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/�¯z��>³ (DSC) ¥�B���>4´û½��>³1>=�5U�­�|¤Ü©. �Uõ��>4
A5, æ^
ØÓßÝ� TiO2 M�é DSC 1�4�>ÀæÚB� TiO2 õ���?1ØÓ�ª�.¡?n. |^ X

��û��{é�����õ���±9M�²p§?n����¥B� TiO2 �â�º�9¬.?1
ÿÁ. æ
^p©Eß�>fw�ºÚ|u�×£>fw�º*	
B��â9���(�/m. æ^rÝN�1>6Ì/1
>ØÌ©Û
 TiO2 M��ØÓ?n�ªé>fDÑÚEÜ�K�. 3 100 mW·cm−2 1r±9V�¸e©OÿÁ

 DSC �ÏSÑÑ5U±9V>6. (JL², ØÓßÝÚ?n�ªþU�Ð/³�V>6. M�?n�1)>f
Æ· τn ò�, >fDÑ²þ�m τd �A á. æ^ßÝ� 0.10 mol·L−1 �M�é�>ÀæÚõ��Ó�?n, DSC

�÷*ÑÑA5�Z, á´>6�Ý Jsc Jp
 10.9%, 1>=��Ç η Jp
 11.9%.

'�c: /�¯z��>³, M�, >fÆ·, >fDÑ�m

PACS: 88.40.H−, 61.43.Gt, 72.20.Jv

1 Ú ó

/�¯z��>³ (DSC) ���«$d!
�Æ·!�¸lÐ�1Ïì�´C�c5U

ïÄ+�¥���9: [1−5]. �,8c¢�¿
�¡È (0.25 cm2) >³��p1>=��Ç®�
� 11.5%[6], �¡È (187.2 cm2) >³��p1>=
��Ç®�� 6%[7], ��DÚ�7Ä��>³�
', DSC �3¯õ>ÖDÑÚUþ���.¡, P
k�E,�Uþ��NX. Ï
, .¡m>Ö�E
Ü��´{N DSC 1>=��ÇJp�Ì�´¶
��. TiO2 õ���>4´ DSC �­�|¤Ü©,

´1)>f�)ÚÑ$�­�1N. B����5
Uû½uB��âm�>�>5U±9"���
Ð¼ÚEÜVÇ, �ªK�X1)>f3B�õ�

��S�DÑ�mÚ DSC �1>=��Ç, ´µ
d DSC 1Ï5U�­��I. ïÄ@�, >f�E
Ü��Ì�5g1)>f�>)�¥ I−3 �m�E
Ü�A [8,9]. 
ù
EÜ�A�õu)uB� TiO2

õ���±9ß²�>ÀæÄ.�B� TiO2 ��
m��>.¡þ [10−12]. �?�Ú`z1�4.
¡��>5U, ~�>Ö��, IS	¯õïÄÅ
��õæ^ TiCl4[13,14]!� [15]!�4�z{>�
È [16] �?nõ���>4, ½öæ^äkxz5
U�LÞ7á!Dè��éõ���?1�,, ±
Uõ>f3õ��S�DÑ5U [17,18]. ù
�{
3`z��>41>5U�Ó�þ/Ï
Ù¦¢
�ÁJ.

�Uõ��>4S���>¡�5U, ~�1
)>f�Ð¼ÚEÜ��, 3ØÚ\Ù¦¢�ÁJ
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�Ó�Uõ DSC �ÏSA5, �©æ^B�õ�
����L§¥�¥m�Ô TiO2 M���>4?
»�Ì�¤©, é DSC 1�4��>Àæ±9B
�õ���?1ØÓßÝÚØÓ�ª�?n. 3

)�(��Ä:þ, æ^rÝN�1>6Ì/1>Ø
Ì (IMPS/IMVS) EâïÄM�?»é>fÆ· τn

±9>fDÑ²þ�m τd �K�. lÅnþ?�
Ú&?M�?n��{é DSC 1ÏA5�K�.

