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1. Introduction 

A nano porous dye-sensitized solar cell (DSSC) has been widely studied since its origin by 
O’Regan and Grätzel.[1]  By virtue of many sincere attempts, a conversion efficiency of more 
than 11%[2] and long-term stability[3] has been achieved using a DSSC with F-doped SnO2 
layered glass (FTO-glass). However, relatively low conversion efficiency of the DSSC, 
compared with the crystalline Si (24.7%) or thin film CIGS (19.9%), restricts its further 
applications so far.[4] In order to improve the conversion efficiency of the DSSC, continuous 
attempts have been made in the past decades. Researchers have concentrated their attention 
on the working or counter electrode materials, synthesizing dye, additives of the 
electrolytes, nano-structures for enhancing light scattering and so on.[5-9] However, there 
have been few reports on the interface between nano-crystalline electrode material and 
current collecting substrates, in particular on the DSSC with thin and light-weight metal 
substrates. A DSSC with thin and lightweight substrate could extend its application. 
However, widely used conductive-layer-coated plastic films such as indium doped tin oxide 
(ITO) coated polyethylene terephthalate (PET) or polyethylene naphthalate (PEN) film 
degrade at the TiO2 sintering temperature of approximately 500 oC. Furthermore, thermal 
treatment of TiO2 particles below plastic degeneration temperature causes poor necking of 
TiO2 particles, resulting in a low conversion efficiency.[10] Several methods have been tried 
in order to answer to this problem, such as hydrothermal crystallization,[11] electrophoretic 
deposition under high DC fields,[12] and low temperature sintering.[13] However, these 
methods did not show the fundamental solution for the low necking problem. For better 
attempts, instead of plastic film, previous study has proposed thin metal foil as a 
substrates.[14-16] A thin metal foil can be a excellent alternative to conductive-layer-coated 
plastic films, because temperature limitation due to substrate could be eliminated. 
Focusing on the characteristics of the interface between nano-sized TiO2 and metal 
substrates, this chapter describes several effective methods for the high efficiency DSSCs 
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based on metal substrates. Briefly, we report a increased light-to-electricity conversion 
efficiency and decreased electrical resistance of DSSC with the roughened StSt substrate.[17] 
In addition, an acid treatment of the Ti substrates for nanocrystalline TiO2 photo-electrode 
prior to thermal oxidation significantly improved the optical and electrochemical behaviors 
at the same time, resulting in a highly increased performance in terms of all performance 
factors, i.e. Voc, Jsc, FF, and efficiency.[18] Finally, a synergistic effect of vertically grown TiO2 
nano tube (TiO2 NT) array and TiO2 nano powder (TiO2 NP) would also be introduced.[19] 
Detailed experimental procedures are not described in this chapter, because they are well 
explained in the references. 

2. StSt and Ti substrates for photo-electrodes of the DSSCs 

Considering the work function of the metals, promising metal substrates for DSSCs are Ti, 
StSt, tungsten (W) and Zinc (Zn)[14] because the work function determine the contact types, 
i.e. ohmic contact or schottky contact. In case of the n-type semiconductor such as TiO2, the 
work function of the metal should be lower than that of semiconductor, ohmic contact. 
Furthermore, in the metals such as Ti, StSt, W, and Zn, the oxide layer produced by thermal 
treatment play important roles in the cell properties.[16] However, during thermal treatment, 
Al, Co, and etc generate insulating oxide layer, which make it insulator. Ti is most desirable 
metal substrate of the DSSCs because the thermally oxidized layer might have very similar 
structure with the nano-crystalline TiO2 layer. The almost same electrochemical impedance 
of the W with the Ti was also reported. Under the assumption that most of the oxide layer is 
WO3, the conduction band energy level of the W locates only 0.15 V below the one of TiO2, 
as shown in Fig. 1[16] When the mutual disposition of energy levels is considered, the 
conduction band energy levels of the facing semiconductor metal oxides overlap.[20, 21] This 
overlapping does not significantly block the charge carriers flow, and no noticeable increase 
of the resistance has been reported.[16] However, W is not a common but rare metal. In the 
case of the StSt, some higher electrochemical impedance than Ti was reported due to 
conduction band energy level mismatch. However, StSt is most common and cost-effective 
material for the substrates of the DSSCs. Therefore, Ti and StSt are most frequently focused 
at the realization of the DSSCs on the metal substrates.[22-26] 

 

 

Fig. 1. Diagram of the conduction band edges of the semiconductor metal oxides. © The 
Electrochemical Society[16]. 

