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FFig. 1-2 Schemaic diagram of electron transfer pathway found in 
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FFig.1-3 Schematic illustration of dye sensitized solar cell 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1-4 Electron transfer and recombination dynamics for dye sensitized  

solar cell. 
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FFig. 1-10 Molecular structures of N3, N719 and Black dye 
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FFig. 1-15 Schematic representation of a D–π–A organic dye sensitizer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1-16 Molecular structures of pyridine-anchor dyes 
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Fig. 1-17 Binding mode for a conventional D–π–A dye sensitizer with a 
carboxyl group on a TiO2 surface [bidentate bridging linkage between the 
carboxyl group of the dye and Brønsted acid site (surface-bound hydroxyl 
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anchoring group on the TiO2 surface [coordinate bonding between the 
pyridine ring of the dye and the Lewis acid site (exposed Tin+ cations) on the 
TiO2 surface].88) 
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Fig. 2-1 Molar absorptivity spectra of Black dye, NI5, YNI-2 and NI1 in 1-

propanol. 
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Fig. 2-2 Adsorption profiles of (a) NI5 in the absence and presence of DCA, 
(b) NI1 in the absence and presence of DCA, and (c) Black dye in the 

absence and presence of DCA. 
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ATR-IR (Fig. 2-3b,c) NI5 1582  1486  
1441  1414 cm-1 YNI-2 1590  1481  1446 cm-1 C=N C=C

[38-39] NI5 YNI-2 TiO2

C=N 1582 cm-1 1590 cm-1

1615cm-1 TiO2 Lewis
(Tin cations) [45-47] 

NI5 YNI-2 Black dye
NI5 YNI-2 Black dye

NI5 YNI-2 10 TiO2

TiO2 Black dye NI5 YNI-
2 2  

Black dye Black dye
Fig. 2-4 2 Black dye NI5 UV-vis

Black dye UV-vis
Black dye NI5  
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Black dye TiO2 NI5 YNI-2 1-
TiO2 ATR-IR ATR-

IR Fig 2-5 Black dye TiO2 NI5 YNI-
2 Black dye 1438-1446cm-1 1495
1612cm-1 NI5 YNI-2
C=N C=C 1612 cm-1 NI5 YNI-2 TiO2

Lewis [45-47] Black dye
NI5 YNI-2 Black dye NI5 YNI-2

Black dye
NI5 YNI-2

 
 
2-3-4. Brønsted Lewis  

Black dye 2 NI5 YNI-
2 NI1 Table. 2-1

Incident Photon-to-current Conversion Efficiency (IPCE )
Fig. 2-6 Black dye

9.5% NI5 YNI-2
Voc FF Jsc 18.7 mA/cm2 20.7 

mA/cm2 20.1 mA/cm2 10.0 9.8
NI1

9.5% 8.8% Jsc 18.7 mA/cm2 18.3 mA/cm2

 
IPCE (Fig. 2-6) NI5 YNI-2

IPCE 500~800 nm
350~500 nm IPCE

350-500 nm IPCE NI5 YNI-2
NI1 400 nm IPCE NI1

450 nm IPCE IPCE
 

Black dye 2.1  10-7 mol/cm2

NI5 YNI-2 Black dye
NI5 1.6  10-7 mol/cm2 YNI-2 1.2  10-7 mol/cm2

Black dye NI5 YNI-2
Black dye NI5 YNI-2

NI5 YNI-2 NI5 YNI-2  
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Fig. 2-3 ATR-IR spectra of the powders samples of dyes (red) and the dyes 
adsorbed on TiO2 particles (blue); (a) Black dye, (b) NI5, and (c) YNI-2. 
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Fig. 2-4 Molar absorptivity spectra of Black dye, NI5, and after reaction 

with Black dye and NI5 in 1-propanol. 
 
 

 
Fig. 2-5 ATR-IR spectra of the dyes adsorbed on TiO2 films; Black dye (black 

line), Black dye and NI5 (blue line), and Black dye and YNI-2 (red line). 

0

10

20

30

40

50

300 400 500 600 700 800 900

Black dye
NI5
After a reaction with
Black dye and NI5 

Ab
so

rb
an

ce
 (M

-1
 c

m
-1

)

Wavelength (nm)

130014001500160017001800

Tr
an

sm
itt

an
ce

 (a
.u

.)

Wavenumber (cm-1)

Black dye

Black dye  NI5

Black dye  YNI-2



47 
 

 
  
 
 
 
 
 

Table 2--1 Solar cell performances of the NI5, YNI--2, NI1, Black dye and 
cco-ssensitized DSCs 

Entry  Dye 
J sc  

((mA/cm2)  
V oc  

(V)  FF  
η   

((%) 

Amount of   
Black dye  

Amount of 
oorganic dye 

(×10−−7   
mol cm−2)  

(×10−−7   
mol cm−2)  

1 Black dye 18.7 0.69 0.73 9.5 2.1  
2 NI5 2.9  0.61 0.69 1.2  2.1 
3 YNI-2 3.0  0.62 0.68 1.3  2.5 
4 NI1 1.0  0.54 0.61 0.3  2.6 

5 
Black dye

 NI5 
20.7 0.68 0.71 10.0 2.1 1.6 

6 
Black dye

 YNI-2 
20.1 0.67 0.72 9.8 2.0  1.2 

7 
Black dye

 NI1 
18.3 0.67 0.72 8.8 1.7 0.5 

The electrolyte was an acetonitrile solution containing 0.05 M I2, 0.1 M 
LLiI, 0.6 M DMPImI, and 0.3 M TBP (TiO2 film thickness: 37 μm, active 
area: 0.25 cm2). Irradiation was carried out using a solar simulator (AM 
1.5, 100 mW cm 2).  
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Fig. 2-6 IPCE spectra of (a) the NI5, YNI-2, NI1 and Black dye based DSCs, 
(b) Black dye and co-sensitized DSCs. 
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NI5 YNI-2 NI5
YNI-2 Jsc  

NI1 NI1 0.5  10-7 mol/cm2

Black dye 2.1  10-7 mol/cm2 1.7  10-7 mol/cm2

Black dye NI1 NI1 Black 
dye IPCE 420 nm  
 
2-4.  

Black dye
NI5 YNI-2 Black 

dye TiO2 NI5 YNI-2 Black dye
NI5 YNI-2

Black dye NI5 YNI-2 TiO2

(Brønsted Lewis ) Black 
dye DSC Black dye NI5 DSC

9.5% 10.0
TiO2 Lewis

 
 

 
[1]  B. O'Regan and M. Grätzel, Nature, 1991, 3353, 737. 
[2]  A. Hagfelt, G. Boschloo, L. Sun, L. Kloo and H. Pettersson, Chem. Rev., 2010, 1110, 

6595. 
[3]  A. Fakharuddin, R. Jose, T. M. Brown, F. Fabregat-Santiago and J. Bisquert, Energy 

Environ. Sci., 2014, 77, 3952. 
[4]  M. K. Nazeeruddin, P. Péchy, T. Renouard, S. M. Zakeeruddin, R. Humphry-Baker, 

P. Comte, P. Lisaka, L. Cevey, E. Costa, V. Shklover, L. Spiccia, G. B. Deacon, C. A. 
Bignozzi and M. Grätzel, J. Am. Chem. Soc., 2001, 1123, 1613. 

[5]  Y. Chiba, A. Islam, Y. Watanabe, R. Komiya, N. Koide and L. Han, Jpn. J. Appl. 
Phys., 2006, 445, L638. 

[6]  K. Nazeeruddin, A. Kay, I. Rodicio, R. Humphry-Baker, E. Müller, P. Liska, N. 
Vlachopoulos and M. Grätzel, J. Am. Chem. Soc., 1993,  115, 6382. 

[7]  Y. Numata, S. P. Singh, A. Islam, M. Iwamura, A. Imai, K. Nozaki and L. Han, Adv. 
Funct. Mater., 2013, 223, 1817. 



50 
 

[8]  T. Funaki, H. Funakoshi, O. Kitao, N. Onozawa-Komatsuzaki, K. Kasuga, K. 
Sayama and H. Sugihara, Angew. Chem., Int. Ed., 2012, 551, 7528. 

