography steps. The fluctuation of transmission spectra among individual 

patterned samples essentially causes the volume of sensitized TiO2 to vary, and as a result, a 
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greater scattering in the photoelectrochemical energy conversion is expected than in the 

DSSCs with flat ITO layers or those built just on the bare FTO coated glasses. In the SEM 

analysis, flash layers were measured to be from 400nm to 2µm, and typically around 700nm 

 1µm range. The effect of the flash layer thickness will be discussed further in the solar 

energy conversion section. 

 

Figure 4.4 Transmission spectra of a flat and 2 patterned ITO layers formed on FTO coated 
glass substrate: (a) transmission by the flat ITO layer is larger than those of patterned ITOs in 
the whole wavelength range measured and (b) normalized transmission spectra of patterned 
samples to the flat ITO layer reveal fluctuation between patterned samples. The discrepancy 
between flat and patterned geometry is distinct especially in the blue region. 
 

4.3.3 Resistivity of the ITO 

As the motivation of the patterning on the TCO is based on the idea that TCO has 

sufficiently high conductivity to provide a fast diffusion path to electrons, it is necessary to 

find optimized process conditions for patterned ITO preparation in terms of its resistivity. 

Figure 4.5 shows the resistivity data of calcined ITO films with various calcination 

conditions. In the figure, samples with diamond symbols were calcined in a mild air stream 

to the final temperatures (heating rate: 2K/min). One can see a ‘V’ shaped curve as the final 

temperature value increases and this seems to be caused by the competition of two different 
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mechanisms to lower and raise the resistivity respectively: sintering of ITO nanoparticles 

would result in enhanced connections among nanoparticles and lower the resistivity of the 

calcined ITO films, while degradation of the individual ITO nanoparticles during the heat 

treatment in air62 would cause the degradation of electrical conductivity of the whole ITO 

film. In Figure 4.5, the fall in resistivity from 400C to 500C is thought to be dominated by 

the sintering of ITO nanoparticles by increasing thermal treatment temperature, but the 

resistivity rise from 500C to 600C can be interpreted as the degradation of the discrete ITO 

nanoparticles overwhelming the possible resistivity decrease by further sintering at 600C. 

On the other hand, the resistivity data of ITO films calcined in a closed tube furnace show 

different behavior. In Figure 4.5, the circular symbols represent resistivity data of ITO films 

calcined in a closed tube furnace (heating rate of 2K/min to 500C and 600C, followed by a 

holding time (1hour) at the final temperatures for further sintering), and square symbols show 

resistivity data of samples calcined in the closed tube furnace, followed by additional heat 

treatment in the H2/N2 mixture to recover the conductivity of the ITO films.58 When calcined 

in a closed tube in the absence of an air supply, the resistivity of ITO films further decreased 

to 600C, and this implies that the sintering mechanism extended its dominant range to 

600C, and degradation of the ITO nanoparticles was diminished in the static atmosphere in 

the tube. Moreover, ITO films calcined in a closed tube with holding time exhibited lower 

resistivity than samples treated with air stream at all temperatures. As electrically degraded 

ITO has a lower metal to oxygen ratio,62 it is reasonable to interpret the resistivity data in 

terms of the oxygen partial pressure in the quartz tube under different calcination conditions. 

When the ITO films were calcined in a mild air stream to effectively remove carbonaceous 

components in the ITO paste, the oxygen pressure was kept nearly constant and further 
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oxidation of ITO at the elevated temperatures could occur, resulting in a decreased metal to 

oxygen ratio and leading to significant degradation of the electrical conductivity. However, 

when ITO films were calcined in a closed quartz tube, some of the initial oxygen was 

consumed to burn out the polymeric phase in the ITO paste and the oxygen pressure 

gradually falls to an equilibrium value at the end of the sintering process. As a result, the 

degradation of ITO particles is not so influential and the sintering of ITO nanoparticles may 

be dominant under that condition.   