3. StSt substrate: effect of increased surface area
[17]

 

The injection process used in the DSSC does not introduce a hole, i.e. minority carriers, in 
the TiO2, only an extra electron.[27] On the contrary, as majority carriers and minority 
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carriers, electrons and holes co-exist in p-n junction type solar cell, causing high 
electron/hole recombination rate. Therefore, in order to decrease the emitter recombination 
as much as possible, point-contact solar cells were introduced.[28, 29] In this paragraph, 
however, we report increased conversion efficiency and decreased electrical resistance of 
DSSCs with the roughened StSt substrates. Sulfuric acid-based solutions are effective StSt 
pickling reagents.[30] Additives, such as hydrated sodium thiosulphate and propargyl 
alcohol, endowed the StSt with pores and increased the surface area.[31] Under the atomic 
force microscope (AFM) analysis, the actual surface area of the roughened StSt substrates 
were measured to be a 23.6% increase. (Fig. 2) 
 

     
   (a)             (b) 

Fig. 2. AFM images of StSt surface (a) before and (b) after roughening process. © American 
Institute of Physics[17]. 

 

 

Fig. 3. Under AM 1.5 irradiation (100 mW/cm2) with a xenon lamp. (a) J-V curves of DSSC 
with nontreated StSt substrates and roughened StSt substrates. (b) Electrochemical 
impedance spectra measured at the frequency range of 10−1–106 Hz and fitting curves using 
an equivalent circuit model including three CPEs. © American Institute of Physics[17]. 

The J-V characteristics of the DSSCs with non-treated and roughened StSt substrates are 
shown in Fig. 3. (a). After roughening, the conversion efficiency and Jsc of the DSSC 
increased 33% and 27% respectively. However, open circuit voltage (Voc) and fill factor (FF) 
remained nearly constant. Voc changed from 800 mV to 807 mV and FF varied from 70.3% to 
72.4% after roughening. To identify the cause of the increased Jsc and efficiency, 
electrochemical impedance spectra were measured in the frequency range of 10−1 to 106 Hz 
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and the resistance from electrochemical impedance spectra was estimated using the 
equivalent circuit model including 3 constant phase elements (CPEs). (Fig. 3. (b)) Even 
though there were small differences in R2 and R3 after roughening, R1 was reduced from 17.1 
to 3.9. The largely reduced R1 clearly comes from the reduced electrical resistance of the 
TiO2/StSt interface because R1 represents the electrical resistance at this interface.[32] 
Considering the same electrical resistance between the TiO2 particles and the interface with 
the Pt/electrolyte in DSSCs with both non-treated and roughened substrates, the small 
difference of R2 after roughening is expected result. The value of R3 is closely related to the 
reverse electron transfer from TiO2 to the electrolyte.[32] In detail, as the number of electrons 
returning to the electrolyte increases, the arc of Z3 increases. Therefore, the fact that R3 
remains unchanged after roughening clearly indicates that the increased electrical contact 
area does not cause an increase in reverse electron transfer. 

4. Ti substrate: a simple surface treating method
[18]

 

In this paragraph, we report that acid (HNO3-HF) treatment of the titanium (Ti) substrate 
for the photo-electrode significantly improved the efficiency of DSSCs. Prior to spreading 
the TiO2 paste, the Ti substrates were chemically treated with HNO3-HF solution. As shown 
in Fig. 4 (a) and (b), HNO3-HF treatment caused sharp steps at the grain boundaries, due to 
different etching rates of dissimilar crystal structures between the grains and the grain 
boundaries.[33] Fig. 5 (a) ~ (c) shows the cross-sectional scanning transmission electron 
microscopy (STEM) images of the Ti substrates. On the outermost surface, the non-treated Ti 
substrate exhibited a finer-grained structure. This suggests that the outermost surface of the 
Ti substrate was composed of finer-grained disordered Ti, which resulted from the thermo-
mechanical manufacturing process.[34] However, treatment of the Ti substrate with the 
HNO3-HF solution completely removed this finer-grained disordered region. Furthermore, 
the thermally oxidized layer of the non-treated substrate was much thicker and more 
variable than that of the HNO3-HF-treated substrates. (Fig. 5 and 6) In the field emission 
transmission electron microscope (FE-TEM) analysis, the oxidized layer of the non-treated Ti 
substrate, which was produced by oxygen diffusion to the finer-grained disordered region, 
showed a disordered grain structure, i.e. a low degree of crystallinity. However, the oxide 
layer of HNO3-HF-treated Ti substrates, which was developed by the oxygen diffusion into 
the normally-grained Ti substrate, was almost a single crystal. The corresponding X-ray 
diffraction (XRD) patterns also showed that the HNO3-HF treatment had produced a 
variation on the phase and crystallinity of a thermally oxidized layer.  
 

