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1 Ú ó

glkÅ>�u1ì�� Tang �< [1] �O
Ñ±5, §B3²�w«+�¥, ±ÙÌÄu1!
$°Ä>Ø!´¢y�çÚw«�d3`³�2
�ïÄ. �
Ú�¬�Ù¦Óa�¬¿�, I��
$�°Ä>ØÚv
��ó�Æ·. k��16f
5\ÚDÑéuü$°Ä>Ø!Jpu1�Ç�
'�. ùÒ�¦kÅá�äkp��>5, ¿�
�>4äkûÐ�î0�>A5. Ï~3>4Ú
DÑ��m�\ LiF[2−5], CsF[6], V2O5

[7] �ÃÅ�
�5²ï16f�5\. kÅá���´ý�N,

��Øäk�>�16f, �Jp16f�DÑ, p

. [8−11], n . [12−14] 9 p-i-n . [15,16] �,(��
2�æ^. éu���kÅá�, >f�5\ÚD
ÑUå�u�Ç. �²ï16f�5\ÚDÑ, �
Op��>f5\ÚDÑá�´7��. 8c;.
� n .�,>fDÑá��EâB´ò$õ¼ê
�7á�,3kÅá�¥ [12−14]. ®kïÄy² Li

�, Alq3
[12,13] �±k�/Jp>f5\ÚDÑ,

ü$°Ä>Ø. �É¢�Ãã���, 8c¿ØU
���Ù/
)Ù¥��*Ån, nØO�3ù�
¡%äkÕA�`³. Curioni �< [17,18] |^1�
5�nïÄ
 Li, Al, Ca 7áÒ4�� Alq3 /¤
�.¡�Ôn�zÆ5�±9 Li, Al, Ca ü��f
� Alq3 ©f�m��p�^!7á - Alq3 äÜÔ
�zÆ�5�Ú>f(�. Takeuchi �< [19] éõ
� Al �f3 Alq3 kÅ�þ��ÈL§?1
1
�5�nÄåÆ�[, ïÄ
�ÈL§¥ Al �f
� Alq3 ��p�^. Yanagisawa[20] |^�Ý�¼
nØO�
 Alq3 3 Al(111), Al(332) ¡�áN��
AÛ9>f5�, ïÄ
 Al/Alq3 .¡ó4f�å
. �8c�,Ø���Ù7á�f�,kÅÔ�
7á�kÅÔ�m�>f=£A5, ØÓ7á�f
�,þékÅÔAÛ(�!>f(��K�, ±9
7á�,kÅÔJp>fDÑ�Ån. �©òÏL
�Ý�¼nØO�©Û Alq3 3�, Li ��AÛ(
�!>Ö=£Ú©f;�A5, ïÄØÓ Li 7á
�,þékÅÔ�AÛ(�!½5±9©f;
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��K�, �«7á�,kÅÔJp>fDÑ5U
��*Ån.

2 O��{

¤ k � O � þ æ ^ � Ý � ¼ n Ø ¥ Becke

nëê��U�¼Ú LYP 'éU�¼�,z�
¼ B3LYP �{ [21], 3 6-31G∗ Ä|Y²þé Alq3

9Ù� Li �f/¤�EÜÔ�AÛ(�Ú>f(
�©O?1O�. éüÕ� Alq3 ©fæ^g^�
���{O�, éuk Li �,�NX, duäk
��é>f, æ^g^�����{O�. O�æ
^ Gaussian03 þfzÆ§S��¤.

3 (J�?Ø

3.1 AAAÛÛÛ���...

Äk, ·�`z
ý�¥� Alq3 �²ªÉ�
N, (�Xã 1(a) ¤«, §�n��N©O�·¶
� A, B, C, O��Ü©��XL 2 ¤«, �¢�¤
���ü¬(�êâéÐ/ÎÜ [22]. ,�, ·�
©OïÄ
 1 �!2 �9 3 � Li �fÚ�� Alq3

©f��A, ò Li �f��3 Alq3 ØÓ� �©
O?1`z, Ïé Li �f u Alq3 ØÓ ��
½�. (vkJª). 3¤k���½�.¥, À
�
(ÜU���A�(�?1©Û, Xã 1(b) ¤
«, éA�(ÜU9�.ëê�uL 1 ÚL 2 ¥.

