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Äu�ÝàÜÔ�Ná�à 3-CÄ(§ (P3HT) ÚLVLû)ÔÉNá� (6, 6)-�Ä-C61 (PCBM) �·�NÉ
�((��àÜÔ��U>³ÏÙ�Ç16f[£Ç$
��
 P3HT : PCBM õU�þÝ, l
K�
ì�é\
�1�áÂ. 3àÜÔõU�Ú��>4m�\ TiO2 1Æm���±¦ì�S>|­#©Ù¿Uõì��1áÂ.

Äu��D4Ý
{O�
ØÓ� P3HT : PCBM õU�þÝÚ TiO2 �\�þÝ�ì�S1>|Ú1áÂ. nØ©
Ûy²: ì�(���â�zÔ (ITO) (100 nm)/à 3, 4-¯ ��(§/à�¯L��í PEDOT : PSS (40 nm)/P3HT :

PCBM/TiO2/LiF (1 nm)/Al (120 nm) �, �\ 10 nm þ� TiO2 ���±¦ì��àÜÔõU�þÝ3~� 25 nm �
Ó�O\ 16.3%�1fáÂê, ¿�Ø²wü$õU��-f©lVÇ, =õU�Ú TiO2 1Æm��þÝ©O�
� 75 Ú 10 nm ��ì�5U�¨, d(JÏLì�5U¢��±y¢.

'�c: 1Æm��, D4Ý
{, àÜÔ��U>³

PACS: 72.40.+w, 88.40.jr, 84.60.Jt

1 Ú ó

àÜÔ��U>³ÏÙR5
´u��!¤
�$í!1ÆáÂÅ���N�5�`: [1−3],

éu#U
�mu�|^äk­�¿ÂÚd3
d�. l 2000 cm©, ­.��SéàÜÔ��
U>³�'5�ïÄ4�/r?
ÙUþ=��
Ç�Jp, ¿��¢SA^. 8c, Äuà 3-CÄ
(§ (P3HT) : (6, 6)-�Ä-C61 (PCBM) NX�NÉ
�(àÜÔ��>³E´�cT+�SïÄ�9
: [4,5]. ù«>³É�uõU����Ç16f[
£Ç$��Ï, ¦� P3HT : PCBM õU�ØU�
þ [6,7]. ,
, õU���q¬ü$ì��1Æá
Â; éu�â�zÔ (ITO) >4-õU�-7á>4

(��ì�, \�1Ú5g7á>4���13ì
�S�pU\, �)
1ÆZ� [8,9], ¦7á>4N
C�1r~� 0, 3�C7á>4?/¤
k«. 3
k«S, 1)>Ö16f�þ~�, 
3 ITO/à 3,

4-¯ ��(§/à�¯L��í (PEDOT : PSS) �
ý�>f-�ÇéO\, ù« “k«�A” �~Ø|
u�g>4é©l>Ö�Â8 [10,11]. �
�Ñ±
þ":, Ø=I��Ä�XÛJpì�S>ÖDÑ
�ÇÚO\õU�é1�áÂÇ, Ó��I��Ø
ù«1ÆZ�E¤�k«�A. )ûù�¯K�k
��{��´3Ò4NC\\ n .�1Æm��,

UCì�S�>|©Ù, ±O\àÜÔõU��k
�áÂ [12,13]. �©ÀJ TiO2 ��1Æm��, ´
Ï� TiO2 ��>fÉNÚ>fDÑ�á�®^u
/�¯z��U>³!õ�kÅ�©f��U>
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³±9àÜÔ��U>³¥ [14−17], ¿�éì�5
U�J,�~k�.

�©Äuõ���.�D4Ý
�{ (transfer

matrix method, TMM) O�
 TiO2 1Æm��Or
àÜÔ��U>³S>|Ú1ÆáÂ [18,19]. '�

\\ 10 nm þ TiO2 1Æm���ì�S1r
©Ù�Ø\1Æm���ì�S1r©Ù, q�
�
 0, 10, 20, 30, 40 nm � TiO2 1Æm��þÝ
e, ØÓõU�þÝ�8�záÂ1fê. ��,

æ^M�-v�{��
ØÓþÝ� TiO2 ¿��

àÜÔ��U>³ì� [11,20]. 3V�±91ì
� 100 mW/cm2, ¿�1ÌÎÜ AM1.5 G �IO�
�1�[ìì�^�e, ¼�
ì��>6�Ý->
Ø­�.