  

Fig. 4. SEM images of the Ti surface before thermal annealing: (a) non-treated, (b) HF-HNO3 
treated. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim[18]. 
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Fig. 5. Cross-sectional STEM images of Ti substrates (a) untreated substrate before thermal 
annealing, including a magnified view of the finer grained disordered region, (b) untreated 
substrate after thermal annealing at 550 oC for 30 min, (c) HF-HNO3-treated substrate after 
thermal annealing. Note: 遖 sintered TiO2 particles, 遘 thermally oxidized Ti, 遞 finer-
grained disordered Ti, 遨 normally grained Ti, 遯 normal grain-boundaries of Ti. © WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim[18]. 

 
 

    

Fig. 6. EDX graph of (a) a line-scan shown in Fig. 5 (b), (b) a line-scan shown in Fig. 5 (c). © 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim[18]. 
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Fig. 7. By use of a 2θ scan method, XRD patterns of non-treated and HNO3-HF-treated Ti 
substrates after thermal annealing at 550 °C for 30 min. © WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim[18]. 

As shown in Fig. 7, the thermally oxidized layer of the non-treated Ti substrate exhibited 
various oxide forms including anatase TiO2, rutile TiO2, and titanium oxide. However, only 
rutile TiO2 was observed in the oxide layer of the HNO3-HF-treated Ti substrate. 
The variation of the microstructures influenced the optical and electrochemical behaviour at 
the same time resulting in highly increased efficiency, 9.20%. (Fig. 8 (d)) Fig. 8 (a) shows the 
optical reflection of the Ti. The HNO3-HF-treated substrate exhibited a significantly 
increased optical reflection. The low and flat reflection behavior of the non-treated Ti 
substrates could be attributed to the thick and non-uniform thickness of the oxide layer and 
the inferior optical reflectance at the inner metal surface.[35, 36] In the evaluation of the 
illumination intensity effect on the performance factors, the Voc and Jsc exhibited logarithmic 
and linear dependence respectively. However, FF decreased under stronger illumination 
intensity. These consequences suggest that the improved performance of the DSSC with the 
HNO3-HF-treated substrate cannot be attributed to the enhanced optical reflection alone. 
Rather, the greater part of this improvement could be attributed to a reduced back reaction 
of the electrons with I3- ions at the interface of the conductive substrate and electrolyte 

because the thickness of the nano crystalline TiO2 layer is about 15㎛. For a device with a > 

10 ㎛ thick TiO2 layer, performance increases due to reflection are restricted to wavelengths 

above 580 nm where the absorption of the N719 dye is weak.[15]  

The blocking layer (compact TiO2) at the interface of the TiO2 particles/conductive 
substrates has been studied[37, 38] and several groups concluded that recombination occurs 
predominantly near the conductive substrate and not across the entire TiO2 film.[39] In the 
DSSCs with metal substrates, the oxidized layer is naturally formed at the interface of the 
TiO2 particles/conductive substrate during thermal annealing. However, it seems that the 
low quality oxidized layer induced poor blocking behavior of the DSSCs with the non-
treated Ti substrates. The recombination kinetics were investigated by the evaluation of the 
rate of photovoltage decay. The rate of photovoltage decay is inversely proportional to the 
lifetime of the photoelectron in the DSSCs, and the lifetime of the electron is inversely 
proportional to the rate of recombination.[40] The HNO3-HF treatment of the Ti substrates 
strongly influenced the rate of the photovoltage decay. (Fig. 8 (b)) The electron 
recombination may lead to a lowering of the photocurrent, but also to a decrease in the 
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photovoltage by lowering the quasi-Fermi level for the electrons under illumination due to a 
kinetic argument.[41, 42] Furthermore, the FF is a measure of the increase in recombination 
(decrease in photocurrent) with increasing photovoltage.[43] If the improved optical 
reflection at the substrate were a dominant element of enhanced performance, the Voc and FF 
would restrictively increase and decrease respectively. An obviously possible cause for the 
significantly improved performance is decreased recombination at the interface of the 
TiO2/conductive substrate after HNO3-HF treatment. 
 

