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FePc ��� TiO2(110) 999 C60 ...¡¡¡>>>fff(((���ïïïÄÄÄ*
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Äu C60 ÉNÚkÅ©f�N���U>³´8c�~­����ïÄ9:, |^ÓÚË�ý�b	1>f
UÌ (SRUPS) EâïÄ
�Ãc (FePc) � TiO2(110) 9 C60 �.¡>f(�, ±9 FePc � C60 ©f·Ü���>
f(�. SRUPS d�Ìw«, FePc �È3zÆOþ'����ü«ØÓ� TiO2(110) L¡�, FePc ©f� HOMO

U?þ� FePc þÝ�Czu)
£Ä, 
3zÆOþ'� TiO2(110) L¡ £��, Ó�u).¡U��­, `²
�3lkÅ���.�>f=£. 3 FePc/C60 Ú C60/FePc .¡/¤L§¥, FePc � C60 ©f��pÓâ©f;
� (HOMO) £��Ä��Ó. d.¡U?ü�uy, 3 FePc � C60 �·Ü��¥, FePc ©f� HOMO � C60 ©
f��pÓâ©f;�U?���, ùk|uJpì�m´>Ø, Uõì�5U.

'�c: ÓÚË�1>fUÌ, FePc, C60, .¡>f(�

PACS: 68.35.−p, 68.35.Ct, 82.80.Pv, 73.61.−r

1 Ú ó

�DÚÃÅ1Ïì��', kÅ1Ïì�ä
k��­, �±|^<M!M�{�5�)�, )
�¤�$�wÍ�`³, Ï
áÚ
<��2�
'5 [1,2]. 
Ù¥��ÇDÑá�7á�Ã (metal

phthalocyanines, MPc), >fDÑá�LVL (C60),

du©O3�Ç!>fDÑ�¡äk²w�`³,

Åì¤�kÅ/�¯z1Ïì��ïÄ9: [3,4].

3kÅ1Ïì�p, Ï~�3õ�ÃÅ - kÅ
ÚkÅ - kÅ.¡, ù
.¡�(�é16f�5
\ÚDÑké��K�, XkÅ©f3>4L¡
�ü�ØÓ, �)©f�é>4����É, ��
16f�DÑLy��É5, l
¦ì��16
f[£ÇUC [3]. 
kÅ©f�kÅ©f.¡é
>f - �Ç��)�D��k­�K�, .¡þÉ
ÌkÅ©f��$�Óâ©f;� (LUMO) ��
ÌkÅ©f��pÓâ©f;� (HOMO) �U?
�K�XkÅ��U>³�m´>Ø [4]. Ïd, k

Åì�¥�.¡>fA�éì��5Uåû½�
^ [5]. ÏLé>4�kÅ©f.¡�ïÄ, ékÅ
�kÅ©f.¡�>fDÑ�ïÄ, é@£16
f3>4�kÅ©f.¡�5\Ú16f3ì�
SÜ[£kX­�¿Â, kÏu�OÑp�Ç!
$¤�!Bu�5�)��kÅ1Ïì�. ,	,

Cc5ÏL3kÅ��U>³¥Ú\kÅ©f�
·Ü�5Jpì�=��Ç�ïÄÅìÚå
<
��'5 [4,6−8], �éÙ¥��*Å��"y�\
�n).

C60 ´~��kÅ��Ná���, C60 ©f
äk�$� LUMO U?, 1>f=£�Ý¯, 3|
�A+¥äk�p�>f[£Ç [9,10], Ïd´`û
� n .kÅ��Ná�.

MPc Ø=äkp��Ç[£Ç, Ó�äk�
Ð�zÆ�9­½5, ±9�°���1áÂ�
�, ´n���Ìá�, Cc53©f>fÆ+
��2�A^ukÅ|�A¬N+ (OFET)!D
aì¥�(¯ì�Ú��U>³¥ [11,12], Ù¥�
.¡¯K����\ïÄ, 'XïÄ CuPc 3 Au
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L¡ [13−15], CuPc 3�1L¡ [16], ØÓ7á�
Ã3 Au L¡ [17] �. o+�� [18] ¦^�Ý�
¼ (DFT) nØé1�LÞ7á�ÃzÜÔ>f(
�ÚÄ�ÔnzÆ5�?1
1�5�nO�.