2 ì��1Æ�>Æ�.

àÜÔ��U>³Ï~´�È3Àæ½��
Ä�þ�õ���ì�. ���1l�íR�\�
�ì�S�, dð�d��§�±í�Ñ£ãì�
S1>|rÝ�õ���D4Ý
. ùp k ���
�ì��D4Ý
� [19] B

C

 =


K∏

j=1

 cos δj
i
ηj

sin δj

iηj sin δj cos δj




 1

ηs

 ,

(1)

Ù¥, ηj = nj − ikj , ηs ©O´��ÚÄ��Eò�
Ç, δ = 2πnjdj/λ ´���� þÝ, d ´���
ÔnþÝ. ì����Çd (2) ªO���:

R =
|n0B − C|2

|n0B + C|2
, (2)

Ù¥, n0 ´�í�ò�Ç. éu��.ì�, ì�S
�1fáÂê�

Gopt = T · S, (3)

Ù¥, T ´ÎÜ{Iá�Á��¬ (ASTM) G173-03

�IO��1Ì�\�1f6, S = 1 − R �1Ì
áÂÇ.

�â Mihailetchi ��nØ [21], �k�Ü©-
fC¤
gd>Ö16f, ù�'Çû½
ì��
Sþf�Ç, ¿�6uì�>| E Ú	.§Ý T

�Cz. Onsager-Braun �.£ã
ù�L§ [22]:

G = geffGoptP (T,E)

− e(µn + µp)
ε0εr

(np − n2
i )(1 − P (T,E)), (4)

Ù¥, G ´�)�gd>Ö16fê, geff ´áÂ
1fê=z�-fê�'~, Gopt ´ì�õU�
1fáÂê, µn(p) Ú n(p) ©O´>f (�Ç) >Ö
[£ÇÚ16f�Ý, ε0 Ú εr ©O´ý�0>~
êÚ�é0>~ê, Gopt, n, p Ñ´ � x �¼ê,

P (T,E) �ì�SõU��-f©lVÇ [22]:

P (T,E) =
4√
πa3

∫ ∞

0

kD(x, T,E)
kD(x, T,E) + kF(T )

× x2e−
x2

a2 dx, (5)

Ù¥, a ´-f©lå, kF Ú kD ©O�-f£�Ä
�Ú-f©l¤gd>Ö16f�êþ.

3 ¢ �

3.1 TiO2 MMM������������

¢ � ¥, æ ^ 
 M �-v � { (sol-gel) � �

 TiO2 ��. ¦^v�o�¶| (Ti (OC4H9)4,

I�8ì, 98.0%, 10 mL) �� TiO2 c°N�¯�
U`� (CH3OCH2CH2OH, þ°zÆÁJ, 50 mL)

9¯UX (H2NCH2CH2OH, I�8ì, 5 mL) ·Ü
�\n��´p, NìÏ\�í¿òNì�37h
øS¦^^å��, ¦·ÜM�3 80 ◦C e\9 2 h

�23 120 ◦C \9 1 h, üÚ\9L§­E?1�
g�, ò TiO2 M���3ÉZUS�^.

3.2 àààÜÜÜÔÔÔ������UUU>>>³³³���������

© O ^ Z Ñ ! � l f Y ! ¯ U � � ( �
W ITO À æ Ä � (� e H À, ITO þ � 100 nm)

15 min �, ^�íNZ; ²�lfN?n�2g
�'Ä¡L¡, ^�g5�+\ 0.45 µm Y5È
Þ%æ�, ^!�Å (KW-4 ., ¥I�Æ��>f
¥%) é PEDOT : PSS (Baytron AI 4083 .) p�
^æ¤�, 3 100 ◦C eó� 1 h, þÝ�� 40 nm;