 

Figure 4.5 Resistivity of ITO films at various calcination conditions: 2K/min to final 
temperature without holding under mild air stream (◊), 2K/min to final temperature with 
1hour holding time in the closed quartz tube (○), and additional H2/N2 treatment at 300C (□). 
 

An additional heat treatment in 5% hydrogen/nitrogen mixture was performed to 

lower the resistivity of the ITO films, and the results are shown in Figure 4.5. One can see 
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that the resistivity of ITO films dropped to about a half of the initial resistivity, e.g. samples 

calcined at 600C, 12.2Ω-cm to 6.0Ω-cm, after heat treatment in the hydrogen atmosphere. 

However, even though the minimum resistivity value (6.0Ω-cm) is one order of magnitude 

smaller compared to the minimum resistivity value of the ITO samples calcined with air flow 

(51.1Ω-cm) and several orders of magnitude smaller compared to the low doping metal oxide 

semiconductors typical in DSSCs,41,52 it is still 4 orders of magnitude greater than the 

resistivity of commercially available ITO or FTO coatings (typically having sheet resistance 

of ~101Ω/sq with ~102nm thickness). Besides, as the calcined ITO is to encounter another 

calcination step after doctor blading the TiO2 paste on top of it, it is highly probable that the 

calcined ITO structures may experience a further increment of resistivity. So, it is necessary 

to understand and confirm the significance of the ITO resistivity along with the structure in 

the actual solar energy conversion conditions.  

4.3.4 Photoelectrochemical characterization of the DSSCs 

Figure 4.6 shows solar energy conversion performances of the DSSCs built on bare 

FTO, flat ITO, and patterned ITO with different resistivities, respectively. The detailed 

results are summarized in Table 4.1. For comparison, two reference groups were constructedt 

on bare FTO substrate with different thickness, 8.8 and 10.7µm, respectively, as suggested in 

Table 4.1. These values were chosen based on the total thickness of ITO/TiO2 structures 

(group 3~6) ranging from 10.2 to 11.4 µm. Assuming a flash layer thickness of the ITO 

patterns to be 1 µm, ITO structures would occupy 100% of the space from the FTO surface 

to a 1 µm height (height defined as the distance from the FTO surface in the normal direction) 

and 25% from 1 µm to 7.5 µm height, considering the geometry of the ITO patterns. So, by 

excluding the ITO volume from the total thickness (11.4µm), a thickness of 8.8µm is 
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obtained to give an equivalent volume of sensitized TiO2. So, 8.8µm thick conventional 

DSSCs (group 1) have equivalent volumes of TiO2 as the TiO2 in the DSSCs of group 6, and 

10.7µm; DSSCs in group 2 have comparable thickness to the apparent thickness of DSSCs 

with embedded ITO structures.  

 

Figure 4.6 Summary of photoelectrochemical performance data of DSSCs with/without ITO 
structures of various thermal history. Selected incident photon-to-current conversion 
efficiency (IPCE) and photocurrent density (J)-photovoltage (V) curves are also shown. 
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It is notable in Figure 4.6 and Table 4.1 that DSSCs having embedded ITO structures 

revealed a decrement of the open circuit voltages (Voc), about 100mV or more compared to 

the reference groups built on bare FTO. The drop of the open circuit voltage seems to result 

from the change of the energetics of the DSSCs by the altered cell configuration. It is 

noteworthy that no significant change in the energetics of the DSSCs was observed if the 

embedded metallic bodies were built in a discrete manner on the FTO coatings and direct 

contact between TiO2 and FTO was dominant.42 In this investigation, as both ITO sub layers 

and TiO2 films were trimmed to remove any direct contact between TiO2 and FTO coatings, 

the energetics of the cells could have changed. This explanation can be strengthened if one 

considers the electrical resistivity of the ITO embedment: as the resistivity of the ITO 

structures are in the 6.0~51.1Ω-cm range, about 4 orders of magnitude greater than the 

commercial ITO films, they cannot be regarded as metallic conductors, but more reasonable 

be considered as a doped semiconductor.52 So, it can be concluded that the huge drop of Voc 

mainly arose from the insertion of the new doped metal oxide between FTO and TiO2. In 