2 ¢ �

2.1 TiO2 MMM���999>>>³³³���¬¬¬���������

æ^M�-v�{����
õ���>4¥
�B� TiO2 �� [19,20]. 3��^�e, ò 40 ml

v�oÉZ� (Fluka úi)�) ×�%\� 240 ml

��M�¥�)xÚ�D, N!M� pH �� 2.4,

3 100—135 ◦C §Ýeþ!�� 3—6 h ��/¤
ß²�M�. ,�, �½pØ�A;§Ý� 210 ◦C,

éM�9?n 24 h, ¦ TiO2 ?�Ú¬z)�¿ò
M�ß ØY��v�. 3v�¥\\à¯�UÚ
thU, ��Ñ·Üj�<M^�ó�. òó�<
M3ß²�>Àæþ, ² 510 ◦C p§�(=��
���(��B� TiO2 õ���. d	, æ^²þ
â»�� 300 nm �bv¶. TiO2 ��¤��â
Ñ��, ¦\�13õ��Sõg�Ñ�±¿©J
p��1�|^Ç. �������²e%���
ßÝ� 5.0 × 10−4 mol·L−1 N719 /��ÃY¯U
M�¥;1E�. 3ß²�>Àæþ�æ H2PtCl6
�u�í¥�(���é>4. |^1�4Úé>
4��>³, 5\>)�, �µ���¢�>³ [21].

�����>³�¬¢ÔXã 1(a) ¤«.

¢�¥^�?»�ØÓßÝ TiO2 M��±
lB� TiO2 �����L§¥¼�. >³�¬
�©�±eo|: 1�|�>³�¬ A, T�¬
�1�4�²?n�IO>³, ^�ë'>³; 1
�|�>³�¬ B!�¬ C Ú�¬ D, ©Oæ^
ßÝ� 0.40, 0.10, 0.05 mol·L−1 �M�éß²�>
Àæ?1?n; 1n|�>³�¬ E!�¬ F!�
¬ G Ú�¬ H, ©Oæ^ßÝ� 0.40, 0.20, 0.10,

0.05 mol·L−1 �M�éB�õ��?1?n; 1o
|�>³�¬ I, æ^ßÝ� 0.10 mol·L−1 �M�
éß²�>ÀæÚB�õ��Ó�?1?n. ²M

�?»�ß²�>ÀæÚB�õ��3��¤¢
�>³cÑI?1p§�(. M�?n��>³1
�4��(�Xã 1(b)¤«.

ã 1 >³�¬¢Ôì¡±91�4��(�«¿ã
(a) >³�¬¢Ôì¡; (b) 1�4��(�«¿ã

2.2 LLL���ÿÿÿÁÁÁ

B�õ���¥� TiO2 ±9^u?»� TiO2

M�²p§�(���â¬.9º�æ^F�n
Æ>Åúi)�� D/Max-rB . X ��û� (XRD)

¤?1ÿ½. TiO2 M�p§�(c��â��*
/mæ^F�>f¿ª¬�)�� JEM-2010 .
p©Eß�>fw�º (HRTEM) ?1*ÿ. M
�?nc�ß²�>Àæ±9>³1�4�L¡
Ú�¡/mæ^ FEI úi)�� Sirion 200 .|
u�×£>fw�º (FESEM) ?1*ÿ. ¢�>
³²?»c��V>6ÏL�5×£ÏS­�5
ÿþ. DSC 1Ï5UÏLIO1
!êi
L±
9 Testpoint ÏSA5ÿÁ^�?1ÿÁÚêâÑ
Ñ. 1)>fÆ·±9>fDÑ²þ�mÏL�
I Zahner úi)����rÝN�1Ì¤?1ÿ
Á. ±Å�� 610 nm �u1�4+��1
, ÿÁ
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1r� 100 mW·cm−2, N�1r�Ì���µ1r
� 10%, ÿÁªÇ��� 0.1—3000 Hz.

3 (J9?Ø

3.1 TiO2 õõõ������±±±999 ppp §§§ ??? nnn ���MMM������
XRD ©©©ÛÛÛ

�ïÄM�-v�{�Ñ�B� TiO2 õ��±
9^u?»� TiO2 M�p§�(���âº�9
¬., ·�òùü«�¬?1
 XRD ÿÁ, (JX
ã 2 ¤«.

ã 2 B� TiO2 õ��±9p§?n� TiO2 M�� XRD Ì

éìbv¶. TiO2 IOÌ��, M�-v�
{ � � � B � TiO2 õ � � Ú TiO2 M � 3 p
§ 510 ◦C �(��¬.þ�bv¶.. ÏL�
Wúª Dhkl = Kλ/(β cos θ) O���Ñ¬âº
�. ùp Dhkl � (hkl) ¬¡{���þ¬â�º
�, K �~ê, � K = 0.89, λ � X ��Å�, β �
û���Czþ, 2θ �û��. ²O���, ��
1)>fÌ�1N�B� TiO2 õ��¥�¬â
º��� 23.5 nm. ^u?»?n� TiO2 M�²
p§�(�â»�� 13.7 nm, Ñ�uõ��¥B
� TiO2â».

