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ABSTRACT The electron transport and back-reaction in DSCs with and without TBP were inves-
tigated by intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated photovoltage
spectroscopy (IMVS). The results indicate that the increase of the open-circuit voltage was attributed to
the negative shift of the TiO2 conduction band potential by the surface adsorption of TBP. The nega-
tive shift of the TiO2 conduction band potential reduced the electron injection force and decreased the
photoaccumulated charge concentration in the TiO2 film, which increased the electron transit time (τd)
and decreased the short-circuit current. Overall, the addition of TBP into the electrolyte increased the
efficiency of DSCs by 37%.
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Fig.1 I − V curves of DSCs with and without TBP
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Table 1 I − V characteristics of DSCs with and without TBP

DSC Voc/V Jsc/mA·cm−2 FF η/%

without TBP 0.54±0.00 17.35±0.22 0.50±0.01 4.67±0.07

with TBP 0.67±0.00 15.70±0.00 0.61±0.00 6.39±0.02
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Fig.4 Relations of electron transit time to light in-

tensity in DSCs with and without TBP
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Voc in DSCs with and without TBP

; 6 DSC pqa

Fig.6 Energy–level diagram of DSC

.=K τn /!.4'(H τd UX>,p-;-!!

.N=<7(, !.45$4<7,  N=l=nV
�lhd<j, r!*� τn-τd <d; ;s�-0;,

!.4'<qq45^0oo, 62!*� τn-τd r

E,

6o1Vr!FJ Q Q=Jscτn +Y
[11],A 5

) 'Q?#@ Voc 0 Jsc 06o1Vr!J Q �

AR>B,̂ c!J Q ;� Voc S(@)6okk
?nV� Voc S(, s^c Jsc ; Voc S(@)V:
TBP#@p� Voc S(@ [11], A 5>6bYV:
TBP #@ DSC �HE!2 Voc S(@�� TiO2 6

okk?nV�S(@,
TiO2  '0!50Ær(, / TiO2 :Aa_

/ Helmholtz A!s [21],s TiO2 :AVr�!F

Jqfe(, HelmholtzA1�!c8a3!?S, @

snV6ot�kJ [11](M^A 6): s:AVrc!
F(, 6ot#Uc6U (;) kJ; s:AVrk!

F(, 6ot#Uk6U (2) kJ,6o1�!F
J Qcb iDl6ot Ecb 0t%;u Ef Hu, i

E(Qcb)=Ecb − Ef , s Qcb 9D(, Ecb U2kJ(

Ef dU2kJ, i+ Voc Ze; c?, Ecb U;kJ

( Ef dU;kJ, i+ Voc X>,[p, TBP r�

�$% TiO2 �& '@, 62 TiO2 6ot Ecb k

k, @si+ DSC �HE!2 Voc WYZe,
3 , 0

9� IMPS/IMVS *", @!.4'/45JG
�s=, 0 DSC �0-!5,1:, TBP i!*

';<(�<?.5-=p,X9:=: !5,1V
: TBP @, DSC �HE!2 Voc Ze++ TiO2

6otkknV, @ Voc S(@��6okk�S(
@+ τn S(>bY, ?� TBP N=;0 DSC 63

!.0!5,1 I−3 45�h;r�_l?q, �
TBPjj/ TiO2 :A@, TiO2 6otkk, 62!
.R,X>,  '1!.N=;8, !.4'(H τd

id; c(!.N=�;8, 62 DSCEE!7_=

Jsc 87,̀ TBP ( DSC �*_\!bZ:, 62
!*ÆW[. FF +2?4,[p, DSC0-!5,
1:, TBP @, DSC �-!*4Z:- 37%,

s D & E
1 B.O’Regan, M.Grätzel, A low-cost, high-efficiency solar

cell based on dye-sensitized colloidal TiO2 films, Nature,

353, 737(1991)

2 J.H.Yum, H.B.Robin, S.M.Zakeeruddin,

M.K.Nazeeruddin, M.Grätzel, Effect of heat and light

on the performance of dye-sensitized solar cells based

on organic sensitizers and nanostructured TiO2, Nano

Today, 5, 91(2010)

3 D.Kim, P.Roy, K.Lee, P.Schmuki, Dye-sensitized solar

cells using anodic TiO2 mesosponge: improved efficiency

by TiCl4 treatment, Electrochem. Commun., 12(4),

574(2010)

4 M.Pastore, S.Fantacci, F.D.Angelis, Ab initio determina-

tion of ground and excited state oxidation potentials of or-

ganic chromophores for dye-sensitized solar cells, J Phys.