[9]  C.-C. Chou, K.-L. Wu, Y. Chi, W.-P. Hu, S. J. Yu, G.-H. Lee, C.-L. Lin and P.-T. Chou, 
Angew. Chem., Int. Ed., 2011, 550, 2054. 

[10] S.-H. Yang, K.-L. Wu, Y. Chi, Y.-M. Cheng and P.-T. Chou, Angew. Chem., Int. Ed., 
2011, 550, 8420. 

[11] A. Ehret, L. Stuhl and M. T. Spitler, J. Phys. Chem. B, 2001, 1105, 9960. 
[12] K. Sayama, S. Tsukagoshi, T. Mori, K. Hara, Y. Ohga, A. Shinpou, Y. Abe, S. Suga 

and H. Arakawa, Sol. Energy Mater. Sol. Cells, 2003, 880, 47. 
[13] D. Zhang, W. Wang, Y. Liu, X. Xiao, W. Zhao, B. Zhang and Y. Cao, J. Photochem. 

Photobiol. A, 2000, 1135, 235. 
[14] W. Zhao, Y. J. Hou, X. S. Wang, B. W. Zhang, Y. Cao, R. Yang, W. B. Wang and X. R. 

Xiao, Sol. Energy Mater. Sol. Cells, 1999, 558, 173. 
[15] M. Yanagida, T. Yamaguchi, M. Kurashige, K. Hara, R. Katoh, H. Sugihara and H. 

Arakawa, Inorg. Chem., 2003, 442, 7921. 
[16] D. Kuang, P. Walter, F. Nuësch, S. Kim, J. Ko, P. Comte, S. M. Zakeeruddin, M. K. 

Nazeeruddin and M. Grätzel, Langmuir, 2007, 223, 10906. 
[17] J.-H. Yum, S.-R. Jang, P. Walter, T. Geiger, F. Nuësch, S. Kim, J. Ko, M. Grätzel and 

M. K. Nazeeruddin, Chem. Commun., 2007, 4680. 
[18] B. J. Song, H. M. Song, I. T. Choi, S. K. Kim, K. D. Seo, M. S. Kang, M. J. Lee, D. W. 

Cho, M. J. Ju and H. K. Kim, Chem. – Eur. J., 2011, 117, 11115. 
[19] J.-J. Cid, J.-H. Yum, S.-R. Jang, M. K. Nazeeruddin, E. Martinez-Ferrero, E. 

Palomares, J. Ko, M. Grätzel and T. Torres, Angew. Chem., Int. Ed., 2007, 446, 8358. 
[20] T. Bessho, S. M. Zakeeruddin, C.-Y. Yeh, E. W.-G. Diau and M. Grätzel, Angew. 

Chem., Int. Ed., 2010, 449, 6646 
[21] A. Yella, H.-W. Lee, H. N. Tsao, C. Yi, A. K. Chandiran, M. K. Nazeeruddin, E. W.-G. 

Diau, C.-Y. Yeh, S. M. Zakeeruddin and M. Grätzel, Science, 2011, 3334, 629. 
[22] M. Kimura, H. Nomoto, N. Masaki and S. Mori, Angew. Chem., Int. Ed., 2012, 551, 

4371. 
[23] R. Y. Ogura, S. Nakane, M. Morooka, M. Orihashi, Y. Suzuki and K. Noda, Appl. 

Phys. Lett., 2009, 994, 073308. 
[24] S.-Q. Fan, C. Kim, B. Fang, K.-X. Liao, G.-J. Yang, C.-J. Li, J.-J. Kim and J. Ko, J. 

Phys. Chem. C, 2011, 1115, 7747. 
[25] H. Ozawa, R. Shimizu and H. Arakawa, RSC Adv., 2012, 22, 3198. 
[26] L. Han, A. Islam, H. Chen, C. Malapaka, B. Chiranjeevi, S. Zhang, X. Yang and M. 

Yanagida, Energy Environ. Sci., 2012, 55, 6057. 



51 
 

[27] S. Zhang, A. Islam, X. Yang, C. Qin, K. Zhang, Y. Numata, H. Chen and L. Han, J. 
Mater. Chem. A, 2013, 11, 4812. 

[28] C. Qin, Y. Numata, S. Zhang, A. Islam, X. Yang, K. Sodeyama, Y. Tateyama and L. 
Han, Adv. Funct. Mater., 2013, 223, 3782. 

[29] T. Funaki, N. Koumura and K. Sayama, Chem. Lett., 2013,  42, 1371. 
[30] Y. Numata, S. Zhang, X. Yang and L. Han, Chem. Lett., 2013, 442, 1328. 
[31] M. Honda, M. Yanagida, L. Han and K. Miyano, J. Phys. Chem. C, 2013, 1117, 17033. 
[32] K. E. Lee, M. A. Gomez, S. Elouatik and G. P. Demopoulos, Langmuir, 2010, 226, 9575. 
[33] E. M. J. Johansson, M. Hedlund, H. Siegbahn and H. Rensmo, J. Phys. Chem. B, 

2005, 1109, 22256. 
[34] Z.-S. Wang, T. Yamaguchi, H. Sugihara and H. Arakawa, Langmuir, 2005,  21, 4272. 
[35] H. Ozawa, M. Awa, T. Ono and H. Arakawa, Chem. – Asian J., 2012, 77, 156. 
[36] H. Ozawa, Y. Okuyama and H. Arakawa, Dalton Trans., 2012, 441, 5137. 
[37] H. Ozawa, K. Fukushima, T. Sugiura, A. Urayama and H. Arakawa, Dalton Trans., 

2014,  43, 13208. 
[38] Y. Ooyama, S. Inoue, T. Nagano, K. Kushimoto, J. Ohshita, I. Imae, K. Komaguchi 

and Y. Harima, Angew. Chem., Int. Ed., 2011, 550, 7429. 
[39] Y. Ooyama, T. Nagano, S. Inoue, I. Imae, K. Komaguchi, J. Ohshita and Y. Harima, 

Chem. – Eur. J., 2011, 117, 14837. 
[40] Y. Ooyama, N. Yamaguchi, I. Imae, K. Komaguchi, J. Ohshita and Y. Harima, Chem. 

Commun., 2013, 449, 2548. 
[41] Y. Ooyama, T. Sato, Y. Harima and J. Ohshita, J. Mater. Chem. A, 2014, 22, 3293. 
[42] Z.-S. Wanga, H. Kawauchib, T. Kashimab and H. Arakawa, Coord. Chem. Rev. 2004, 

248, 1381. 
[43] A. D. Awtrey and R. E. Connick, J. Am. Chem. Soc., 1951, 773, 1842. 
[44] H. Ozawa, Y. Yamamoto, K. Fukushima, S. Yamashita and H. Arakawa, Chem. Lett., 

2013, 442, 897. 
[45] J. B. Peri, in Catal.: Sci. Technol., ed. J. R. Anderson and M. Boudart, Springer, 

Berlin, 1984, vol. 5, pp. 171-220. 
[46] A. A. Davydov, in Infrared Spectroscopy of Adsorbed Species on the Surface of 

Transition Metal Oxides, ed. C. H. Rochester, Wiley, Chichester, 1984. 
[47] M. W. Urban, Vibrational Spectroscopy of Molecules and Macromolecules on 

Surfaces, Wiley, Chichester, 1993, pp. 171–185. 
 