�¥À� [19] |^b	1>fUÌïÄ
 CuPc

3 Ag(110) ü¬L¡þ�áN, Ó�|^�Ý�
¼nØy¢
©f�áN��Ú�ZáN . �
Ãc (FePc) ´ MPc ��«, ´²¡.��G©f,

Ù(�«¿ãXã 1 ¤«. FePc ©f� HOMO

©f;�Ì�Û�3©f�±�, k|u�Ç�
áÂ�D�, Ïd´`û� p .kÅ��Ná�
� [20]. Palmgren �|^ X ��1>fUÌé FePc

©f� TiO2(110) �m.¡�ïÄuy [21], 1�
� FePc ©f¥ C1s �(ÜU�1��ØÓ, @
� FePc ©f´zÆáN3 TiO2(110) L¡. ,
,

�é FePc áN3ØÓ� TiO2(110) L¡%mk
��.

ã 1 FePc ©f(�¥F�.«¿ã

�d, �©±�~�kÅ��U>³1�4
á���� TiO2(110) L¡���.á�, ^kÅ
©få�È (OMBD) Eâ)� C60 � FePc ��,

|^� ÓÚË�1>fUÌïÄ
 FePc �z
ÆOþ' TiO2(110) �L¡ (s-TiO2(110)) Ú��
�� TiO2(110) L¡ (r-TiO2(110)) �m, ±9 C60

� FePc �m.¡�/¤L§!>f(�ÚU?ü
�, é FePc, C60 ü«©f3©�)��·Ü�È
ü«ØÓ�¹��U?(�?1
'�, ¿éU?
(���Ééì��UE¤�K�?1
Ün�
)º.

2 ¢ �

FePc � TiO2 9 � C60 . ¡ � 1 > f U
Ì (SRUPS) L�´3I[ÓÚË�¢�¿L¡
ÔnÕ� �¤, ¢�Õ���ë�©z [22].

FePc Ú C60 ��|^ OMBD �{3�pý�^
�e)�, �È�XÚ�ý�Ý�� 1 × 10−8 Torr

(1 Torr = 1.333 × 102 Pa. ¦^�.Ì¸P~�
�{, ÿ� C60 
3 430 ◦C �u�Ç� 0.3 Å/min,

FePc 
3 337 ◦C e�u�Ç� 0.2 Å/min. �â©
z, �� (1 ML) C60 þÝ�� 8 Å[23], �� (1 ML)

FePc þÝ�� 4 Å[24], �©½Â FePc � C60 ©f
�êU 1:1 ·��, 1 ML ·ÜÔ���þÝ� 6 Å.

|^I� Au �¤�>��(ÜU":. b	1>
fUÌ (UPS) \�1fUþ� 25.8 eV. �¢�¤
^� TiO2(110) �., 	ïuÜ��¬á�Eâk
�úi. TiO2(110) ü¬��[?nL§�ë�©
z [25]. ¢�¥, s-TiO2(110) ´ÏLe¡�L§�
�, k3 2 kV >Ø, >6� 4 µA e, �� 20 min, ,
�3 1 kV, 2 µA e�� 10 min, 23 700 ◦C e�í
¨¥ò» 20 min, ²Lõg�Ó���!ò»Ì�,

��¦^ UPS ØUuÿÑ TiO2 d�Ì¥� Ti3+

¸, �¬¥yÑ�f��7Ú. 
 r-TiO2(110) ÏL
XeL§��, ²L���, 3 1000 ◦C e\9, X
d�EÌ�õg, ��|^ UPS 3 TiO2 d�Ì¥
*	�²w Ti3+ ¸, �¬¥yÑ����7Ú. �
��¬�õ¼ê´3\þ Ø�, d�g>f��
>5(½.