 

Fig. 8. (a) Optical reflectance of Ti substrates measured with UV-VIS-NIR spectro-
photometers combined with an integrated sphere before and after thermal annealing at 550 
oC for 30 min. Baseline calibration was performed with a standard specimen composed of 
polytetrafluoroethylene (PTFE). (b) open-circuit voltage decay measurement, (c) 
electrochemical impedance spectra, and (d) J-V curves of DSSC with non-treated and HNO3-
HF-treated Ti substrates. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim[18]. 

As shown in Fig. 8 (c), electrochemical impedance also improved after HNO3-HF treatment. 
The 1st semicircle is closely related to charge transfer at the counter electrode and/or 
electrical contact between conductive substrate/TiO2 or TiO2 particles.[22] The relatively 
small size of the 1st semicircles (high frequency range) in the cell with the HNO3-HF-treated 
substrate indicated a reduced electrical resistance, i.e. improved contact at the TiO2/Ti 
interface accordingly. Furthermore, the size of the 2nd semicircle (low frequency range) was 
also largely decreased. The 2nd semicircle is related to the recombination of electrons with I3-

.[14] Under the assumption that the micro-structures of the oxidized layers determine the 
blocking ability, the significantly decreased size of the 2nd semicircle could be attributed to a 
highly decreased charge recombination by virtue of improved micro-structure after HNO3-
HF treatment of the Ti substrate.  
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5. Hybrid substrate: TiO2 NP on the TiO2 NT grown Ti substrates
[19] 

In the case of DSSCs based on metal substrates, light illumination should come from a 
counter electrode, i.e., back illumination. Therefore, the light scattering layer,[9] which 
enhances the optical path length, should be located between 20 nm sized TiO2 nano-particles 
(NPs) and conductive substrates. This structure causes poor adhesion due to the large 
particle size of the scattering layer. Considering slow recombination and light scattering,[44] 
TiO2 nano-particles has been incorporated on the short TiO2 nano-tube grown Ti substrates. 
The preparation of photo-electrode is completed by four steps: 卵 anodization of a Ti foil for 
the formation of short TiO2 NT arrays, 嵐 doctor blading of TiO2 NP included paste on the 
TiO2 NT formed Ti substrates, 欄 thermal treatment of the photo-electrode prepared by step 
卵 & 嵐, 濫 dye coating. In our approach, therefore, the fabrication time and length of TiO2 
NT could be minimized without diminishing, rather increasing, the surface area of the 
photo-electrode.  
 

       

Fig. 9. SEM images of the TiO2 NT fabricated Ti for 30 min anodizing (a) surface and (b) 
cross-section. © The Royal Society of Chemistry[19]. 

Out of several fabrication method of the TiO2 NT such as electrochemical anodizing,[45] 
hydrothermal synthesis,[46] and template-assisted synthesis,[47] anodizing is a relatively 
simple approach for the preparation of optimized TiO2 NT.[48] Anodizing at 50 V in a 
solution of ethylene glycol containing ammonium fluoride (NH4F) resulted in the formation 
of regular TiO2 NT arrays. (Fig. 9) When the anodizing was performed for 30 min, the tube 
diameter and wall thickness were estimated to be about 100 and < 50 nm, respectively. The 
lengths of the TiO2 NT layers were controlled by the anodizing time. When the anodizing 
was performed for 15, 30, and 60 min, the lengths of the TiO2 NTs were 1.53, 4.36, and 8.17 
m, respectively. TiO2 NT and TiO2 NP bonded well following thermal annealing at 550 oC 
for 30 min. (Fig. 10) 
 

     