 
 



52 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  
Brønsted Lewis

 
 

 
 
 
 
 
 

 



53 
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[1-3] FTO TiO2

TiO2
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TiO2 TiO2

TiO2
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Arakawa TiO2 TiO2

N719 8.1% [20-22] 
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TiO2

N719
6%

N719 N3
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3-2.  
3-2-1. TiO2  

TiO2 20 nm 100 nm TiO2

[35] 20 nm 100 nm
70 : 30 TiO2 10 wt% TiO2 TiO2

 
LHE (Light Harvesting Efficiency) TiO2

20 nm TiO2

TiO2 10 wt% LHE
TiO2  
 
3-2-2. LHE (Light Harvrsting Efficiency) TiO2  

LHE LHE TiO2 320 nm
PET

 ( Mini-Test Press-10)  (100 MPa-1 min)
4 μm TiO2  

Black dye [4] NI5[36] YNI-2[37]
DCA( )  

Black dye Black dye 2.0  10-4 M DCA
2.0  10-2 M 1- NI5
YNI-2 3.0  10-4 M 1-

Black dye TiO2

24 Black dye NI5 YNI-2 TiO2

Black dye
24

 
TiO2

(3-1) LHE R T

LHE TiO2 TiO2
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             LHE(%) = 1 – R(%) – T(%)           (3-1) 

 

3-2-3. ITO-PEN TiO2

 
  TiO2 UV- ITO-PEN ( 20 /

200 μm) 5mm
( Mini-Test Press-10 (100 

MPa-1 min) TiO2  (
VHX-200 3-2-2. TiO2

2-2-1  
 
3-2-4.  
  TiO2 Pt Pt Ti

0.05 M I2 0.1 M LiI 0.6 M DMPImI
0.3 M 4-tert-butylpyridin(TBP) (AN)  

( YSS-150) AM 1.5
100 mW/cm2 I-V (

R6246) ( LS-100) Si
 ( BS-520) Incident Photon-to-current 

Conversion Efficiency (IPCE) PEC-S10( )  
 
3-2-5.  

(Electrochemical Impedance Spectroscopy, EIS) (Open Circuit 
Voltage Decay, OCVD)  
  EIS SI1287 (Solartron )
(FRA) 1255B (Solartron ) 100 mW/cm2

10 mV 100 k-0.1 Hz
Z plot 2

(Nyquist Plot)  
OCVD
(3-2) (τ) k Boltzmann T e

Voc t  
 

1
oc

dt
dV

e
kTτ  (3-2) 
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  Voc 15 Voc
60  

 
3-3.  
3-3-1.  

Fig.3-1 Black dye NI5 YNI-2 1-
Fig. 3-2 20 nm TiO2 4 μm TiO2

TiO2 LHE TiO2 NI5 YNI-2
100 nm NI5 YNI-2 600 nm

Black dye TiO2

100 nm 950 nm
LHE Black dye NI5 YNI-2

600 nm Black dye NI5 YNI-2
600 nm Black dye  

 
3-3-2. TiO2  

TiO2

2 [38] 
Black dye  (NI5 YNI-2)

2 TiO2

2  
TiO2  (Black dye

NI5 YNI-2) Fig.3-3
TiO2 Black dye NI5 YNI-2

TiO2 TiO2

Black dye NI5 YNI-2
Black dye NI5 YNI-2 2

 
Fig.3-4 Black dye TiO2 NI5 YNI-2

NI5 YNI-2 Black dye
Langmuir Black dye

TiO2 NI5 YNI-2 TiO2 Lewis
NI5 YNI-2 1.0 10-9 mol/cm2
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FFig. 3-1 Molar absorptivity spectra of Black dye, NI5, and YNI-2 in  

1-propanol.  
 

 
 

Fig. 3-2 LHE spectra of the TiO2 photoelectrodes (4 μm)/ITO-PEN film 
sensitized with Black dye, NI5, and YNI-2. 
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Fig. 3-3 Adsorption profiles of Black dye, NI5, and YNI-2 to the TiO2 
photoelectrode (4 μm)/ITO-PEN film prepared by the flat press method (a), 

and the enlarged view the range within 1.5 hours immersion. 
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FFig. 3-4 Adsorption profiles of NI5, and YNI-2 to the Black-dye-adsorbed 

TiO2 photoelectrode (4 μm) /ITO-PEN film prepared by the flat press 
method. 

 
 
 
 
 
 
 
 
 
 
 
 

0

5

10

15

0 0.5 1 1.5 2 2.5 3

Black dye NI5

Black dye YNI-2

Am
ou

nt
 o

f d
ye

x 
10

-9
 (m

ol
 c

m
-2

)

Time (h)



60 
 

3-3-3. Black dye NI5 YNI-2 LHE  
LHE

Fig. 3-5 Fig. 3-6 TiO2 Black 
dye NI5 YNI-2 60 LHE

350-550 nm LHE NI5 YNI-2
600 nm LHE 30

60 350-550 nm
NI5 YNI-2 Lewis

30 Black dye NI5 YNI-2
 

LHE LHE
Black dye NI5 YNI-2

LHE TiO2

Fig. 3-5b Fig. 3-6b NI5 YNI-2 470-490 nm LHE
NI5 YNI-2  ( )

Fig. 3-5c Fig. 3-6c Black dye 600-615 nm LHE
NI5 YNI-2  ( )  

Black dye TiO2 NI5 YNI-2
NI5 YNI-2 LHE  ( )

Black dye LHE NI5 YNI-2
NI5 YNI-2

LHE [36,37,39-40] NI5 YNI-2
LHE LHE

Black dye dye LHE TiO2

NI5 YNI-2 Black dye NI5
YNI-2 Black dye

TiO2 NI5 YNI-2 NI5 YNI-2
LHE NI5 YNI-2 Black 

dye NI5 YNI-2 2
2

 
 

3-3-4. TiO2 IR  
TiO2 Black dye NI5 YNI-2

ATR-IR (Fig. 3-7) 2-3-3  
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FFig. 3-5 LHE spectra of cosensitized TiO2 photoelectrode (4 μm)/PET film of 
Black dye and NI5 (a), and the expanded and normalized LHE spectra at 
the wavelength range between 470 and 490 nm (b), and between 590 and 

630 nm. 

0

20

40

60

80

100

400 500 600 700 800

Black dye
Black dye NI5 10 min
Black dye NI5 15 min
Black dye NI5 30 min
Black dye NI5 60 min

LH
E 

(%
)

350
Wavelength (nm)

470 475 480 485 490

LH
E 

(a
.u

.)

Wavelength (nm)

590 600 610 620 630

LH
E 

(a
.u

.)

Wavelength (nm)



62 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-6 LHE spectra of cosensitized TiO2 photoelectrode(4 μm)/PET film of 
Black dye and YNI-2 (a), and the expanded and normalized LHE spectra at 
the wavelength range between 475 and 500 nm (b), and between 590 and 

620 nm. 
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Fig. 3-7 ATR-IR spectra of the powders samples of dyes (black) and the dyes 
adsorbed on TiO2 particles (blue); (a) Black dye, (b) NI5, and (c) YNI-2. 
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Fig. 3-8 ATR-IR spectra of the cosensitized TiO2 nanoparticles with  
Black dye and NI5 (a), and Black dye and YNI-2. 
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TiO2

TiO2

 
TiO2 Black dye NI5 YNI-2

ATR-IR (Fig.3-8) Black dye
TiO2 NI5 YNI-2 15 1590 1485 1445 

cm-1 NI5 YNI-2 C C C=N 1615 
cm-1 NI5 YNI-2 TiO2 Lewis

[41-43] 
TiO2 TiO2 NI5 YNI-2 Lewis

 
NI5 YNI-2 60 1615 cm-1

NI5 YNI-2 Lewis
3-3-3 LHE ATR-IR

NI5 YNI-2 Lewis Black dye
TiO2  

 
3-3-5. Brønsted Lewis

 
ITO-PEN 4 μm TiO2

Table 3-1
IPCE Fig.3-9 Black dye 5.2%

NI5 YNI-2 1.5% NI5
YNI-2 Voc

TiO2 NI5 YNI-2
TiO2

NI5 YNI-2
Fig. 3-3 Fig. 3-4

4 0.625
NI5 YNI-2

10
30  

Black dye NI5
YNI-2 30 60  
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TTable 3-1. Solar cell performances of the plastic-substrate DSCs with thin 
TiO2 photoelectrodes 

Dye 

 

 

Jsc 

(mA cm-2) 

 

 

Voc 

(V) 

ff 

 

 

η 

(%) 

Amount of  

Black dye 

Amount of 

pyridine-anchor 

dyea 

(x 10-8 mol cm-2) (x 10-8 mol cm-2) 