Chem. C, 114, 22742(2010)

5 C.C.Tsai, Y.Y.Chu, H.Teng, A simple electrophoretic

deposition method to prepare TiO2–B nanoribbon thin

films for dye-sensitized solar cells, Thin Solid Films, 519,

662(2010)

6 C.Y.Chen, M.Wang, J.Y.Li, N.Pootrakulchote,

L.Alibabaei, C.Ngoc-le, J.D.Decoppet, J.H.Tsai,

C.Grätzel, C.G.Wu, S.M.Zakeeruddin, M.Grätzel,

Highly efficient light-harvesting ruthenium sensitizer for

thin-film dye-sensitized solar cells, ACS Nano, 3(10),

3103(2009)

7 S.Y.Huang, G.Schlichtho1rl, A.J.Nozik, M.Grätzel,

A.J.Frank, Charge recombination in dye-sensitized

nanocrystalline TiO2 solar cells, J Phys. Chem. B, 101,

2576(1997)

8 ZHANG Jinxing, CAO Chuanbao, ZHU Hesun, The crys-

tal structure and photoresponse of ZnO thin films fabri-

cation on ITO substrates, Chinese J. Materials Research,

21(3), 235(2007)

(t�r, v�w, uvv, ITO txtuu ZnO ��wÆ�

��, �����Æ, 21(3), 235(2007))



6 � ^\]�:[_ 4– \h[`af]cd\�������i^�� 6176 � ^\]�:[_ 4– \h[`af]cd\�������i^�� 6176 � ^\]�:[_ 4– \h[`af]cd\�������i^�� 617

9 PENG Yingcai, FU Guangsheng, Approach to quantum

dot solar cells, Chinese J. Materials Research, 23(5),

449(2009)

(vwy,xy�,v
"��
��sw, �����Æ, 23(5),
449(2009))

10 ZHAO Jing, LI Yuan, CAI Ning, ZHANG Xiaodan,

XIONG Shaozhen, ZHAO Ying, Hydrothermal prepara-

tion of one-dimension TiO2 and applied in DSCs, Acta

Energiae Solaris Sinica, 31(3), 312(2010)

(x w, x y, z y, tt{, uxz, x {, vwz{ TiO2

�yzÆ	|wÆ| DSCs 
���}�, ����Æ, 31(3),
312(2010))

11 G.Schlichtho1rl, S.Y.Huang, J.Sprague, A.J.Frank, Band

edge movement and recombination kinetics in dye-

sensitized nanocrystalline TiO2 solar cells: a study by

intensity modulated photovoltage spectroscopy, J Phys.

Chem. B, 101, 8141(1997)

12 S.Nakade, T.Kanzaki, W.Kubo, T.Kitamura, Y.Wada,

S.Yanagida, Role of electrolytes on charge recombination

in dye-sensitized TiO2 solar cell (1): The case of solar

cells using the I−/I−3 redox couple, J Phys. Chem. B,

109, 3480(2005)

13 DAI Songyuan, KONG Fantai, HU Linjua, SHI Chengwu,

FANG Xiaqin, PAN Xu, WANG Kongjia, Investigation on

the dye-sensitized solar cell, Acta Physica Sinica, 54(04),

1919(2005)

()��, �z�, {||, {}x, %y|, } z, {�
}, ����z{����
�~|��, }��Æ, 54(04),

1919(2005))

14 LIANG Linyun, DAI Songyuan, FANG Xiaqin, HU Lin-

hua, Research on the electron transport and back-reaction

kinetics in TiO2 films applied in dye-sensitized solar cells,

Acta Physica Sinica, 57(03), 1956(2008)

(}|~, )��, %y|, {||, ������
��
TiO2 �~

�	�~~}~���, }��Æ, 57(03),

1956(2008))

15 L.Dloczik, O.Ileperuma, I.Lauermann, L.M.Peter,

E.A.Ponomarev, G.Redmond, N.J.Shaw, I.Uhlendorf,

Dynamic response of dye-sensitized nanocrystalline

solar cells: characterization by intensity-modulated

photocurrent spectroscopy, J Phys. Chem. B, 101,

10281(1997)

16 M.K.Nazeeruddin, A.Kay, I.Rodicio, R.Humpbry-Baker,

E.Müller, P.Liska, N.Vlachopoulos, M.Grätzel, Conver-

sion of light to electricity by cis-X2Bis (2,2′-bipyridyl-4,
4′-dicarboxylate) ruthenium (II) charge-transfer sensitiz-

ers (X=C1−, Br−, I−, CN−, and SCN−) on nanocrys-

talline TiO2 electrodes, J. Am. Chem. Soc., 115(14),

6382(1993)

17 E.Stathatos, P.Lianos, S.M.Zakeeruddin, P.Liska,

M.Grätzel, A quasi-solid-state dye-sensitized solar cell

based on a sol-gel nanocomposite electrolyte containing

ionic liquid, Chem. Mater., 15(9), 1825(2003)

18 M.Murayama, T.Mori, Evaluation of treatment effects for

high-performance dye-sensitized solar cells using equiva-

lent circuit analysis, Thin Solid Films, 509, 123(2006)

19 K.Hara, Y.Dan-oh, C.Kasada, Y.Ohga, A.Shinpo, S.Suga,

K.Sayama, H.Arakawa, Effect of additives on the photo-

voltaic performance of coumarin-dye-sensitized nanocrys-

talline TiO2 solar cells, Langmuir, 20, 4205(2004)

20 N.-G.Park, G.Schlichthörl, J.van de Lagemaat,

H.M.Cheong, A.Mascarenhas, A.J.Frank, Dye-sensitized

TiO2 solar cells: structural and photoelectrochemical

characterization of nanocrystalline electrodes formed

from the hydrolysis of TiCl4, J Phys. Chem. B, 103,

3308(1999)

21 J.Bisquert, V.S.Vikhrenko, Interpretation of the time con-

stants measured by kinetic techniques in nanostructured

semiconductor electrodes and dye-sensitized solar cells, J

Phys. Chem. B, 108, 2313(2004)