P3HT (Nichem, ©fþ� 18000) Ú PCBM (FEM, X
Ý� 99%), �þ�'� 1.2 : 1, Mu 1 mL chloroben-

zene (Alfa Aesar, XÝ� 99%), ~§�� 12 h �, 3
Ã@�S¦^�g5�+\ 0.45 µm kÅÈÞé
M�LÈ�þ!%æ3 PEDOT : PSS ��þ, ±
�½=�^!�ÅéÙ^æ¤�; ���þÝ©
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Od��¤ (Dectak3 .) ÿ½; ò��3ÉZU
S� TiO2 c°NM�±�½=�^æ3 P3HT :

PCBM ��þ, =£�Ã@�	²LY)�A/
¤ TiO2 ��, ��þÝdü1Ì��Ç�ü{(
½ [23], ì�2g=£�Ã@�, 39�þ± 150 ◦C

\ 9 ò » 10 min, ¦ à Ü Ô õ U � � TiO2 �

�(¬; 3 6×10−6 Torr (1 Torr = 133.322 Pa) ý
� G � e, k � 9 � Û � 1 nm � LiF Ú
120 nm � Al. | ^ 1 Æ á Â Ú Ì � Ï S {
(CV) (½ TiO2 ��p®Ó;�U?Ú�$�Ó
;�U? [11], Tì�(�ÚU?(�ü�Xã 1

¤«.

ã 1 (a) \\1Æm�� TiO2 �ì�(�; (b) ì��U?ü�

d ã 1(a), � � � ì � ( � �: ITO

(100 nm)/PEDOT : PSS (40 nm)/P3HT : PCBM (�
C)/TiO2(�C)/LiF (1 nm)/Al (120 nm); dã 1(b)

��, TiO2 ���U?�� 4.4 eV, d�U?�
� 8.1 eV, �Y�°. ��� PCBM � LUMO U?
�� 0.7 eV, � Al �õ¼ê�C, d�� PCBM U
?�� 2 eV, �±� P3HT : PCBM Ú Al ��/¤
ûÐ�î0�>.

3ã 2 ¥, ¦^ X ��û�¤ (XRD, X’Pert

PRO, Netherlands) ÿÁ
d TiO2 c°NM���
� TiO2 ��� XRD ãÌ. �±uy: 3ò»§Ý
�$u(¬§Ý (TC >450 ◦C) �, TiO2 ��®²
/¤
éÐ�bv¶(�, ¿Ñy (101) ¡J`�
�. ¬â���û��°z§Ý�'Xª� [24]

D = Kλ/β cos θ, (6)

Ù¥ D ½Â�R�u��¬¡ (hkl) ���¬â²
þºÝ, �k m �¬¡, ¬¡må� d, K D = md;

θ �Ð��; λ � X ��Å�; β �û�����O
°Ý; K � Scherrer ~ê. �â XRD ãÌ, ¿d (6)

ªO��� TiO2 �¬â���� 8 nm; d “]�
>6-�m�'X¢�­�” =�(½Þ��m t;

2�âe�L�ªB�¦Ñ[£Ç µ � [25]:

µ = d/V t, (7)

ª¥, d ��¬þÝ, V �>Ø, t �Þ��m, ��
¢��ÿþ�Ônþ. ÄuT�{ÿþ��� TiO2

���>f[£Ç�� 1.7×10−4 cm2·V−1·s−1. �
�, ù« TiO2 ���´éÐ�>fDÑ�á�.

ã 2 TiO2 ��� XRD ãÌ

4 �ý�¢�(J©Û

�â TMM, O�
Ù¦��þÝØC��¹
e, �àÜÔõU� P3HT : PCBM þÝ� 80 nm,

\�1Å�©O� 400, 500 Ú 600 nm �, 3\\Ú
Ø\ 10 nm þ TiO2 ��¹eì�S�1r |E(x)|2

©ÙXã 3 ¤«.