Black dye 10.70 0.706 0.686 5.18 1.9 - 

NI5 (10 min) 3.45 0.654 0.649 1.47 - 2.3 

NI5 (15 min) 3.30 0.634 0.641 1.34 - 2.5 

NI5 (30 min) 3.30 0.617 0.643 1.31 - 2.7 

NI5 (60 min) 3.36 0.616 0.642 1.30 - 2.8 

YNI-2 (10 min) 3.75 0.633 0.615 1.46 - 2.7 

YNI-2 (15 min) 3.60 0.599 0.621 1.34 - 2.9 

YNI-2 (30 min) 3.67 0.578 0.577 1.22 - 2.9 

YNI-2 (60 min) 3.50 0.567 0.606 1.21 - 3.1 

Black dye  

→ NI5 (10 min) 

11.15 0.711 0.697 5.52 1.9 0.4 

Black dye  

→ NI5 (15 min) 

11.50 0.723 0.713 5.92 1.9 0.5 

Black dye  

→ NI5 (30 min) 

11.60 0.700 0.691 5.61 1.9 0.9 

Black dye  

→ NI5 (1 h) 

9.10 0.695 0.678 4.29 1.8 1.0 

Black dye  

→ YNI-2 (10 min) 

11.00 0.714 0.679 5.32 1.9 0.4 

Black dye  

→ YNI-2 (15 min) 

11.09 0.723 0.689 5.52 1.9 0.5 

Black dye  

→ YNI-2 (30 min) 

11.63 0.702 0.685 5.58 1.8 0.7 

Black dye  

→ YNI-2 (1 h) 

8.38 0.677 0.675 3.82 1.7 0.9 

Electrolyte is an acetonitrile solution containing 0.05 M I2, 0.1 M LiI, 0.6 M DMPImI, 
and 0.3 M TBP. TiO2 film thickness and active area are 4 μm and 0.25cm2, respectively. 
Counter electrode: Pt/Ti foil. Irradiation is carried out by a solar simulator (AM 1.5, 100 
mWcm-2). a: The amounts of pyridine anchor dyes were taken from adsorption profiles 
under same conditions. 
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Fig. 3-9 IPCE spectra of plastic-substrate DSCs with thin TiO2 

photoelectrodes (4 μm). 
(a) Black dye (immersion time: 24h), NI5 (immersion time:10 min)  

and YNI-2 (immersion time:10 min) 
(b) Black dye (immersion time: 24h) and followed by the immersion into 

 NI5 (immersion time until 60 minutes) 
(c) Black dye (immersion time: 24h) and followed by the immersion into 

 YNI-2 (immersion time until 60 minutes) 
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3-3-7. Brønsted Lewis
EIS  

EIS EIS
[45] EIS

Fig. 3-11 Nyquist
 (Rh) TiO2

 (R1)  (CPEPt/electrolyte) TiO2  (R2)  
(CPEdye/TiO2/electrolyte)  (Wdiff R3)
Nyquist Rh  (R1 R2

R3) (Fig.3-12) EIS
Fig. 3-13 Nyquist R2

TiO2/dye/electrolyte
Fig.3-14 Black dye TiO2

NI5 YNI-2 15 R2

R2

TiO2

NI5 YNI-2 30 R2

TiO2

Black dye NI5 YNI-2 R2

 
OCVD EIS Black dye

TiO2 NI5 YNI-2 15
 

 
3-3-8. Brønsted Lewis

 

TiO2 4 μm 15 μm
Table 3-2 2 Black dye

24 NI5 NI5 30
8.1 % IPCE Fig. 3-15

8.3% (Fig. 3-16) 
N719 800 nm

Black dye NI5  
950 nm  (17.47 mA/cm2) 
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Fig. 3-10 Electron lifetimes as a function of Voc of the cosensitized plastic-

substrate DSCs. 
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Fig. 3-11 An equivalent circuit model of DSC. 
 
 
 
 
 
 
 
 
 
 

Fig. 3-12 A typical Nyquist plot obtained from EIS of DSC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-13 Components of DSC and their resistivities. 
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Fig. 3-14 Electron impedance spectra (Nyquist plots) of the cosensitized 
plastic-substrate DSCs under the AM 1.5 irradiation and open-circuit 

condition. 
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TTable 3-2. Solar cell performances of the cosensitized plastic-substrate DSCs 
with thick TiO2 photoelectrodes. 

Dye 

 

Jsc 

(mA cm-2) 

 

Voc 

(V) 

 

ff 

 

 

η 

(%) 

Amount of 

Black dye 

Amount of 

pyridine-anchor 

dye 

(x 10-8 mol cm-2) (x 10-8 mol cm-2) 

Black dye 15.82 0.715 0.673 7.61 7.0 - 

Black dye 

→ NI5(15 min) 

16.14 0.724 0.669 7.82 6.8 1.5 

Black dye 

→ NI5(30 min) 

16.74 0.715 0.675 8.05 6.8 2.1 

Black dye 

→NI5(30 min)a 

17.47 0.714 0.669 8.34   

Electrolyte is an acetonitrile solution containing 0.05 M I2, 0.1 M LiI, 0.6 M DMPImI, 
and 0.3 M TBP. TiO2 film thickness and active area are 15 μm and 0.25cm2, respectively. 
Counter electrode: Pt/Ti foil. Irradiation is carried out by a solar simulator (AM 1.5, 100 
mWcm-2). a) Solar cell performance of the DSC with an anti-reflection film and a black 
mask. 

 

Fig. 3-15 IPCE spectra of cosensitized plastic-substrate DSCs with thick 
TiO2 photoelectrodes. 
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Fig. 3-16 I-V curve (a) and IPCE spectrum (b) of the cosensitized plastic-
substrate DSC with Black dye and NI5 equipped with an anti-reflection film 

and a black mask (0.25 cm2), which shows the conversion efficiency 8.3% 
under AM 1.5 (100 mW/cm2) irradiation  

(Jsc = 17.47 mA/cm2, Voc = 0.714, FF = 0.669,  = 8.34%) 
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8.3%
 

 
3-4.  

Black dye
(NI5 YNI-2)

Black dye NI5 YNI-2 TiO2

TiO2

LHE ATR-IR Black dye
TiO2 TiO2 Lewis

30 Black dye LHE
580-620 nm  

Black dye

30
60 30

TiO2

Black dye
60

Black dye
 

TiO2 Black dye
NI5 8.3%(AM 1.5, 100 mW/cm2)  
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4-2.  
4-2-1. TiO2  

TiO2 TiO2 TiO2

( 20 nm 100 nm) [11] 20 nm
100 nm TiO2 70 : 30

TiO2  TiO2 UV-
ITO-PEN  ( 20 / 200 μm) 

TiO2

5 mm 10 mm  65mm (6.5 cm2)  (
Mini Test Press-10)  ( FSK-059) 

TiO2  (
) TiO2

 ( )  
 
4-2-2.  

N719 [Bis-tetrabutylammonium salt of cis-diisothiocyanatobis (2,2’-
bipyridyl-4,4’-dicarboxylate) ruthenium (II)] [19] 
N719 5.0 × 10-4 M  : t-  = 1 : 1 (v/v) 

TiO2 UV
24 TiO2 TiO2

5mm  (0.25 cm2) 
Pt FTO  (6.5 cm2)

Pt Ti
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0.05 M I2 0.1 M LiI 0.6 M DMPImI 0.5 M 4-tert-
butylpyridin (TBP)  (AN)

 ( YSS-150A) Si
 ( BS-520) AM1.5, 100 mW/cm2 I-V

( R6246)
 ( VHX-200)  

 (EIS) X
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4-3.  
4-3-1.  
   (Fig. 4-1)  (Fig. 4-2)
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Fig. 4-1 Schematic illustration of Flat Press Method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-2 Schematic illustration of Roll Press Method 
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Fig. 4-3 Realation between roll-press pressure and clearance. 
(a) : Roll rotation rate : 1 rpm, (b) : Roll rotation rate : 3 rpm. 
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Table 4-1 Influence of roll press conditins on cell performences of plastic-
substrate dye sensitized solar cells 