Fig. 10. Cross-sectional TEM images of (a) interface between TiO2 NP and TiO2 NT (b) 
magnified view of (a). © The Royal Society of Chemistry[19]. 
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As is same with the previous paragraph, the TiO2 NP film was made 15 m thick, because 
that was the size that allowed DSSCs to exhibit optimal performance. When the thickness of 

the TiO2 NP was more than 15 m, the DSSC with TiO2 NP on the Ti substrate (TiO2 NP/Ti) 

exhibited a lowered performance because the thick TiO2 layer (> 15 m) provided additional 
electron recombination sites, resulting in a decreased open-circuit voltage (Voc) and fill factor 
(FF).[49] However, a performance of the DSSCs with TiO2 NP+NT/Ti increased continuously 
with increasing TiO2 NT thickness up to 30 min anodized TiO2 NT. (Fig. 11 (a)) This 
difference between the DSSC with TiO2 NP+NT/Ti and the DSSC with TiO2 NP/Ti can be 
attributed to the TiO2 NT having an electron recombination that was reduced by comparison 
with the TiO2 NP. The electron lifetime in the TiO2 NT was longer than that in the TiO2 NP 
because of the electron-recombination suppression from the reduction in electron-hopping 
across the inter-crystalline contacts between the grain boundaries.[50] As is described in the 
previous paragraph, optical transmission is restricted to wavelengths > 570 nm for a device 

with a TiO2 layer that is more than 10 m thick, resulting in a restricted increase in Jsc.[15] 
However, strong internal light scattering within the TiO2 NTs elongated the path length of 
the long-wavelength incident light to promote the capture of photons by the dye 
molecules.[44] Despite a surface area of the DSSC with TiO2 NP on 30-min-anodized TiO2 

NT/Ti that was smaller than that of DSSC with 20 ㎛ thick TiO2 NP/Ti, the increased Jsc 
could also be a result of stronger light scattering effects.  
The reduced electron recombination at the interface of the TiO2 NT/electrolyte was also 
represented in an electrochemical impedance measurement (Fig. 11 (b)). Under the 
assumption that the TiO2 NT is superior to TiO2 NP in the interfacial contact with Ti 
substrates due to the in-situ fabrication process, the largely reduced size of the 1st semicircle 
in a DSSC with TiO2 NP+NT/Ti could be a result of the reduced electrical resistance at the 
interfacial contact. However, the size of the 2nd semicircle (low frequency range) was almost 
the same. The 2nd semicircle represents the recombination of injected electrons to the TiO2 
film with electrolyte.[51] Furthermore, the DSSCs with TiO2 NP/Ti and TiO2 NP+NT/Ti 
exhibited a similar rate of photovoltage decay, which is proportional to the rate of 
recombination (Fig. 11 (c)). The overall TiO2 film in the DSSC with TiO2 NP+NT/Ti was 
thicker than that of the DSSC with TiO2 NP/Ti due to the introduction of the TiO2 NT layer 
at the interface of the TiO2 NP and Ti substrate. Therefore, it seems that the small variation 
in the 2nd semicircle in the electrochemical impedance spectra and the rate of photovoltage 
decay can be attributed to the slow recombination characteristics of the TiO2 NT. 
 

 

Fig. 11. (a) J–V characteristics of the DSSC with TiO2 NP/Ti and TiO2 NP + NT/Ti. (b) 
Electrochemical impedance spectra in frequencies ranging from 10-1 to 106 Hz. (c) Open-
circuit voltage decay measurement. © The Royal Society of Chemistry[19]. 
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6. Conclusion 

Several methods for the high efficiency DSSCs based on the metal substrates have been 
introduced. In the case of the StSt substrate, the solar cell performance was significantly 
improved by the roughening process, which enhances electrical contact by roughening the 
substrates. In addition, when a Ti substrate was treated with an acid solution, both the 
surface morphology and the crystalline structure of the thermally oxidized layer were 
varied, resulting in the simultaneous improvements in Voc, Jsc and FF. Finally, the DSSCs 
with TiO2 NP + NT/Ti were prepared for the synergistic effect of vertically grown TiO2 
NTand TiO2 NP films. The slow electron recombination at the interface of the TiO2 
NT/electrolyte and the light scattering effect might have simultaneously contributed to 
DSSC performance, resulting in the improved Jsc and conversion efficiency with only a 
negligible effect on the Voc and FF. 
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