Table 4.1, group 4 exhibited the lowest Voc, about 40mV lower even compared to group 5 

and 6 having identical architecture. As DSSCs of group 4 were built on the patterned ITO 

substrates with the highest resistivity (51.1Ω-cm), this can be attributable to the poorer 

electrical conductivity than group 5 and 6. However, the Voc of group 3 having a flat ITO 

geometry is higher than that of the group 4, though the ITO preparation condition for the two 

groups is identical. As the volume of the sensitized TiO2 in group 3 having a flat ITO 

geometry is about 200nm thick and larger by a factor 1.35, this seems to have come from the 

difference in the cell architectures.   
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The short circuit current density, Jsc, showed a different trend to the open circuit 

voltage. The Jsc of the DSSCs with patterned ITO substrates were measured to be 12~18% 

higher than group 1. As the thickness of group 1 was determined to have an identical volume 

of sensitized TiO2 to the patterned ITO counterparts, the increment of the short circuit current 

can wholly be attributed to the patterned architectures. So, as described in the introduction, it 

has been proved that the patterned ITO substructure is beneficial to electron collection owing 

to the shorter distance to the conductive ITO. However, one can see that group 3 with flat 

ITO layers also exhibited higher short circuit current density than reference group 1 and 2, 

and similar to the patterned ITO DSSCs. The increment in the short circuit current density 

relative to group 2 having a similar thickness can be interpreted as the effect of increased 

interface area:63 as the flat ITO films were made by spin casting of viscous ITO paste 

containing ITO nanoparticles and polymeric phase, the film is mesoporous and not 

homogeneous in thickness, resulting in a larger contact area between flat ITO layer and TiO2 

film in group 3 than in group 2. The discrepancy among groups with patterned ITO 

architectures shows the effect of resistivity of the ITO.  

Although the DSSCs with patterned ITO geometries exhibited higher short circuit 

current density, the global power conversion efficiency was measured to be much smaller 

and the fill factors were also lower than the reference groups 1 and 2. The patterned ITO 

groups exhibited global power conversion efficiency values only 68~83% of that of the 

reference group 1. Group 4, built on the ITO patterns with highest resistivity, showed the 

lowest power conversion efficiency (4.1%), and groups 5 and 6 were measured to have 

similar efficiency values (4.87 and 4.89% respectively). However, comparing groups 5 and 6, 

which were initially built on the ITO patterns having different resistivity values (by a factor 2 
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after a heat treatment in hydrogen/nitrogen mixture), it can be seen that all the factors 

measured and listed in Table 4.1 are identical within the error range. So, it can be inferred 

from the data that doctor blading of TiO2 paste and the additional calcination step has 

equalized the initial resistivity difference of a factor 2, probably by further oxidation of the 

ITO structures. So, it can be concluded that the initial resistivity of the ITO patterns has a 

significant effect on the efficiency of the DSSCs after another oxidative calcination step 

when the initial resistivity values are different at least by an order of magnitude.  

The photocurrent density-photovoltage (J-V) curves shown in Figure 4.6 clearly 

reveal the characteristic behavior of conventional DSSCs (group 1) and DSSCs with ITO 

architectures. Curves under illumination manifest the results summarized in Table 4.1, and 

the dark current curves also exhibited a similar trend between DSSCs under illumination. 

DSSCs of group 4 which showed the poorest solar energy conversion performance revealed 

the lowest dark current onset voltages, while group 1 reference DSSCs, which showed best 

conversion efficiency and fill factor, had the highest onset voltage. Group 3 with flat ITO 

films and group 6 with patterned ITO with lowest resistivity exhibited almost identical J-V 

behavior both in dark and illuminated conditions. As the shift of dark-current onset to lower 

potential is an indication of higher recombination on the electrode surface,64 recombination 

of electrons seemed to influence the solar energy conversion performances primarily. As the 

power conversion efficiency of the conventional architecture showed the best results, it can 

be inferred that the embedded ITO substructures played a detrimental role in electron 

recombination.  