Rotation 
rrate 

Clearance  Pressure  TiO2 ffilm 
thiickness 

Jsc  Voc  FF  Efficiency  

[rpm]  [μm]  [Mpa]  [μm]  [mA/cm2]  [V]  [--]  [%]  
1  190  90--100  4.0  8.7  0.77  0.67  4.4  
1  180  100--110  4.0  9.3  0.75  0.67  4.6  
1  170  110--120  4.0  9.2  0.75  0.67  4.6  
1  160  110--120  4.0  9.3  0.77  0.70  5.0  
1  150  110--130  4.0  10.4  0.76  0.71  5..6 
3  190  90--100  4.0  9.9  0.74  0.67  4.9  
3  180  100--115  4.0  9.7  0.78  0.71  5.3  
3  170  100--120  4.0  9.0  0.70  0.67  4.2  
3  160  115--125  4.0  9.9  0.74  0.67  4.9  
3  150  120--130  4.0  10.7  0.76  0.69  5.6  

Electrolyte: I2 :0.05 M, DMPImI: 0.6 M, TBP: 0.5 M, LiI: 0.1 M in acetonitrile solvent, 
Dye N719, Cell area : 0.25 cm2 (Open cell), Photoelectrode substrate : ITO-PEN, 
Counter electrode : Pt/FTO/Glass, Measurement condition: AM 1.5, 100 mW / cm2 
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TTable 4-2 Influence of flat press conditins on cell performences of plastic-
substrate dye sensitized solar cells 

Pressure  TiO2 ffilm thickness 
after press  

Jsc  Voc  FF  Efficiency  

[Mpa]  [μm]  [mA/cm22]  [V]  [--]  [%]  
93  4.0  8.7  0.77  0.67  4.4  

100  4.0  9.3  0.75  0.67  4.7  
107  4.0  9.2  0.75  0.67  4.6  
114  4.0  9.3  0.77  0.70  5.00 
121  4.0  10.4  0.76  0.71  5.6  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrolyte: The same electrolyte of Table 1, Cell area: 0.25 cm2, Photoelectrode 
substrate: ITO-PEN, Counter electrode: Pt/FTO/Glass, Measurement condition: AM 
1.5, 100 mW/cm2 
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FFig. 4-4 Niquist plots of plastic-substrate dye sensitized solar cells prepared 
under 1 rpm (a) and 3 rpm (b). 
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FFig. 4-5 Niquist plots of plastic-substrate dye sensitized solar cells  
prepared by flat press 
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Nyquist plot R1 R2
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3 rpm TiO2
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TiO2

Table 4-2
EIS Fig. 4-5 Table 4-2

1 rpm TiO2 Voc
Jsc 8.7 mA/cm2 10.4 mA/cm2 FF 0.67 0.71

4.4% 5.6% Fig.4-
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1 rpm  
1 rpm TiO2

 
 

4-3-2. TiO2  
TiO2 10 μm

TiO2 Table 4-3 TiO2 TiO2

TiO2

Jsc Voc FF 8 μm
Jsc TiO2

TiO2
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TiO2

TiO2 TiO2

BET TiO2

BET 41.0 m2/g BET
45.6 m2/g TiO2

TiO2 10% TiO2

 
 

4-3-3. TiO2  
TiO2 SEM AFM

Fig. 4-6 Fig. 4-7
TiO2

TiO2

TiO2

6 μm
FF  

 
4-3-4.  

Table 4-4 TiO2

Fig.4-8  

Jsc 13.4 mA/cm2 8.7 mA/cm2 Voc 0.75 V 0.68V
FF 0.72 0.52 7.2 3.2%

TiO2 (Fig.4-8a)
 

Jsc
13.4 mA/cm2 12.7 mA/cm2 Voc 0.73 V 0.66 V
FF 0.69 0.64  
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Table. 4-3 Influence of TiO2 film thickness of photoelectrode on solar cell 

performance of plastic-substrate dye sensitized solar cells  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Press 
mmethod 

TiO2 film 
thickness  

Jsc  Voc  FF  Efficiency  Dye adsprbed  

 [μm]  [mA/cm22]  [V]  [--]  [%]  × 10--8 [[mol/cm2]] 

Flat press 
method 

4  9.3  0.75  0.67  4.7  2.0  
6  11.9  0.74  0.73  6.4  4.0  
8  13.4  0.75  0.72  7.2  6.5  
10  13.5  0.74  0.74  7.4  8.0  

Roll press 
method 

4  9.3  0.75  0.67  4.7  2.8  

6  11.7  0.75  0..68 5.8  3.3  

8  13.0  0.73  0.69  6.6  5.2  

10  13.0  0.73  0.68  6.5  6.1  

Electrolyte: I2 :0.05 M, DMPImI: 0.6 M, TBP: 0.5 M, LiI: 0.1 M in acetonitrile solvent, 
Dye  N719, Cell area: 0.25 cm2, (Open cell), Photoelectrode substrate: ITO-PEN, 
Counter electrode: Pt/FTO/Glass, Measurement condition: AM 1.5, 100 mW / cm2 
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FFig. 4-6 (a) SEM and (b) AFM images of TiO2 photoelectrode prepared  
by flat press method. 

 
 
 

0 nm  

100 nm  

(a)  

(b)  

200 nm  1 μmm 
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FFig. 4-7 (a) SEM and (b) AFM images of TiO2 photoelectrode prepared  
by roll press method. 

 
 
 

0 nm  

100 nm  

200 nm   1 μmm 

(b)  

(a)  



95 
 

 
 
 
 
 
 
 
 
 
 

TTable. 4-4 Influence of cell area on performance of plastic-substrate dye 
sensitized solar cells fabricated by both press method and roll press method. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Press method  Area  Jsc  Voc  FF  Efficiency  
 [cm22]  [mA/cm22]  [V]  [--]  [%]  

Flat press method  
0.25  13.4  0.75  0.72  7.2  
6.5  8.7  0.68  0.52  3.2  

Roll press method  
0.255 13.0  0.73  0.69  6.6  
6.5  12.7  0.66  0.64  5.5  

Electrolyte: I2 :0.05 M, DMPImI: 0.6 M, TBP: 0.5 M, LiI: 0.1 M in acetonitrile solvent, 
Sealed cell, Photoelectrode substrate: ITO-PEN, Counter electrode: Pt/Ti foil, 
Measurement condition: AM 1.5, 100 mW/cm2 
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FFig. 4-8 photographs of prescale sheets of TiO2 photoelectrode after  
(a) flat press and (b) roll press. 

 
 
 
 

(a)  

(b)  
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6.5 5.5%
TiO2

(Fig.4-8b) TiO2

 

 
 
4-4  

TiO2

3 rpm
1 rpm TiO2  

TiO2 4 μm 0.25 cm2

5.6% TiO2 6 μm
TiO2 TiO2

TiO2

TiO2

6.5 cm2 5.5%
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5-1  
1991 EPFL M. Graetzel

[1] [2] 

[3] H. Arakawa
TiO2 1 cm

7.6% ( ) 
[4]  

[5-6] H. Arakawa
Ti

10 cm
4.0% [7] Ti
TiO2

T. Miyasaka
TiO2 120 TiO2

Ti Ag Ag
2%

[8] Ag
(η aperture area)

Ag
Ag Ag

TiO2  
4 TiO2

Roll to Roll ( )
4

TiO2

TiO2 Ag
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Ag TiO2

 
 
5-2.  
5-2-1. TiO2  

TiO2 TiO2 TiO2

( 20 nm 100 nm) [9] 20 nm
100 nm TiO2 70 : 30

TiO2

 
 
5-2-2. 5 mm TiO2  

TiO2 5 mm TiO2

5-2-1 TiO2

UV- ITO-PEN  ( 20 /
200 μm)

TiO2 5mm UV-O3

 ( FSK-059) TiO2  
 
5-2-3. Ag 5 cm TiO2  
  Fig. 5-1

 ( ) 
ST500 TiO2 UV-O3

ITO-PEN  ( 20 / 200 μm)
2 UV-O3 Fig. 5-2 TiO2

 ( FSK-059) 120 MPa
0.8 cm  4 cm 5 6 μm TiO2 ITO-PEN

( ) TiO2

150 1 Ag Ag
Ag

H (
) 10 J/cm2 100 1
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FFig. 5-1 Fabrication procedure of current-collecting type plastic-substrate 
DSC with Ag-grids by screen-printing technique. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1) ITO-PEN substrate 

2) Screen printing of TiO2  
layer and roll press 

3) Screen printing of Ag grid 

4) Screen printing of  
protecting layer 

5) Dye adsorption 

6) Electrolyte injection 

7) Sealing with counter electrode 
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5-2-4.  