3.2 ppp§§§???nnnccc��� TiO2 MMM������ HRTEM
LLL���

HRTEM Ì � ´ Ä u ß L � ¬ � > f å ¤
��n5*ÿá�/m¿?1(�©Û�. Ï
L HRTEM *ÿ��: TiO2 M�3��)¤� (p

§�(c) ®²Ðw¬â/m (ã 3(a)), â»�
� 6—8 nm. ²L 510 ◦C p§�(�, TiO2 �â/
�5K, â»?�ÚO�� 14 nm �m, Xã 3(b)

¤«. d HRTEM *ÿ���¬âº�� XRD ¤
�(J�ÎÜ.

ã 3 p§?nc� TiO2 M�� HRTEM � (a) ?n
c; (b) ?n�

3.3 >>>444���(((���///mmm��� FESEMLLL���

æ^ TiO2 M�é�>Àæ?1?»?n, 3
�>�þ/¤����� TiO2 B��z�. d
ã 1(b) ��, ²?»?n����¢�>³�1
�4Ì�dß²�>Àæ!B� TiO2 ���!
B� TiO2 õ��!��âÑ��o�Ü©|¤.

�
*ÿ1�4�(�/m, æ^ FESEM éÙ?
1L�.

ã 4 w«
æ^ FESEM é1�4�|¤Ü©
?1×£����(�/m. ã 4(a) �ß²�>
ÀæÄ. F:SnO2 �>��L¡/m. dã 4(a) �
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±wÑ, SnO2 �â¥o�¬., c��ß, â»�
� (� 400—500 nm). ã 4(b) ���>4�¡/m,

S�ã��ß²�>ÀæNC«�ÛÜ��, �±
�ß/*ÿ�ÏLM�?n/¤� TiO2 ���.

T����ß²�>Àæ�m�ë��\;�, ¤
�ë�õ����>Àæ�m�Ý�, �1)>f

�Ð/Â8ÚDÑJø
k|^�. ã 4(c) � TiO2

ó�ÏLj�<M/¤�B�õ���, Ùâ»
� XRD ÿ��(J�Î. T��¤�1)>f�
)ÚÑ$�­�1N. ã 4(d) � TiO2 ��âÑ�
��L¡/m, Ì�^u¿©áÂ��1, Jp1
�|^Ç, ~�\�1��.

ã 4 DSC 1�4�(�/m (a) ß²�>ÀæL¡/m; (b) ²M�?n�¹ TiO2 ����>4�¡/m; (c) j�<
M TiO2 õ��L¡/m; (d) ��âÑ���(�/m

3.4 MMM���???nnnééé DSC ÑÑÑÑÑÑ555UUU���KKK���

�ïÄ>4?»��J, ·�æ^ØÓßÝ
� TiO2 M�é�>Àæ±9B�õ���?1Ø
Ó�ª�?n, ¿é¢�>³?1ÏSA5ÿÁ.

Ó��¬þÿÁ
 4 �>³, �Ù²þ�±~�ÿ
þØ�.

L 1 ¥é¢�>³�m´>Ø Voc!á´>6
�Ý Jsc!W¿Ïf (FF) ±91>=��Ç η �
ÿÁêâL², M�?n�>ÀæÚ?nB� TiO2

õ���þé DSC �÷*ÑÑA5kX²w�`
z�^. ù«UõÌ�Ny3 Jsc Ú η þ. M�?n
�>Àæ�, 3�>�� TiO2 õ���m#O�
�����N�z�. T���;�NXu�>À
æþ, ¿� TiO2 B�õ��kX�Ð�¬���

5, Uõ
�>Àæ�õ����.¡�>, Jp

1)>f�DÑÚÂ8�Ç. �$M�ßÝ?n
�, /¤����'��, EkÜ© F:SnO2 �>�
ØU���CX, é1)>f�>)�¥ I−3 �E
Ü�A³��^Ø²w. �pßÝ?n�, /¤�
þ����q¬ü$\�1�|^Ç. Ï
M�ß
Ý� 0.10 mol·L−1 ?n�>Àæ��J�Z, ��
�þÝ�� 120 nm, Jsc Jp
 7%, η Jp
 9.2%.