ã 1 Alq3 9Ù� Li (Ü/¤�EÜN�AÛ(� (a) Alq3 AÛ(�9�f?Ò; (b) Alq3 � Li (Ü/¤�EÜN, Ù¥ I,

II Ú III, Li:Alq3 = 1:1; IV Ú V, Li:Alq3 = 2:1; VI, Li:Alq3 = 3:1
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L 1 Li � Alq3 (Ü/¤EÜN�(ÜU

(� I II III IV V VI

(ÜU /eV 1.77 1.64 1.63 3.46 3.21 4.99

L 2 Alq3 9Ù� Li (Ü/¤�EÜN�Ü©�� (Å)

Alq3-DFT Alq3-Expa) I II III IV V VI

Al1-O2 1.855 1.850 1.973 1.970 1.965 2.022 2.025 2.627

Al1-N18 2.084 2.050 2.060 2.093 2.101 1.990 1.974 2.087

Al1-O19 1.881 1.860 1.961 1.883 1.858 1.941 2.016 1.956

Al1-N35 2.126 2.087 1.972 2.078 2.031 1.974 2.048 1.894

Al1-O36 1.884 1.857 1.856 1.856 1.942 1.927 1.849 1.876

Al1-N52 2.064 2.017 2.052 1.988 1.979 2.023 2.015 1.980

a) Alq3 �¢�êâ�g©z [22] ¥ β ¬N.

Äk©Û Alq3 �ü� Li �f(Ü��¹.

l ã 1 � ± w Ñ, Li � f � ´ Ú Alq3 � � N
� O � f Ú N � f � Ü. é u ( � I, Li � f
� O2 9 O19 �Ü, éA� Al1-O2, Al1-O19 �©
Ol 1.855, 1.881 ÅO�� 1.973, 1.961 Å,  Al1-

N35 � l 2.126 Å~ � � 1.972 Å. ( � II, Li �
f � O2 Ú N52 � Ü, Al1-O2 � l 1.855 ÅO \
� 1.970 Å, Al1-N52 �l 2.064 Å~�� 1.988 Å.

(� III, Li �f� O2 Ú O36 �Ü, Al1-O2, Al1-

O36 �©Ol 1.855, 1.884 ÅO�� 1.965, 1.942 Å,

 Al1-N35, Al1-N52 �©Ol 2.126, 2.064 Å~�
� 2.031, 1.979 Å. þã��êâ©Û`² Li � O

�f��Ü¦�éA� O �f� Al �f��p�
^Cf, ¦ Al �f�,
 N �f� �^Cr.

�
?�Ú©Û Li �f�,é Alq3 ½5
�K�, ·�qïÄ
 2 �Ú 3 � Li �f� Alq3

(Ü��¹. lã 1 ÚL 2 �±wÑ, éu(� IV

Ú V, O2 þ�ü� Li (Ü, Al1-O2 ��©OC
� 2.022 ÅÚ 2.025 Å; '(� I, II Ú III ¥� Al1-

O2 �� (1.965—1.973 Å) ?�ÚC�. (� IV ¥
� O19, O36 Ú(� V ¥� O19 Ú�� Li �f(
Ü, Ú Alq3 ¥éA� Al-O ��', �Ó�LyÑ
��C�. éu(� VI, O2 ±�kn� Li �f,

d� Al1 Ú O2 �målC� 2.627 Å, Al1-O2 �ä
�. ù`², Li ��,, ¬�� Alq3 �½5ü$,

� Li:Alq3 = 3:1, ½���, ¬�� Alq3 ©), ù
¬K�� Alq3 �m�æÈ, ?K�� Alq3 �m
� π-π �p�^, l¦� Alq3 �>fDÑUå
eü. Ïd Li � Alq3 ��,'~A$u 3:1.