N719 [10] N719
5.0 × 10-4 M 1-

TiO2 UV 24
N719 TiO2 5 mm

Pt Pt FTO
TiO2

FTO Pt Ti
( ) TiO2 Ti

0.05 M I2 0.1 M LiI 0.6 M DMPImI 0.5 M 4-tert-butylpyridin 
(TBP) 3-methoxy propionitrile (MPN)

(AN)
MPN  

( YSS-150A)
Si ( BS-520) AM1.5, 100 mW/cm2(1sun)

I-V ( R6246)
( VHX-200) TiO2

X (XRD)
(SEM) X (EDX)  

 
5-3.  
5-3-1. TiO2  

TiO2 (  , TiO2 10 wt%)

TiO2 [11] 
TiO2 5 cm ITO-PEN TiO2

Fig. 5-2a TiO2

TiO2 TiO2 TiO2

TiO2 0.2 Pa s
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TiO2 TiO2

(1) TiO2 (2) 
(3) 
 

(1) TiO2 TiO2 10 wt%
30%
TiO2 TiO2

 
(2)

600 (PEG600) 0.25 w% 0.5 w% TiO2

1.8 2.0 Pa s 5 cm TiO2

Fig. 5-2b TiO2

 
(3) TiO2

(EtOH) 1- (1-PrOH) - (1-BuOH) 1- (1-HexOH)
TiO2 ( :0.2 Pa s)

TiO2 EtOH 0.8 
Pa s 1-PrOH 0.9 Pa s 1-BuOH 4.0 Pa s 1-HeOH 15 Pa s

TiO2 EtOH 1-PrOH
TiO2 1-BuOH 1-HexOH TiO2

Fig. 5-2d 1-HexOH
TiO2 TiO2

1-BuOH TiO2 1-HexOH TiO2

TiO2

TiO2 TiO2

 
 
5-3-2. TiO2  

Table 5-1 TiO2 PEG600 TiO2

TiO2 5mm
TiO2

PEG600 TiO2

PEG600 Jsc 5.8% 4.0%
3.1% PEG600 UV-O3

TiO2 TiO2  
[12] UV-O3 5 120  
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Fig. 5-2 Photographs of screen-printed TiO2 layers using various TiO2 pastes. 
(a) TiO2 layer prepared by TiO2 water paste. 
(b) TiO2 layer prepared by TiO2 water paste including PEG600. 
(c) An enlarged photograph of TiO2 layer prepared by TiO2 water paste. 
(d) TiO2 layer prepared by TiO2 1-HexOH paste. 
(e) An enlarged photograph of TiO2 layer prepared by TiO2 1-HexOH paste. 
 

(a) 

(b) (c) 

(d) (e) 
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TTable 5--11  Properties of TiO22 ppastes and solar cell performances of  
plastic--substrate DDSCs using different TiO2  pastes  

Solvents

ppecies 

TiO2 

conc.  

PEG600  UV--O3 

treatment  

Time  

Viscosity  Jsc  Vooc FF  η  

―  [wt%]  [wt%]  [min]  Pa s  [mA/cm2]  [V]  [--]  [%]  

H2O  10  -  5  0.2  11.7  0.75  0.68  5.8  

H2O  10  0.25  5  1.8  8.9  0.73  0.62  4.0  

H2O  10  0.25  120  1.8  7.5  0.73  0.71  3.9  

H2O  10  0.5  5  2.0  7.2  0.74  0.58  3.1  

H2O  10  0.5  120  2.0  8.2  0.72  0.63  3.6  

EtOH  30   5  0.8  10.7  0.70  0.70  5.2  

1--PrOH  30   5  0.9  9.4  0.76  0.71  5.1  

1--BuOH  30   5  4.0  8.8  0.73  0.68  4.4  

1--HeOH  30   5  15  8.9  0.74  0.70  4.5  

1--HeOH  30   60  15  9.7  0.73  0.68  4.8  

1--HeOH  30   90  15  10.1  0.74  0.65  4.9  

1--HeOH  30   120  15  10.2  0.73  0.68  5.0  

Cell area: 0.25 cm2 (Open cell), TiO2 film thickness: 6 μm, Photoelectrode substrate: 
ITO-PEN, Counter electrode: Pt/FTO/Glass, Dye N719, Electrolyte: 0.05 M-I2, 0.6M-
DMPImI, 0.5M-TBP, 0.1M-Li in MPN solvent, Viscosity measurement condition: 25 oC, 
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3.9% 3.6% TiO2

PEG600
 

TiO2

Table 5-1 5.2% 4.4% PEG600
1-HexOH TiO2

UV-O3 5 120 -HexOH
4.5% 5.0%

TiO2 1-HexOH
TiO2

 
 
5-3-3.  Ag  

ITO-PEN ( 15 / )

Ag

[13-14] ITO-PEN
(~150 )  

A 578 DPE-
6A (6 ) / 14EG-A (2

)/IRGACURE184( BASF ) 90 wt%/5 wt% /5 wt%
B 3000

ITO-PEN
10 J/cm2 10 μm

MPN 1 A
B

MPN
 

3 C
D E

B C
D 3000
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E ITO-PEN
Fig. 5-1 Ag 400 μm 10 

μm Ag 500 μm 10 μm 3
20 μm Ag Ag

Fig. 5-3a Ag Fig. 5-3b
Ag  

Ag Fig. 
5-4 0.05 M-I2, 0.60 M-DMPImI, 0.50 M-TBP, 
0.1 M-Li MPN 1 ITO-PEN

Ag Fig. 5-5 Ag
PEN C
(Fig. 5-5a) Ag Ag

AgI
C ITO-PEN C

D Fig. 5-5b
E (Fig. 5-5c)  

1 Ag
Fig. 5-6 D (Fig. 5-6a) Ag

Ag
D

D
Ag  

C 1
D

E (Fig. 5-6b) Ag
E

Table 5-2  
 
5-3-4.  Ag  

C Ag SEM
Ag SEM Fig. 5-7

Ag SEM Fig. 5-8 Ag SEM
(Fig.5-7a Fig. 5-8a) Ag

Ag SEM (Fig.5-7b Fig. 5-8b) Ag
Ag  
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FFig. 5-3 (a) Photograph of a current-collecting Ag grid sturucture covered by 
a protecting polymer layer, (b) 5cm-suare-size plastic-substrate DSC sub-
module prepared by screen printing and roll press method. 

(a) 

(b) 
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FFig. 5-4 A dummy cell for anti-collosion experiment of current-collecting Ag 

grid covered by polymer protecting layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-5 Microscopic photographs of polymer-covered Ag grids after treatment 
with an electrolyte solution. 
(a) Ag grid covered by acrylic resin C 
(b) Ag grid covered by polyimide resin D 
(c) Ag grid covered by epoxy resin E 
Photographs were taken from ITO-PEN substrate side. 

Electrolyte solution 

Polymer   
protecting layer Ag grid 

ITO layer 

PEN film 
(200 μm)  

Sealing part 

Counter electrode 

Electrolyte solution reacted 
with Ag grid (a) 
Reacted Ag grid with electrolyte 

Destroyed protective layer 

Non-reacted Ag grid 
500 μm 

Electrolyte solution 

(c) (b) 

500 μm 500 μm 



111 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFig. 5-6 Microscopic photographs of polymer-covered Ag grids 

after treatment with an electrolyte solution 
(a) Ag grid covered by polyimide resin D 
(b) Ag grid covered by epoxy resin E 

Photographs were taken from polymer-covered Ag gride side. 
 
 
 
 
 
 
 
 

(a) 

Holes in 
Ag grid 

500 μm 

(b) 

500 μm 
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Table 5-2. Durability of polymerprotecting layer over Ag grids 
Protecting polymer Durability against electrolyte solution 

Acrylic resin C 
Ag grid was corroded. 

Protecting polymer layer was destroyed. 