æ^M�?nB�õ���Uõ
>³�ÏS5
U, Ì�´duNXuõ���âm� TiO2 M�
â»��, é��S����Yäk�Ð�W¿
�^, O�
õ���'L¡È, Or
�âm�
>�>, k|u1)>f�)¤ÚÑ$. æ^ßÝ
� 0.10 mol·L−1 �M�?nB����`z�J
�²w, Jsc J p
 9.7%, η J p
 8.4%. nÜü«

088801-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 088801

? n � ª � ` � 5, · � 3 d Ä : þ æ ^ ß Ý
� 0.10 mol·L−1 �M�Ó�?n�>ÀæÚB

�õ��, DSC �÷*ÑÑA5��
�Z�, Jsc

Jp
 10.9%. η Jp
 11.9%.

L 1 M�?né DSC ÏSA5�K�

>³ Voc/V Jsc/mA·cm−2 FF η/% M�ßÝ /mol·L−1

�¬ A 0.68±0.01 13.36±0.05 0.66±0.01 6.07±0.07 —

�¬ B 0.71±0.02 14.08±0.08 0.67±0.01 6.54±0.06 0.40

�¬ C 0.71±0.01 14.30±0.06 0.67±0.02 6.63±0.05 0.10

�¬ D 0.70±0.02 14.12±0.13 0.65±0.01 6.36±0.10 0.05

�¬ E 0.66±0.02 14.42±0.10 0.67±0.02 6.15±0.06 0.40

�¬ F 0.69±0.01 14.55±0.05 0.65±0.02 6.27±0.20 0.20

�¬ G 0.69±0.01 14.66±0.02 0.66±0.02 6.58±0.08 0.10

�¬ H 0.69±0.01 14.41±0.03 0.66±0.05 6.34±0.18 0.05

�¬ I 0.71±0.01 14.82±0.10 0.67±0.03 6.79±0.15 0.10

3.5 MMM���???nnnéééVVV>>>666���KKK���

1)>f3õ���>4S��)!DÑ±
9EÜL§û½
 DSC �ÑÑ5U. EÜ��L
§´1Ïì�¥���AL§, ÙÌ��ûu��
>4SÜÐ¼�!"���êþ±9.¡>ÖE
Ü�A�§Ý. V>6���´µd>fEÜ��
§Ý�­��â. ·�òcn|>³�¬?1ÿÁ,

ÏL�5×£ÏS­�5©Û DSC 3M�?nc
�>fEÜ�A��¹. �|>³�V>6A5
Ú I-V ­�Xã 5 Úã 6 ¤«.

ã 5 w«
^ØÓßÝ TiO2 M�?n�>À
æc�>³�V>6A5±9ÏSA5. ã 5(a)

L², 3Ã1^�e, ØÓßÝ TiO2 M�?n�>
Àæé>³�V>6þkØÓ§Ý�³��^, �
M�ßÝ��, ³�V>6��J�Ð. dã 5(b)

¥ I-V A5­�ÚL 1 �ÿþêâ��, æ^��
ßÝM�?n��¬ B ¿�¼��Z�1ÏA5.

·�@�, �X?n�>ÀæM�ßÝ�Jp, )
¤����þÝO�, ù�,U
3�½§Ýþ�
Ð/³�1)>f3�>Àæ.¡?� I−3 �EÜ,

�þ����ü$
\�1�ß�Ç, K�
1�
4é��1�áÂÚ|^, ~�
1)>fêþ,

?
K�
>³�ÑÑA5.

ã 6 w«
ØÓßÝ TiO2 M�?nõ���
c�>³�V>6A5±9 I-V ­�. dã 6(a) �
�, 3V�¸e, M�?nõ����ßÝ��é
>fEÜ���³��^�²w, >³V>6Ò�

ã 5 ^ØÓßÝM�?nß²�>Àæc�>³�V
>6±9 I-V ­� (a ) V>6A5; (b) I-V ­�

�. Ó�, dL 1 ±9ã 6(b) ¥� I-V A5­�L
², æ^��ßÝ?1?n�, äk�$V>6�
>³¿�¼��Z�1ÏA5. �±@�, pßÝ
M�?»�, õ����Éà8
�þ#)�B�
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�â, ×l
�É, �
ü$
'L¡È, K�
Ù
é/�¯zJ�áN, ?
ü$
>³�1>A5.