3 (J�?Ø

3.1 FePc/TiO2(110) ...¡¡¡

3.1.1 FePc/r-TiO2(110) .¡
ã 2 ´ FePc ©f3 r-TiO2(110) L¡�ÈL§

¥d�(�Ú�g>f>���þÝ�Cz. lm
ã¥�±wÑ, TiO2(110) L¡�'Ì�Ì¸(�
�©z [26] �����, 2.7—9 eV ��S�d�(
�Ì�d O �f� 2p �|¤ [26], r-TiO2 �d�º
(ÜU3 3.1 eV NC, (ÜU� 0.9 eV ?� Ti3+ �
A�¸. ��È 0.25 ML � FePc ©f�, r-TiO2 �
d�º�$(ÜU£Ä
� 0.3 eV, Ó�, 3 1.3 eV

NCÑy FePc ©f� HOMO ¸, Ù��.�Y�
­U. �X FePc þÝ�O\, TiO2 d�Åì~f¿
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��, FePc �d�A�¸ÅìOr, 3 FePc ��
þÝ� 1.25 ML ��±w�²w� FePc d�A�
¸. FePc ��þÝl 2.8 ML � 6.5 ML �, d�Ì
��g>f��>þvk?�ÚCz, L² FePc

��þÝ3 2.8 ML �, d�Ì��g>f��>
¥y�´N�(��&E. �éu 0.25 ML ��Ì
ã, �È� 2.8 ML � FePc � HOMO ¸�$(Ü
U£Ä 0.26 eV, L²k�½êþ�>fl FePc =
£� r-TiO2(110).

ã 2 FePc ©f/r-TiO2(110) .¡� UPS, \�1fUþ
� 25.8 eV

�â7û� [27] |^ DFT éí�¥ü� FePc

©f;��O�, ã 2 ¥� α Ì¸éAu©f
� HOMO ;�, 5
u¥% Fe �f9� � N �
f. éAu β Ì¸�©f;�d¥%� Fe �f9
±��Dl��z. γ Ì¸éA�´ HOMO-2 ©f
;�, Ùþ!/©Ù3©f¥% Fe �fÚØ��
	����¥. δ Ì¸éAu HOMO-3 ©f;�,

Ì�þ!/©Ù3©f¥%� Fe �f�©f	�
���. � FePc ©f�È��.�, FePc �©f;
��L¡ TiO2 ��f;�­U, �öéN´u)
>f=£. ¢�(JL², 3�È FePc ©fL§¥,

FePc ©f� HOMO U?£Ä
 0.26 eV, `² FePc

��.�mk�½�>f=£, FePc � HOMO Ì
�d Fe �f9� � N �f|¤, ¿�X>fÌ
�´l©f¥%� Fe �f9Ù±�� N �f=£
��..

ã 2 �ãw«�´ UPS Ì��g>f��
>� FePc 3 r-TiO2(110) þ�ÈL§¥�Cz, �

â Φ = hν−Ecutoff O�, ¿�â©z [6, 8, 28] ��
�õ¼êêâ, @� FePc N���õ¼ê� 3.7 eV,

±dé�g¢������õ¼ê?18�, ��
3þÝ� 0, 0.25, 0.5 ML, 0.75, 1, 1.25, 1.6, 2.8, 4.1,

6.5 ML �, éA�õ¼ê©O�: 5.43, 4.69, 4.38,

4.27, 4.07, 3.99, 3.96, 3.74, 3.72, 3.70 eV. � FePc �
þ��� 2.8 ML �, õ¼êüNü$� 3.74 eV, Ä
���­½, dkÅá� FePc ©f���õ¼ê
û½. �©¬éõ¼ê�Cz?1?Ø.