Polyimide resin D Pin holes were observed in the polymer layer. 

Epoxy resin E Problems were not found. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Electrolyte: 0.05 M-I2, 0.6M-DMPImI, 0.5M-TBP, 0.1M-Li in MPN solvent, 

Test condition : 1day, room temperature. 
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FFig. 5-7  SEM photographs of an acrylic-resin-coveredAg grid before 

treatment with electrolyte solution 
(a) Top view, (b) cross section 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Fig. 5-8 SEM photographs of an acrylic-resin-covered Ag grid after 
treatment with electrolyte solution 

(a) Top view, (b) Cross section 
 
 
 
 
 

protecting 
layer 

Ag grid 

ITO-PEN 

protective 
layer 

ITO-PEN 

resin 

b  

500 μm 

500 μm 

10 μm 

10 μm 

a  

a  b  
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Ag Fig. 5-9

Fig. 5-9a Ag
Fig. 5-9b ITO-PEN Ag

Fig. 5-9c ITO-PEN
Ag Ag

 
EDX Fig. 5-9 A B C D E
Fig. 5-10 Al Pt

Ag A Ag Ag
 (C)  (O)  (I)

(I) ITO-
PEN B A (Ag) (C) (O) (I) (I)

A (I)
Fig. 5-9c C

EDX (Ag) (I) AgI
Ag C

C D E (Ag) (I)
C Ag

Ag (I) (Ag) (I)
(AgI)

Ag Fig. 5-11

(I) Ag Ag (AgI)
Ag 1

(Ag)
(AgI) Ag Ag

 
Ag Ag

 
 
5-3-5.  Ag 5 cm

 
Ag 5 cm

5 mm Ag 5 cm
5 cm Fig. 5-3b  
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FFig. 5-9  SEM photographs of an acrylic-resin-covered Ag grid  
(a) A whole view including non-destroyed part and destroyed Ag grid part. 
(b) An enlarged SEM photograph of non-destroyed Ag grid. 
(c) An enlarged SEM photofraph of destroyed Ag geid part. 

 
 
 
 
 
 
 
 
 
 

a 

b
a 

A

B

C 

D 

E 

c
a 

 100 μm 

 10 μm  10 μm 

b
a 
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FFig. 5-10 EDX analyses of various parts of Ag grids. 
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FFig. 5-11 A proposed mechanism of Ag grid degradation. 
 
 
 
 
 
 
 
 
 
 

Intrusion of electrolyte 
solution from pin holes 

AgI formation after reaction with Ag 
grid and iodine in electrolyte solution 

AgI formation after reaction with Ag 
grid and expansion of Ag grid part 

Enlargement of pin holes by 
expansion of Ag grid part 

Reacted electrolyte solution 
flowed from pin holes 
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TTable 5--33 Solar cell performance of pplastic--ssubstrate DDSC sub--mmodule 
wwith current-collecting Ag grid 

Active  
area  

Ag grid  Jsc  Voc  FF  Efficiency ( )  

[cm22]  [mA/cm22]  [V]  [--]  [%]  
0.25   11.7  0.75  0.68  5.8  
20  with  9.4  0.65  0.58  3.5  
20  without  6.66 0.63  0.37  1.6  

 Dye N719, Sealed cell, Photoelectrode substrate: ITO-PEN, Counter 
electrode: Pt/Ti, Electrolyte: 0.05 M-I2, 0.6M-DMPImI, 0.5M-TBP, 0.1M-Li in 
MPN, Measurement condition: AM 1.5, 100 mW/cm2 
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3 Table 5-3 5 cm
Ag Jsc 6.6 mA/cm2

9.4 mA/cm2 FF 0.37 0.58 Voc 0.63 V
0.65V 1.6 3.5% 2
Ag Jsc Voc

5mm Jsc Voc FF
Ag

Jsc Voc FF  
 
5-4.  

 
TiO2 TiO2
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6-2.  
6-2-1. TiO2  

TiO2 TiO2 5-2
TiO2 TiO2 TiO2

( 20 nm 100 nm) [11] 20 nm
100 nm TiO2 70 : 30 TiO2 30 wt%

1- (1-HexOH) TiO2 TiO2

 
 
6-2-2. TiO2 5mm TiO2  

TiO2 TiO2 5 mm TiO2 UV-
ITO-PEN  ( 20 / 200 μm)

ITO-PEN
TiO2 TiO2 5 mm

UV-O3 2
 ( FSK-059) 120 MPa

TiO2  
 
6-2-3. 5 cm TiO2  
  5

( ) UV-O3

ITO-PEN TiO2

15 μm TiO2 TiO2 2
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UV-O3 120 MPa 0.8 
cm × 4.0 cm 5 TiO2 5 × 7 cm ITO-PEN

4 Ag TiO2

150 1 TiO2 Ag
Ag Ag

H (
) UV 100 1

Ag 5 cm TiO2

 
 
6-2-4.  

N719 [12] N719
5.0 × 10-4 M 1-

TiO2 UV 24
N719 TiO2 5 mm

Pt Pt FTO
TiO2

FTO Pt Ti
( ) TiO2

Ti 0.05 M I2 0.1 M LiI 0.6 M DMPImI 0.5 M 4-tert-
butylpyridin (TBP) 3-methoxy propionitrile (MPN)

(AN) MPN  
( YSS-150A)

Si ( BS-520) AM1.5, 100 mW/cm2(1sun)
I-V ( R6246)

( VHX-200) TiO2

X (XRD)
(SEM) X (EDX)  

 
6-2-5.  

TiO2 TiO2

( UV2550) TiO2

(6-1) LHE (Light 
Harvrsting Efficiency) R T LHE TiO2



125 
 

TiO2

 
 

                     LHE(%) = 1 – R(%) – T(%)                         (6.1) 
 
  0.05 M NaOH TiO2

 

(Electrochemical Impedance Spectroscopy, EIS) (Open Circuit 
Voltage Decay, OCVD)  

OCVD
(6-2) (τ) k Boltzmann T e

Voc t  
 

1
oc

dt
dV

e
kTτ

 

 
  Voc 15 Voc

60  
  EIS SI1287 (Solartron )
(FRA) 1255B (Solartron ) 100 mW/cm2

10 mV 100 k-0.1 Hz
Z plot 2

(Nyquist Plot)  
 
6-3.  
6-3-1. TiO2  

5 TiO2 ( 1-HexOH, 
TiO2 30 wt%) TiO2

3.5%
TiO2

TiO2 5 6μm
TiO2

TiO2

(6.2) 
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TiO2

TiO2 ITO-PEN
5 mm TiO2 TiO2 TiO2

TiO2 Table 6-1
Fig. 6-1 TiO2 (Voc)  (FF)

(Fig. 6-1a) (Jsc) 10 μm 12 
μm (Fig. 6-1b) Voc FF Jsc

(η) Jsc (Fig. 6-1b) TiO2 10 μm
5mm 6.37% Voc TiO2

Voc (OCVD)
OCVD [13] 

(Voc) Voc
TiO2

Voc
TiO2 OCVD

Fig. 6-2 TiO2

TiO2

Voc  
3 4 FF EIS

R1 (TiO2 ) R2 (TiO2

) R3 ( ) Table 6-1 TiO2

R1 R2 R3

TiO2 6 μm 10 μm EIS Nyquist 
plot Fig. 6-3 TiO2 Fig. 6-3

R2 R1 R3

TiO2

4 4
TiO2 FF

MPN( 1.2 
mPa s(20 )) ( 0.35 mPa s(20 ))

4 TiO2 TiO2

(R ) (R3 ) FF
Jsc TiO2

Fig. 6-4 TiO2 LHE TiO2  
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TTable 6--11  Influencee of TiO22 ffilm thickness of photoelectrode on solar cell 
performance of  5mm--square--sized plastic--substrate DSCs  

 

TiO2 film 

thickness 
Jsc Voc FF η 

Amount 

of dye 

adsorped 

Bulk 

resistance 

of F-DSC 

(R1) 

Interfacial 

resistance 

(R2) 

Resistance 

of 

electrolyte 

(R3) 

[ m] [mA/cm2] [V] [-] [%] × 10-8 

[mol/cm2] 