ã 6 ^ØÓßÝM�?nõ��c�>³�V>6±
9 I-V ­� (a) V>6A5; (b) I-V ­�

3.6 IMPS/IMVS ÿÿÿÁÁÁ(((JJJ©©©ÛÛÛ

IMPS/IMVS E â ´ C c 5 2 � A ^ u ï
Ä DSC SÜ>fDÑÚ��A�k��ª�&
ÿEâ [22,23]. �ïÄM��ØÓ?»�ªé�*
+�1)>f5U�K�, ·�3ª���SÏ
L IMPS/IMVS Eâ©OïÄ
>f3 TiO2 ��
¥�DÑL§±9��.¡þ�>Ö=£L§. >
fÆ· τn L�
1)>fl�)��vL§��
m, Ù�3Î¦�¦þ?. 
>fDÑ²þ�m τd

KL�>fl�)�¤õDÑ�Â8>4¤I�
²þ�m. >fÆ· τn Ú>fDÑ²þ�m τd �
©Ode�úª��:

τn = 1/(2πfIMVS),

τd = 1/(2πfIMPS).

ùp fIMPS Ú fIMVS � IMPS/IMVS �JÜ�$:
¤éA�ªÇ, ©ONy
>fDÑL§Ú.¡E
ÜL§.

ã 7 w « 
 æ ^ Ø Ó ? » � ª ? n �
> ³ � ¬ � > f Æ · Ú > f D Ñ ² þ � m
3 100 mW·cm−2 1re�ÿÁ(J. dã 7 �
±wÑ, ²M�?n��¬� τn þ'�²?n�
¬� τn ��. τn ´é>fEÜL§��«£ã.

M�?n�>Àæ/¤ TiO2 ���, ü$
>f
� I−3 ±9Ù¦Ð¼�EÜ�VÇ. 
M�?nB
�õ���, NXu�ÉS�B��âé"��Ú
Ð¼�?1
?», Uõ
B��âm�>�>,

é>f3Ñ$L§¥�EÜ�Aå��Ð�³�
�^. 
�, M�?»�>³�¬� τd '?»c²
wü$. ù`²��>4²?»�, �â.¡m²
Uõ�>�>¦�>f3DÑL§¥�EÜ��
VÇü$, ��/Jp
>f�DÑUå, ¦�>
fDÑ�Â8>4¤I��m�á, ��\N´.

M�?»c� τn Ú τd �ÿÁ(J�y
ã 5(a) ±
9ã 6(a) ¥ØÓßÝ�M�?né DSC V>6�
³��^, dd)º
M�?»é>³÷*ÑÑÏ
SA5�K�.

ã 7 ²ØÓ�ªM�?nc�ÿ�>³�¬�>fÆ
· τn 9>fDÑ²þ�m τd

4 ( Ø

�©æ^
ØÓßÝ TiO2 M�©O?n�
>ÀæÚB� TiO2 õ�����{5Uõ DSC

1�45U, ¿ïÄ
 TiO2 M�±9B���
��*(�. TiO2 M�p§�(c�â»©O
� 6—8, 13.7 nm, ²p§?n��¬.�bv¶
., �B� TiO2 õ���¬.���. (JL²,

088801-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 088801

æ^ 0.10 mol·L−1 M�©O?n�>ÀæÚõ�
�, >³�¬� Jsc Ú η þ���Z�. æ^Tß
ÝM�é�>ÀæÚõ��Ó�?1?n, DSC

� Jsc Jp
 10.9%, η Jp
 11.9%. M�?»
éV>6þk�Ð�³��^. 3ª���Sæ

^ IMPS/IMVS Eâl>fDÑÚEÜ�ÝéM�
?»c��¬� τn Ú τd ?1
ïÄ. ��>4²
M�?n��¬� τn ò�, 
 τd �é á, l��
þ`²
M�?né>fEÜ��A�³�Úé
ÏSA5�`z�^.
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Abstract

Nanoporous film electrode is a crucial composition of dye-sensitized solar cells, which influences the photoelectric conversion

performance. To improve the property of the photoelectrode, different modification methods by using different concentrations of TiO2

sol are investigated. The crystallite size and phase of the nanoporous TiO2 particles and the TiO2 sol after sintering are studied with

X-ray diffraction. The microstructure morphologies of the conductive glass and the films are determined by the high resolution trans-

mission electron microscopy and the field emission scanning electron microscopy. The influences on electron lifetime τn and the

electron transit time τd are analyzed by intensity-modulated photocurrent spectroscopy and photovoltage spectroscopy from the mech-

anisms of electron transport and back reaction kinetics. It is found that the back reactions are well suppressed under dark conditions

after sol modifications. τn is effectively extended and τd is also shorten correspondingly by any kind of sol treatment. The short-current

density and the photoelectric conversion efficiency are increased by 10.9% and 11.9% separately, when 0.10 mol·L−1 sol modification

is applied both to the conductive glass and to the nanoporous TiO2 film at the same time.

Keywords: dye-sensitized solar cell, sol, electron lifetime, electron transit time
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