3.1.2 FePc/s-TiO2(110) .¡
ã 3 � FePc/s-TiO2(110) .¡� UPS ÌÚ�

g>f>���þÝ�Cz. �
�²w/Ny
Ñ HOMO �£Ä, ùp�Ñ�´ HOMO NC�
ÛÜd�Ì. ��È 0.4 ML � FePc �, d�(�
¥Ñy FePc �A�¸, Ù¥ 1.3 eV NC�¸�
kÅ©f� HOMO ¸. �X FePc ��þÝ�O
\, TiO2 d�A�¸Åì~f, FePc �A�¸ª
u²w, ¿3�È 0.8 ML � FePc ���, m©
wy²w� FePc � HOMO-1 ¸±9Ù¦�A�
¸. lÌãuy, �éu 0.4 ML ��Ìã, �È
� 2.2 ML � FePc ©f� HOMO ¸�$(ÜU 
£
 0.33 eV. � FePc ©fþÝ� 3.6 ML �, d�
Ì��g>f��>þvk?�ÚCz, L² FePc

©fþÝ3 2.2 ML �, d�Ì��g>f��>
¥y�´N�(��&E.

ã 3 FePc ©f� s-TiO2(110) .¡� UPS Ì, \�1fU
þ� 25.8 eV

lã 3 �ã�±wÑ, � r-TiO2(110) .¡�
q, ��.� s-TiO2(110) �, �¬õ¼ê�X FePc
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��þÝ�O\
~�, ± FePc N���õ¼ê
� 3.7 eV ?18�, �� FePc ��þÝ3 0, 0.4,

0.8, 2.2, 3.6 ML �, éA�õ¼ê Φ ©O�: 5.22,

4.08, 3.82, 3.68, 3.70 eV. õ¼ê�X FePc �þ�O
\
üN~�, � FePc �þ��� 2.2 ML �, õ
¼êÄ���­½, dkÅá� FePc ���õ¼
êû½.

ã 4 ´�âã 2 Úã 3 ¥�g>f>�C
z¤����¬õ¼ê� FePc ��þÝ�Cz.

3 s-TiO2(110) � r-TiO2(110) ü«L¡�È FePc

© f, s-TiO2(110) L ¡ � õ ¼ ê � � þ Ý C z
­ � � �Ç� �, � 3 1 ML � Ò ® ² / ¤­
½ � FePc/s-TiO2(110) . ¡, 
 3 r-TiO2(110) L
¡, I�� 2 ML � FePc ©f, ý«X FePc �
zÆOþ'� s-TiO2(110) �m��p�^�U
����� r-TiO2(110) f. Vogtenhuber � [29] é

� � � � � � � �� � �� � �� � �� � 	� � �� � � 
 � � 
 � � � � � � � � � � � �
 � � 
 � � � � � � � � � � � �

 � � 
 � � �� ��

ã 4 FePc 3 r-TiO2(110) Ú s-TiO2(110) L¡�ÈL§¥
�¬õ¼êCz�'�

r-TiO2(110) L¡áN Pc ©f� STM �ïÄ(
JL², r-TiO2(110) L¡k�þ��� , éN
´ �áN 3 L ¡ � Pc © f u ) � r � z Æ �
^, Ïd, ØJn), FePc � r-TiO2(110) L¡'�
s-TiO2(110) L¡kX�r��p�^, I��þ
� FePc ©fþÝâU/¤­½�.¡. �â©
z [19] ��, CuPc ©f3 Ag(110) ü¬L¡þá
N�, ��õ¼ê3 1 ML ������, ��O
\, ��3 3 ML �­½, @�õ¼ê�$:�,

����.�Ð/¤�����ó4�. 
é
u FePc/TiO2(110) NX5`, õ¼ê�kÅ��
�þÝ�O\
üN~�, vkÑy4��, ©O
3 s-TiO2(110) � r-TiO2(110) L¡�È FePc ��
�L§¥, FePc ©f�d�¸Ñ´�ú��$(Ü

U £, L².¡u)
d>f=£���U��
­. �du�g>f��>u)��Cz, 3.¡
�¬d>f=£�).¡ó4.