[Ω] [Ω] [Ω] 

4  8.78 0.743 0.694 4.56 2.1 7.16 21.42  5.96 

6 10.67 0.731 0.680 5.31 2.8 8.04 21.17  6.10 

8 12.42 0.716 0.676 6.01 4.8 8.98 20.07  7.82 

10 13.50 0.704 0.665 6.37 5.6 9.61 18.03  9.68 

12 13.27 0.701 0.647 6.12 6.6 10.15 17.74  9.82 

14 12.26 0.691 0.623 5.26 7.2 12.70 16.84 10.20 

Electrolyte: 0.05M- I2, 0.6M- DMPImI, 0.5M-TBP, 0.1M- LiI in MPN solvent, Dye
N719, F-DSC cell area: 0.25 cm2 (open cell), Photoelectrode substrate:ITO-PEN, 
Counter electrode: Pt/FTO/Glass, Measurement condition: AM 1.5, 100 mW/cm2 
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FFig. 6-1 Influence of TiO2 film thickness of photoeelctrode on (a) Voc, (a) FF, 

(b) Jsc and (b) conversion efficiency (η) of plastic-substrate DSC. 
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FFig. 6-2 Correlations between Voc and electron lifetime of plastic-substrate 

DSCs. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6-3 Nyquist plots of plastic-substrate DSCs with different TiO2 film 
thicknesses. 
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FFig. 6-4 LHE spectra of N719 dye coated TiO2 photoelectrodes 
with various thicknesses. 
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10 μm LHE TiO2

Jsc TiO2

10 μm Jsc LHE
10 μm

EIS OCVD TiO2

Jsc TiO2

10 μm Jsc  

 
6-3-2. TiO2  
  5 6-3-
1 10 μm TiO2

[4][5][14] 

TiO2 TiO2  ( )

(Fig. 6-5a) (Fig. 6-5b)
TiO2 (

18 μm 49 )
TiO2 ( )

TiO2

 

(Fig. 6-5c)  

TiO2

14 16 μm TiO2  
(Fig. 6-6)  
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FFig. 6-5 photographs of screen printing plates. 
(a): Screen mesh plate, (b): An enlarged part of screen mesh plate,  

(c): Metal mask plate. 
 
 
 
 
 
 

(b) 

(a) (c) 
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FFig. 6-6 Side-view of TiO2 film fabricated  
                by screen printing using screen mesh plate. 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 6-7 Side-view of TiO2 film fabricated  
                 by screen prionting using metal mask plate. 
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TiO2 (Fig. 6-7)
TiO2

TiO2

TiO2 10 μm TiO2  
TiO2

TiO2 ( 6 μm Fig. 6-8a)
TiO2 (A 6 μm B 3 μm Fig. 6-8b)  

TiO2

TiO2 Fig. 6-8c,8d
Fig. 6-8e,8f

TiO2 (Fig. 6-8c) TiO2

(A ) (Fig. 6-8d)
TiO2 (Fig. 6-8e)

TiO2 (A )
(B ) (Fig. 6-8f)

TiO2

ITO-PEN TiO2  
TiO2

TiO2

TiO2  
TiO2 TiO2 10μm 

TiO2 20 μm
TiO2 ( )

(Fig. 6-9a)
TiO2 15 μm

TiO2 (Fig. 6-9b)
TiO2

 
TiO2

TiO2

TiO2

 
 
6-3-3.  

5  
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FFig. 6-8 Photographs of model TiO2 photoelectrodes before and after roll press, 
and prescale sheets after roll press. 
(a): TiO2 photoelectrode with homogeneous coating before press (top view), 
(b): TiO2 photoelectrode with heterogeneous coating before press (top view), 
(c): TiO2 photoelectrode with homogeneous coating after press (top view), (d): 
TiO2 photoelectrode with heterogeneous coating after press (top view), (e): 
Prescale sheet of TiO2 photoelectrode with homogeneous coating after press, 
(f): Prescale sheet of TiO2 photoelectrode with heterogeneous coating after 
press., A part is thicker than B part. White arrow shows the direction of roll 
press. 
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Fig. 6-9 Top view photographs of the TiO2 photoelectrode fabricated by screen 
printing using metal mask plate.  
(a): TiO2 film thickness is 20 μm. 
(b): TiO2 film thickness is 15 μm. 

(a) 

(b) 
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TTable 6-2 Solar cell performances of 5 cm-squre-sized plastic-substrate DSC 

sub-modules with current-collecting Ag grid. 

Sensitizer 

Volume 

resistance 

of Ag-grid 

Jsc Voc FF 
Efficiency 

(η) 

 [Ω·cm] [mA/cm2] [V] [-] [%] 

N719a) none 6.01 0.550 0.261 0.86 

N719a) 1.0 × 10-4  13.10 0.600 0.498 3.91 

N719a) 9.0 × 10-5 13.25 0.610 0.520 4.20 

N719a) 6.0 × 10-5 13.11 0.626 0.573 4.72 

N719a) 4.5 × 10-5 13.25 0.634 0.604 5.07 

Black dye  

 NI5b) 

4.5 × 10-5 15.27 0.602 0.592 5.44 

a) Electrolyte: 0.05 M-I2, 0.6M-DMPImI, 0.5M-TBP, 0.1M-Li in MPN (Sealed cell), b) 
Electrolyte: 0.05 M-I2, 0.6M-DMPImI, 0.3M-TBP, 0.1M-Li in MPN (Sealed cell) 
Photoelectrode substrate: ITO-PEN, Counter electrode: Pt/Ti foil, Measurement 
condition: AM 1.5, 100 mW/cm2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6-10 Correlation between volume resistivity of Ag grid and 
Jsc, Voc, FF, and η of plastic-substrate DSCs. 

0.9
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10 μm TiO2

TiO2 Ag Ag Ag
Table 6-2 Fig. 6-10

Fig. 6-11
Fig. 6-11(b) 

 
5 6 μm TiO2 1.0 × 10-4 Ω

cm Ag 3.5
TiO2 6 μm 10 μm

3.91% TiO2 5 mm
Table 6-1 1.2 1.1

  
Ag Ag

1.0 × 10-4 Ω cm 9.0 × 10-5 Ω cm 6.0  10-5 Ω cm
4.5 × 10-5 Ω cm Jsc Voc 0.600 
V 0.634 V FF 0.498 0.604

3.91% 5.07% Ag
FF (Fig. 6-10) Ag

1.3  
5 TiO2 Ag

1.45  
Ag

Ag Ag
Ag

Ag

Ag
 

 
6-3-4. Black dye NI5

 
N719 (800 nm) (950 nm)

Black dye Black dye
3

NI5 
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FFig. 6-11 The 5cm-suare-sized plastic-substrate DSC sub-module with N719 
prepared by screen printing method using a metal mask plate and 
roll press method. 

(a): Top view of 5cm-suare-sized plastic-substrate DSC sub-module.  
(b): Side view of 5cm-suare-sized plastic-substrate DSC sub-module 

with bending state. 
 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 6-12 The 5cm-suare-sized plastic-substrate DSC sub-module with Black 

dye and NI5 prepared by screen printing method using a metal mask 
plate and roll press method. 

(a): Top view of 5cm-suare-sized plastic-substrate DSC sub-module.  
(b): Side view of 5cm-suare-sized plastic-substrate DSC sub-module 

with bending state. 
 

a  b  

a  b  
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FFig. 6-13 I-V curve of the cosensitized plastic-substrate DSC sub-module    
         with Black dye and NI5, which shows the conversion efficiency 

5.4% under AM 1.5 (100 mW/cm2) irradiation. 
(Jsc = 15.27 mA/cm2, Voc = 0.602, FF = 0.592, η = 5.44%) 
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YNI-2 Black dye 6-3-3
Black dye NI5

[15] Table 6-2 I-V Fig. 
6-13 Black dye NI5

5.4 MPN

 
 
6-4.  

 
MPN TiO2

N719 TiO2 10 μm
10 μm TiO2

TiO2

10 μm TiO2 TiO2

TiO2

 
Ag

Ag FF Voc
Black dye NI5

5.4%  
TiO2

TiO2 Ag
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