For quantitative analysis of the electron transport phenomena responsible for 

recombination, electrochemical impedance spectroscopy (EIS) was used. Figure 4.7 is the 
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electrochemical impedance spectroscopy (EIS) results of selected samples. Nyquist plots (left) 

show that electrochemical responses of the DSSCs with and without embedded ITO structure 

are quite different. Bode plots (right) exhibited difference in the frequency of the peak 

maxima of the center arcs. Adachi et al.65 reported the relationship between the frequency at 

the maxima and the effective rate constant, keff, giving the rate constant for the recombination 

reaction. Group 1 having conventional DSSC configuration revealed an effective rate 

constant keff =30s-1, while DSSCs with patterned ITO structure showed 54.6s-1 (group 4) and 

24s-1 (group 6) respectively. The effective rate value of group 6 sample shown in Figure 4.7 

was slightly larger than that of group 1, although the slope between 24 to 30s-1 was very 

small. The effective rate constant of group 1 samples were all measured to be 30s-1, while 

group 6 had keff ranging from 24 to 37.5s-1. The largest recombination rate of group 4 gives a 

quantitative explanation of the low conversion efficiency and fill factors. Compared to group 

1, as group 4 DSSCs have virtually identical volume of TiO2 but exhibited a much higher 

recombination rate, it would be reasonable to attribute the faster recombination rate mainly to 

the nature of the ITO substructure: as the DSSCs of group 4 produced more short circuit 

current density of than group 1, it can be inferred that the diffusion rate of injected electrons 

in the TiO2 network might be at least equal or faster than in the TiO2 nanoparticle network of 

group 1 DSSCs.  So, fewer or equal numbers of electrons in the conduction band of the TiO2 

of group 4 DSSCs are recombining with the I3
- ions in the electrolyte. That means extra 

electron back transfer to the electrolyte should occur on the surface ITO patterns to balance 

the overall rate through the TiO2 and ITO. This is a reasonable inference considering the 

faster electron back transfer from the highly doped semiconductors52 and the presence of 

tremendous number of I3
- ions coupled to the moving electrons on the surface of metal oxides 
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in the DSSCs.41,43,66 In the same way, it can be concluded that the ITO also provides the 

faster recombination reaction sites to the electrons and I3
- ions in the group 6 DSSCs, but not 

as fast as on the ITO mesoporous body of group 4, presumably due to their lower resistivity 

attributable to both extrinsic nanostructure with fewer defects and smaller intrinsic resistivity 

of individual ITO nanoparticles by the heat treatment in the 5% hydrogen atmosphere.  

In terms of the mesoporous nature of ITO nanostructures, as the ITO substructures 

were sintered nanoparticles having loose interconnections, trapping of electrons at the defect 

sites and resultant interfacial recombination might have played a major role as in the 

mesoporous TiO2.
41 Considering the thermal history of ITO layers used in group 4, a 

monotonic heating rate (2K/min) to 500C without any holding time, it is no doubt the ITO 

substructures have tremendous interfacial defects let alone a degraded intrinsic conductivity 

of individual particles by thermal oxidation.62 So, it can be concluded that both intrinsic 

conductivity of individual ITO nanoparticles by thermal oxidation/reduction and extrinsic 

structural elements made the ITO substructures in group 4 provide much favorable 

recombination sites than those of the group 6.  