é'ã 3(a) Ú (b) �uy, �\ TiO2 �, ì�
S�1>|©Ùu)
Cz —— n«Å��\�
13ì�S�1r¸��àÜÔõU�¥mu)
 £; Ò4NCõU�«��1r²w��Or;

3Å��á� (400 Ú 500 nm), 1r¸��vk²
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w~�. dd�±í�, \\ 10 nm þ� TiO2 1
Æm���, àÜÔõU�é�áÅ����1�
áÂ��
\r. �
?�Ú`zù«ì�(�
�1ÆáÂ5U, �â TMM O�
3ØÓm��
þÝ!ØÓõU�þÝe�8�záÂ1fê, X
ã 4 ¤«.

ã 3 (a) 3ØÓ\�1Å�eõU�þÝ� 80 nm �ì�S
>| (a) Ãm��; (b) TiO2 m��þÝ� 10 nm

ã 4 ¥ O � 
 à Ü Ô õ U � þ Ý l 0

� 250 nm Cz�, TiO2 þÝ©O� 0, 10, 20, 30,

40 nm �ì��8�záÂ1fê. �±uy, �
XõU�þÝO\, áÂ1fêO\; �þO\�
�½��, 1fáÂê��4�; UYO\þÝ�,

1fáÂêÑy
��¿ªu�Ú, ù
u1ÆZ
��AÚå�1>| E(x) �±Ï5©Ù, U
K
�
ì�é1f�áÂ; Ã1Æm��ì���Z
1fáÂþÝ� 100 nm �m; � TiO2 � 10 nm �,

ì�1fáÂ��ZþÝ� 75 nm �m, ��Ó
õU�þÝ�Ã1Æm��ì��', 1fáÂê
O\
 16.3%; � TiO2 ©O� 20, 30, 40 nm �, �
ZþÝ©O� 55, 35, 20 nm �m, 1f1�áÂ¸
� (=õU���d�Cþ����1fáÂ��
�) d 1.51 eü� 0.29. ��, du\\
 TiO2, �

Z1fáÂ�õU�þÝC�, dÃ1Æm��ì
�� 100 nm ~��
 TiO2 þÝ� 10 nm �ì�
� 75 nm �m, d�ì�õU���1fáÂêA
�vk~�. �â (3)—(5) ªéì�S�1>=�
L§�£ã��, ¿�¤k�áÂ1f�=z�g
d>Ö16f.

ã 4 ØÓ1Æm��þÝeõU�þÝ�8�záÂ1fê
�'X

L 1 �A�ëþäN� [26]

>f[£Ç µe/m2·V−1·s−1 5 × 10−7

�Ç[£Ç µp/m2·V−1·s−1 1 × 10−8

0>~ê εr/F·m−1 3.5

-f©lå a/nm 1.285

S>| Voc/V 0.6

-f�£Ä�ê kF/s−1 104—108

ùp, b½
áÂ1f�Ü=z�-f, �
âÙ¦©z�Ñ�XL 1 ¤«�A�ëþ�±
9 (3)—(5) ª, O�
ØÓ� kF (-f�£�Ä�
�PCVÇ) 3ØÓ P3HT : PCBM þÝ�¹e�
-f©lVÇ P (T,E) ���þÝ�Cz, Xã 5

¤«.

3§ÝÚ	>|�½��¹e, õU� P3HT :

PCBM Cþ�, -f©lÇ¥eüª³, � kF ��,

=-f£�Ä��VÇ��, ©lVÇ�$, �õ
U�þÝCz�²w. Xã 5 ¤«, �-f�£Ä
�ê kF � 104, 105, 106, 107 �, -f©lVÇ©
O3õU�þÝ� 160, 150, 100 Ú 70 nm ?eü
�×�, Ù¥ kF = 106 s−1 �3~§eÿ� [26]. d
d��, àÜÔõU�Cþ�, �,áÂ1fê¬
kO\, �´ì��>Æ5U¬C�. �
��Ð
�ì�5U, õU�þÝØA�L-f©lVÇe
ü�¯?�þÝ. ÏL3ì�S\\ 10 nm þ�1
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Æm�� TiO2, ì��õU�1fáÂ�ZþÝ
�� 75 nm, � kF � 106 ��-f©lVÇeü
�¯?¤éA�õU�þÝ��C. dd��, \
\ 10 nm þ�1Æm�� TiO2 Úå�ì�S1>
|�­#©Ù¦õU�1fáÂO\, Ó��k|
uO\ì�õU�-f©l�VÇ, Jp>4Â8
�ÇÚ>f>Ö16f��Ç.