3.2 FePc/C60/FePc ...¡¡¡

ã 5 ´ FePc/C60/FePc . ¡ / ¤ L § ¥ d
� SRUPS Ì9Ù�g>f��>���þÝ�
Cz, k´± 3.6 ML þ� FePc/s-TiO2 ��., Å
Ú�È 3.6 ML � C60 ��, ��3 C60 ��þÅ
Ú�È 3.6 ML � FePc ��. l�ã�±wÑ, 3
�È C60 L§¥, �g>f��>�$(ÜU£
Ä
 0.75 eV, ��q3�È FePc ©fL§¥, �
p(ÜU£Ä 0.75 eV. � C60 ��þÝ�$, éJ
©EÑ C60 ©f� HOMO, �
U
�� C60 �
�þÝ�$� C60 ©f HOMO � �, ·�¦^

©z [8] ¥J���Ì�{. ã 5 mã¥, Ì� i

�L�´ C60 ��þÝ� 3.2 ML, ù�, 3(Ü
U� 1.11 eV E�±w� FePc ©f� HOMO. 3
�È C60 ��þÝl 0.04 � 3.2 ML L§¥, FePc

� C60 ©f� HOMO U?©O�$(ÜU£Ä

 0.1, 0.45 eV. �X?�Ú3 3.6 ML þÝ� C60 �
�þ�È FePc © f, 3 �È FePc � �þ Ýl 0.2

ã 5 3 FePc ��þ�È C60 ©f, ��q3 C60 ��
þ�. FePc ©f�L§¥d� SRUPS ÌÚ�g>f��
>���þÝ�Cz, \�1fUþ� 25.8 eV, ã¥­� a

� 3.6 ML � FePc ��, C60 �þØ b—j ©O� 0.04; 0.1;

0.5; 0.8; 1.2; 2.3; 2.6; 3.2; 3.6; FePc �þ k—p ©O� 0.2;

0.5; 1; 1.2; 2; 3.6; ü ML
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� 2 ML L§¥, FePc, C60 ©f� HOMO ©O
� p ( Ü U £ Ä
 0.1, 0.45 eV. 3 FePc/C60 .
¡, ü«©f HOMO �o £� 0.55 eV, 
�g
>f��>£Ä
 0.75 eV, dd��.¡ó4
� 0.2 eV. �©z [8] �� ZnPc/C60 .¡��¹a
q, 3 FePc/C60 .¡, du>f=£, FePc ©f�
S/¤Ñ¦� (depletion layer), C60 ©f�S/¤
>ÖÈ\� (accumulation layer), ��.¡�)U
��­, Ó���.¡ó4�/¤.

3.3 FePc ÚÚÚ C60 ���···ÜÜÜÔÔÔ��������� r-TiO2

(110) ...¡¡¡

3 r-TiO2(110) ü¬L¡Ó��È FePc ©f
� C60 ©f���ö�·ÜÔ��, �â�u�Ç
5N!·�©fêþ'� 1:1. lã 6 ¥�±w� r-

TiO2(110) d�¥k²w� Ti3+ ¸. �X·ÜÔ�
�þÝ�O\, FePc � C60 d�A�¸ªu²w.

·ÜÔ��þÝl 0.3 ML � 1.25 ML CzL§¥,

FePc � C60 ©f� HOMO ©O�p(ÜU £

 0.26, 0.33 eV, ���þÝl 1.25 ML C� 2.5 ML

�, FePc � C60 ©f� HOMO U?Ñvk £, `
²3þÝ� 1.25 ML �, ·ÜÔ����.�m
®²/¤­½�.¡; �X C60 �þ���',

2.5 ML �·ÜÔ��¥ C60 ©f� HOMO U?
 $(ÜU £
 0.11 eV, 
�X FePc �þ��
�', 2.5 ML �·ÜÔ��¥ FePc ©f� HOMO

%vk²w� £, ddíä, C60 � HOMO £Ä
´duÓ��È FePc ©fE¤�, 3dL§¥, v
k*	� FePc ©f� HOMO k²w�£Ä, �

Ä�¢�¤ì�©EÇ, íäEk�½þ�>f
l FePc ©f=£� C60 ©f. du·ÜÔ��¥
�16f�Ýdu,��Ö��A'ü���$,

¤±, ·ÜÔ��¥ FePc ©f� HOMO � C60 ©
f� LUMO U?���. Ó�, �k�U3·�L
§¥ØÓ©f�g/¤
ìq, K�>fDÑ, �
��A�Cz.