In general, a dense TiO2 barrier coating has been applied in order to passivate FTO 

substrate to suppress electron back transfer to the electrolyte.8,42,67,68 Yet, the conventional 

barrier coating formation method based on titanium chloride solution2,67,69-71 could not be 

applied to the mesoporous ITO structures in this investigation, because ITO is vulnerable to 

chlorine ions and gets corroded away.72-74 In my trials with the titanium chloride solution, the 

calcined ITO structures were all destroyed after soaking the ITO layers in the solution: as the 

ITO substructures were networks of ITO nanoparticles just connected by small interfacial 

area, the corrosive conditions were sufficient to dissolve several nanometers of dense planar 



104 

ITO would and more than enough for the collapse of the networks. So, it would be necessary 

to form a conformal layer onto the ITO structures by applying pulsed laser deposition 17,47-

49,52 or CVD methods75-78 to preserve the built ITO substructures. 

 

TABLE 4.1: Summary of photoelectrochemical solar energy conversion data from DSSCs 
with/without ITO structures of various thermal history. 

Group 
Condition for ITO 

Thermal history / atmosphere 
Thickness 

(µm) 
Voc 
(V) 

Jsc 
(mA/cm2) 

Fill factor 
 

Efficiency 
(%) 

1: FTO only ˗ ˗   8.80.2 0.7720.012 11.50.7 0.6790.007 6.010.35 

2: FTO only ˗ ˗ 10.60.3 0.7630.004 12.50.5 0.6540.033 6.250.25 

3: f-ITO/FTO 2K/min to 500C air flow 10.40.2 0.6680.013 13.70.7 0.5420.010 4.970.26 

4: p-ITO/FTO 2K/min to 500C air flow 10.20.5 0.6240.033 12.90.3 0.5100.029 4.100.32 

5: p-ITO/FTO 
2K/min to 600C 
+ holding for 1H 

closed  10.91.0 0.6660.017 13.30.5 0.5480.020 4.870.31 

6: p-ITO/FTO 
2K/min to 600C 
+ holding for 1H 

closed  11.40.3 0.6650.024 13.60.4 0.5410.010 4.890.38 

 

 

Figure 4.7 Electrochemical impedance spectroscopy (EIS) results: Nyquist plot (left) and 
Bode plot (right), respectively. 
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4.4 Conclusions 

A simple surface patterning technique using soft-lithography was applied to form 

patterned ITO structures onto commercial FTO coatings in the DSSCs comparable to the 

thickness of the sensitized TiO2 layer in order to enhance charge collection efficiency. The 

prepared ITO substructures on the commercial FTO coatings were mesoporous bodies with 

different resistivity values depending on the calcination conditions, such as holding time at 

the maximum calcination temperature, atmosphere, and post heat treatment in the 5% 

hydrogen/nitrogen mixture gas. DSSCs with embedded ITO substructures had higher short 

circuit current density, ranging 12.9~13.7mA/cm2, than the conventional DSSCs (11.5 and 

12.5mA/cm2 for 8.8 and 10.6 µm thick, respectively) built on the bare FTO coatings 

regardless of the geometry of the ITO structures. The increment of short circuit current 

density can be ascribed to the patterned ITO structure which in turn, should effectively 

shorten the electron diffusion length to the conductive electrode and provide enhanced 

electron transport path by its higher conductivity than TiO2 nanoparticle network. The 

significant enhancement in short circuit current density is meaningful especially because the 

DSSCs with patterned ITO embedment had less sensitized TiO2 (about ~74% of reference 

DSSCs of identical apparent thickness) and performed with a reduced intensity of incoming 

light due to the high ITO features. However, the ITO substructures lowered the open circuit 

voltage by more than 100mV, fill factors by more than 10%, and power conversion 

efficiency to 4.1%~4.97%, compared to the reference cells built on the bare FTO coating 

(6.01% by 8.8µm thick and 6.25% by 10.6 µm thick TiO2 films). Impedance spectroscopy 

revealed that the faster recombination rate of the DSSCs with ITO substructures were the 

cause of the diminished power conversion efficiency and low fill factor. With all the benefit 
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of patterned ITO geometry in increased photocurrent density, ITO structures also provided 

faster recombination sites due to their mesoporous morphology. So, to minimize 

recombination on the surface of ITO layers and utilize the full advantage of the patterned 