ã 5 ØÓõU�þÝe�-f©lVÇ�þÝCzÇ�Cz

ùp, ��
n«ØÓ(��ì�. ì� A �
(�� ITO (100 nm)/PEDOT : PSS (40 nm)/ P3HT :

PCBM (75 nm)/TiO2 (10 nm)/ LiF (1 nm)/Al

(120 nm); ì� B �(�� ITO (100 nm)/PEDOT :

PSS (40 nm)/ P3HT : PCBM (75 nm)/LiF (1 nm)/ Al

(120 nm); ì� C �(�� ITO (100 nm)/PEDOT :

PSS (40 nm)/ P3HT : PCBM (75 nm)/ TiO2 (20 nm)/

LiF (1 nm)/ Al (120 nm). 3��1�[ì (Oriel

94023 ., NEWPORT) 100 mW·cm−2 �1ì^�
e, ^ Agilent 4155C � � N ë ê © Û ¤ ¼ � 

n«ì��1>6�Ý-	\>Ø­� (J-V ), X
ã 6¤«.

3ã 6 ¥, ì� A, B Ú C �>Øþ� 0.535 V

�m, á´>6�Ý©O� 11.6, 9.9 Ú 7.5 mA/cm2,

W¿Ïf©O� 69.1%, 48.5%Ú 47.1%. dd��:

� P3HT : PCBM �þÝ�½� 75 nm �, ì�S�

\ 10 nm þ� TiO2 ��(¢O\
ì��á´>
6�ÝÚW¿Ïf; ,
, ��\� TiO2 ��þÝ
� 20 nm �, ì��á´>6�ÝÚW¿ÏfÓ�
eü
. ù`²Ü·� TiO2 ��þÝØ�Or

ì�S�1áÂ, 
��U
k�/ü$ì�S�
Gé>{.

ã 6 ØÓ TiO2 þÝ�ì� J-V ­�

5 ( Ø

^ TMM {O�
 TiO2 1Æm��OràÜ
Ô��U>³S1>|Ú1ÆáÂ, ��
\�1
Å�©O� 400, 500 Ú 600 nm �, 3\\ 10 nm

þ TiO2 1Æm����¹e�ì�S1r |E(x)|2

©Ù, ¿�Ø\1Æm���ì�S1r©Ù?1

'�. uy�\ TiO2 �, n«Å��\�13ì
�S�1r¸��àÜÔõU�¥mu) £; Ò
4NCõU�«��1r²w��Or; ��
 0,

10, 20, 30, 40 nm m��þÝeØÓõU�þÝ�
8�záÂ1fê±9ØÓ�õU�þÝe�-
f©lVÇ�þÝ�CzÇ, uy3\\
 TiO2

�, �Z1fáÂ�õU�þÝC�, =� TiO2

� 10 nm �, �ZþÝ� 75 nm �m. ¢�(J�
y²
ù�:.
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Abstract

The thickness of the active layer is limited by its low carrier mobility in the polymer solar cell composed of the blend bulk-

heterojunction formed by conjugated polymer as donor material and fullerene as acceptor material, which can affect the light absorption

in the polymer solar cell. TiO2 inserted into polymer solar cell as optical spacer can redistribute the electromagnetic field inside the

device and enhance the light absorption of it. In this paper, light intensity and absorption inside the devices with different thicknesses

of P3HT : PCBM layer and TiO2 layer are calculated based on transfer matrix method. Theoretical analysis shows that inserting 10 nm

TiO2 into the device can increase 16.3% light absorption, simultaneously thinning the active layer by 25 nm and the thickness of active

layer will not apparently reduce the dissociation rate of the excitons. With the device structure of ITO (100 nm) /PEDOT : PSS (40 nm)

/P3HT : PCBM /TiO2 /LiF (1 nm)/Al (120 nm), the optimal thicknesses of the active layer and TiO2 are 75 nm and 10 nm respectively,

which is confirmed by the experimental results from the devices with three different structures.
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