3.4 ...¡¡¡UUU???üüü������555UUU©©©ÛÛÛ

��` û � k Å � � N á�, FePc © f
� HOMO � LUMO ��Y� 2.6 eV[21], C60 ©
f��Y� 2.3 eV[20]. �âþã¢�(J, ±�

�'.¡U?ü�ã, Xã 7 ¤«.

ã 6 FePc Ú C60 �·ÜÔ��� r-TiO2(110) .¡/¤
L§� SRUPS Ì, mã� HOMO «����ã, \�1f
Uþ� 25.8 eV

ã 7 (a) s-TiO2/FePc/C60 .¡U?ü�, ã¥ EF, VBM, EV, eD ©O�I� Au �¤�>!s-TiO2 �d�º!ý�U?!.
¡ó4; (b) FePc Ú C60 ·ÜÔU?ü�; ã¥� HOMO U?���´ HOMO º, LUMO U?���´ LUMO .
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Akaike � [30] |^�1>fUÌ (inverse pho-

toemission spectroscopy) éØÓ'~� CuPc � C60

/¤�·ÜÔ���ïÄuy, 3���ÈL§¥,

ü«©f��Yþvk²wCz, �±b� FePc

� C60 ·��, �â±þ� UPS (J�� FePc

Ú C60 ·ÜÔ� r-TiO2(110) .¡�U?ü�, X
ã 7(b) ¤«. dd, O���·ÜÔ��¥ C60 ©
f (ÉÌ) � LUMO � FePc ©f (�Ì) � HOMO

U?�� 1.04 eV. 
Xã 7(a) ¤«, 3 FePc/C60 .
¡, �A�U?�=� 0.85 eV. 1>ì���Ç�
m´>Øk', ���¹e, m´>Ø�p, ì�5
U�Ð [31,32], 
m´>Ø�ÉÌ (C60) � LUMO

��Ì (FePc) � HOMO U?�����k', U
?���, m´>Ø�p. dþã.¡(J��, 3
·ÜÔ��¥ FePc ©f� C60 ©f� HOMO U

?��'�ö/¤.¡�� HOMO U?��, Ï
d, ^·ÜÔ��¤���ì�5U�'�G�
�Ð [7,8].

4 ( Ø

� ¢ � | ^ OMBD � { 3 ü « Ø Ó
� TiO2(110) L¡�. FePc Ú C60 ©fuy, 3
ü«ØÓ� TiO2 L¡�È FePc þ¬k>Ölk
Å©f=£��.. 3 FePc/s-TiO2(110) .¡¥,

FePc ©f� HOMO  £��!.¡õ¼êCz
�¯. ÏLU?ü�«¿ã��·��� C60 ©
f (ÉÌ) � LUMO � FePc ©f (�Ì) � HOMO

U?�� 1.04 eV, �u FePc ��� C60 ��.¡
���¹, ���U?�k|uJpì��5U.
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[32] Åhlund J, Nilson K, Schiessling J, Kjeldaard L, Berner S,
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Abstract

The electronic structures at the interfaces of iron phthalocyanine (FePc)/TiO2(110), FePc/C60 and FePc:C60 blends are studied

in situ by synchrotron radiation-based ultraviolet photoelectron spectroscopy (SRUPS). It is found that the interaction between organic

molecules and the surface of reduced rutile TiO2(110) is stronger than that of the stoichiometric TiO2(110) interface. The energy level

alignments at the FePc/C60 interface and FePc:C60 blends are drawn based on the evolutions of the interfacial electronic structures.

From the SRUPS spectra, the band bending energies are found to be 0.45 eV in the C60 layer and 0.1 eV in the FePc layer at the

FePc/C60 interface. The interface dipole energy is 0.2 eV at the FePc/C60 interface. The offsets between the HOMO of FePc and

LUMO of C60 are 0.85 eV at FePc/C60 and 1.04 eV at FePc:C60 blends, which indicates that the blend films can improve the efficiency

of the relevant optical-electric devices.
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