ITO geometry, it would be necessary to form a dense conformal TiO2 coating on the ITO 

surface to suppress electron back transfer to the electrolyte.  
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CHAPTER 5 

GENERAL CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

 

5.1 General conclusions 

The simple surface patterning method using soft-lithographic techniques was an 

effective strategy to modify the architecture of the DSSCs without significant addition to cost 

and production complexity. Surface patterns on several hundred nanometer scales and 

substrate structures with 5 to ~6.5µm dimensions were successfully fabricated on an area of 

several square millimeters and these patterns altered the physical and electrochemical 

characteristics of the DSSCs. 

Surface patterns with 400 nm to 1000 nm periods and only 135~175nm in height 

changed the optical response of the mesoporous oxide layers in the UV-vis range, 

Nevertheless these rather small patterns were confirmed to form photonic crystal (PC) effects. 

Optical measurements showed that the surface PC structure resulted in increments of 

absorption of photons, or the enhancement of the light harvesting efficiency (LHE), 

especially when intrinsic absorption is low, e.g., the Nb2O5 layers 3µm thick with coarse 

nanostructures described in Chapter 2. However, the PC effect on the LHE enhancement is 

not clear when the intrinsic absorption is close to unity, e.g., highly sensitized TiO2 layers 

10µm thick, as shown in Chapter 3. Nevertheless, the IPCEs of both Nb2O5 and TiO2 were 

enhanced by the surface PC structure over the whole wavelength range of the UV-visible 
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spectrum, and the enhancement varied as a function of surface patterns (Chapter 2 and 3). 

Moreover, although the LHEs of sensitized TiO2 layers were measured to be virtually 

identical between flat and patterned groups regardless of the pattern geometry, the solar 

energy conversion results showed significant improvement caused by the surface PC 

structures. The global efficiency was enhanced up to ~16% by the small surface features. So, 

the data imply that surface PC structures influence the LHE directly or result in changes in 

optics which can alter the diffusion process of electrons in the DSSCs and increase the 

charge collection efficiency (CCE). Based on the optical simulations that revealed an 

amplified field strength and strong interactions within IR range, I hypothesized a potential 

relationship between the PC structures and diffusional processes in the DSSCs. For the 

confirmation of my hypothesis, further analysis using electrochemical impedance 

spectroscopy (EIS) is required. 

A simple surface patterning technique using soft-lithography was applied to form 

patterned ITO structures on commercial FTO coatings in the DSSCs; the thickness  of the 

structures was comparable  to that of the sensitized TiO2 layer in order to enhance charge 

collection efficiency. DSSCs with embedded ITO substructures had higher short circuit 

current densities than the conventional DSSCs built on the bare FTO coating regardless of 

the geometry of the ITO structures. The increment of short circuit current density can be 

ascribed to the patterned ITO structure which could more effectively shorten the electron 

diffusion length to the TCO and provide enhanced electron transport path by its higher 

conductivity than the TiO2 nanoparticle network. However, ITO substructures lowered the 

open circuit voltages by more than 100mV, lowered fill factors by more than 10%, and 

lowered power conversion efficiencies by 1~2% in absolute scale, compared to the reference 
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cells built on a bare FTO coating. Impedance spectroscopy was used to analyze the 

decrements, and revealed that a faster recombination rate in the DSSCs with ITO 

substructures was the cause of the diminished power conversion efficiency and the low fill 

factor. As the ITO patterns were built of ITO nanoparticles, the final calcined structures were 

mesoporous and the large surface area acted as faster recombination sites. Despite all of the 

benefits of patterned ITO geometry in increased photocurrent density, ITO structures also 

provided faster recombination sites due to their mesoporous morphology. So, to minimize 

recombination on the surface of ITO layers and utilize the full advantage of the patterned 

ITO geometry, it is necessary to form a dense conformal TiO2 coating on the ITO surface to 

suppress electron back transfer to the electrolyte.  

 

5.2 Future research direction 

In the previous chapters, I showed that soft-lithographic techniques are useful for the 

modification of the DSSC architectures without a significant increment of complexity of the 

manufacturing processes. The basic concept of the structural alterations used in this study 

was to form structures that influence LHE or CCE via the simplest manual processes, e.g.,  

using soft-lithographic processes for patterning, heat treatments in a furnace, and solution 

treatments. Some of my trials structural modifications were handicapped by the limitations of 

using simple manual processes, e.g., the fast recombination on the ITO patterned surface 

which could not be passivated by conventional solution treatments. So, one main idea for the 

next logical research direction is to put forward the improvement of current soft-lithographic 

techniques of this study by combining more complex manufacturing methodologies than the 
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simple manual patterning processes, to the extent that those would not diminish the benefits 

of the manual, soft-lithographic techniques—namely, its easiness and its low production cost.  

Another future direction is to turn our attention to new materials or systems not fully 

optimized yet; the DSSCs have already been optimized over the last two decades. This view 

is strengthened if one compares the discrepancy in the enhancement of photon absorption by 

the surface PC structure in the Nb2O5 layers (Chapter 2) only recently under consideration 

versus the TiO2 films (Chapter 3) that have undergone optimization for more than 20 years. 

So, one section will be allocated to discussions of photoelectrochemical solar energy 

conversion systems other than the DSSCs. 

5.2.1 Passivation of the patterned ITO surface  

As stated in Chapter 4, patterned ITO dramatically raised the short circuit current 

density of the DSSCs while abating the fill factor and global efficiency resultantly. This was 

due to faster recombination on the ITO surface not passivated by a TiO2 barrier layer. As the 

solution-based treatment common in the literature1-3 caused the ITO nanoparticle network to 

collapsed because of the presence of the chlorine ion (Cl-),4 new methods which can build 

conformal TiO2 layers on patterned ITO surfaces are needed. However, as the patterned ITO 

substructures have a mesoporous morphology, deposition methods guaranteeing good surface 

coverage must be utilized.  

Pulsed laser deposition (PLD)5-7 is the best candidates for this purpose. Moreover, as 

the PLD method can generate special aligned TiO2 structures without sacrificing the 

porosity,5,6 combined processes can fabricate architectures of patterned ITO/dense TiO2 

coverage/tree-like aligned TiO2. Figure 5.15 is an example of the mesoporous aligned TiO2 

structure fabricated by PLD. As shown in the figure, by changing the oxygen partial pressure, 
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different porosity and morphologies can be obtained. PLD is also able to form doped TiO2 

structures as reported by Ghosh et al.6 So, PLD is not simly a technique to form conformal 

layers on top of the patterned ITO, but a versatile method to introduce new architectures.  

Chemical vapor deposition (CVD)8-10 is a widely used technique to form thin films 

from chemical vapor sources with good coverage in nature. It can deposit not only dense thin 

films on the substrate, but it can produce films of various morphologies by changing 

experimental conditions: Figure 5.2 is a good example of the TiO2 structures fabricated by 

the CVD technique, TiO2 nanowires grown on the Au-doped TiO2/Si substrate.10 So, a 

combination of soft-lithographic techniques and CVD might be expected to produce a lot of 

new architectures and functional materials.   

 

 

Figure 5.1 Mesoporous aligned structure fabricated by PLD method. (Reprinted with 
permission from reference 5. Copyright © 2010 American Chemical Society) 
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Figure 5.2 (a) TiO2 nanowires grown all over the substrate and (b) side view revealing that 
the nanowires were grown on the Au-doped TiO2/Si substrate. (Reprinted with permission 
from reference 10. Copyright © 2005 Elsevier B. V.) 

 

5.2.2 Bicontinuous mesoporous structures 

Although conventional random network of TiO2 nanoparticles is a highly optimized 

structure for maximized dye loading owing to its porosity, it retains a tremendous number of 

interfacial defects at sintered particle connection sites, and these are the preferred 

recombination sites for the injected electrons during the diffusional charge collection.11 So, 

fabrication of mesoporous but bicontinuous structures is a key technology prerequisite for 

increasing the global efficiency of current DSSCs. But it is still challenging to develop a 

bicontinuous structure without sacrificing the porosity at the same time.12 Amphiphilic Bock 

copolymers have been attracting researchers’ attention because of its ability of self-assemble 

and function as a template.13-19 Yang et al. extended this strategy to a variety of metal oxides 

and reported ordered mesoporous metal oxide structures with pore sizes of ~15nm, as shown 
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in Figure 5.3.19 Guldin et al.20 reported a bilayer structure of inverse opal/mesoporous TiO2 

structure and adapted bicontinuous TiO2 structure for sensitized TiO2 layer by using block 

copolymers. Another example of a highly ordered mesoporous structure is a double gyroid 

structure reported by Scherer and Steiner.21 They fabricated a bicontinuous double gyroid 

structures for electrochromic devices by using the polystyrene-b-poly (D,L-lactide) block 

copolymer, as shown in Figure 5.4.21 The bicontinuous mesoporous structures can be 

optimized by using various combinations of block copolymers. As the porosity of typical 

bicontinuous structures is just in the 15nm range,19 there is no conflict between the pore sizes 

and the pattern scales of this study (several hundred nanometers in scale for surface PC and 

several micrometer scale for faster pathways), and it could be synergic if combined with the 

patterning methods suggested in this study. 

 

Figure 5.3 TEM image of 2-dimensional hexagonal mesoporous SnO2 along [001] zone axis. 
(Reprinted with permission from reference 19. Copyright © 1999 American Chemical 
Society) 
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Figure 5.4 Double gyroid structure as an example of bicontinuous mesoporous structure. 
(Reprinted with permission from reference 21. Copyright © 2013 American Chemical 
Society) 
 

5.2.3 Application of patterned geometry to other solar energy systems 

Although the patterning strategy was applied only to the DSSC architectures in this 

study, there are also other solar energy conversion systems under development. Since the 

first demonstration by using TiO2 electrode,22,23 research is ongoing to oxidize water to 

produce solar fuels using the hematite,24-29 or nano ITO,30,31 for example. Capturing solar 

energy and converting it to chemical energy forms is a more convenient way to utilize 

photons, as the electricity generated by photovoltaic cells must be consumed immediately or 

stored, as pointed out by Grätzel.24 In addition, daily or seasonal fluctuations of incident solar 

energy flux provides good reasons to produce solar fuels.  
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Among the materials in search, hematite, or α-Fe2O3, is a most promising material 

due to its chemical stability, small band gap energy (reported as 1.9~2.2eV, corresponding to 

560~650nm, depending on the preparation method26), and most importantly it is really cheap 

and abundant on earth.24 Its application is still challenging due to its low conductivity and 

mismatch in energy levels to the red/ox potential of water.24 Doping with group IV elements 

is a frequently used strategy to overcome the conductivity problem,27-29 and tandem cell with 

a DSSC is one concept to overcome the mismatch, as shown in Figure 5.5.24 

Basically, these systems are encountering the same problems DSSCs have overcome 

during the last two decades. So, patterning strategies on the substrates (for enhanced charge 

transport) or on the photoactive materials (for enhanced LHE by the PC structure) are 

expected to be crucial to working out increments in conversion efficiency. 
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Figure 5.5 Schematic representation of the photoelctrochemical water splitting by using a 
hematite electrode in (a), and tandem cell architecture to provide appropriate bias to the 
hematite electrode in (b). The tandem cell structure takes advantage of the mismatch in band 
gap energy of hematite and dye molecules sensitizing the TiO2 nanoparticles. (Reprinted with 
permission from reference 24. Copyright © 2011 Wiley-VCH Verlag GmbH& Co. KGaA, 
Weinheim) 
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