3.2 ccc���©©©fff;;;���©©©ÛÛÛ

c�©f;�A5©Ûéu
) Li �,��
>f=£9©Ù´�~��. ±eò?Øü� Li

�f�,¥(ÜU���(� I Úü� Li �f�
,�(�1, V �c�©f;�U?Ú>Ö�Ý©
Ù�¹.

Alq3 � Li (Üc�©f;�U?XL 3 9
ã 2 ¤«. Alq3 ��pÓâ;� (HOMO) Ú�$
�;� (LUMO) U?©O� −5.01 eV, −1.73 eV.

(� I ��� Li �f� Alq3 (Ü, LUMO k��
�eü, ���²w�´§�)
��#��ü
>fÓâ� HOMO ;�, #�)� HOMO U?
� −2.29 eV, �lÙ¦� HOMOs, �C LUMO.

ù`² Li ��,¦� Li � Alq3 =£
>f, /¤

#��C LUMO �ü>fÓâ;�, aqu n .
ÃÅ��N, =3�Y¥/¤
���ÌU?. (
� VI Ú V �ü� Li �f� Alq3 (Ü, þ�)
ü
�#��C LUMO � HOMO U?, (� IV �ü�
#�>fÓâ;�U?� −2.57, −2.73 eV; (� V

�ü�#�>fÓâ;�U?� −2.57, −3.03 eV.

2 � Li �f�,3�Y¥�)
��ÌU?. �
ÌU?þ�>f3>|�p�e>l, �)gd1
6f, lJp
 Alq3 �>fDÑ5U. du>f
�±lÒ4��5\��ÌU?, 5\U^ü$,

l�±Jpì��>f5\�Ç, ü$°Ä>Ø.

2 � Li �f�, Alq3 äk�p��>5, ¤± Li

� Alq3 ��Z�,'~A�±3 2:1 �m, ù�¢
�(J�� [13].
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ã 2 Alq3 � Li (Üc�©f;�U?ã

Ó�, é Alq3 9Ù� Li (Ü/¤�EÜN�
c�©f;��©Ù?1
ïÄ, Ù(JXL 3 9
ã 3 ¤«. Alq3 � HOMO Ì�©Ù3 A �N�
�¦þ (O: 24.6%, �: 51.3%), HOMO-1 Ì�©Ù
3 C �N��¦þ (O: 22.1%, �: 52.2%); LUMO

Ì�©Ù3 B �N�Dåþ (67.3%), LUMO+1 Ì

�©Ù3 C �N�Dåþ (49.4%). o� Alq3 ©f
� HOMOs 3�¦þ©Ù,  LUMOs 3Dåþ©
Ù. éu(� I, HOMO-1 �,©Ù3�¦þ (C �
N O: 25.0%, �: 58.8%),  HOMO %Ì�©Ù3

Dåþ (B �NDå 46.9%), LUMO �,Ì�©
Ù3Dåþ (A �NDå: 60.8%). éu 2 � Li �
f�,�(� IV, HOMO-2 �,©Ù3�¦þ (B

�N O: 18.3%, �: 59.6%),  HOMO-1 ©Ù3
D
åþ (A �NDå 63.3%), HOMO �©Ù3
Då
þ (C �NDå 41.3%, B �NDå 34.7%), LUMO

�,©Ù3Dåþ (B �NDå 40.8%, C �ND
å 33.1%). (� V LyÑ
Ú(� IV �Ó�5
�. ù?�Ú`² Li �, Alq3 � Li þ�>f=£
�
 Alq3 þ, �=£�>fÌ�½�3Då�N
þ. (� I � HOMO ±9(� IV, V � HOMO-1,

HOMO U?�´du Li �f� Alq3 �>f=£
/¤��Y�. �´du Li �f� Alq3 �>f=
£¦�ADå�þ� N �f� Al �f�� �^
\r, � ��Cá.

L 3 Alq3 � Li �f(Üc�c�©f;�U? (eV) 9©Ù (%)

(�
©f;�

U? Al
A B C

Lia)

O � Då O � Då O � Då

Alq3

H − 1b) −5.23 0.8 2.6 7.7 2.3 0.4 1.3 3.4 22.1 52.2 15.8 —

H −5.01 0.7 24.6 51.3 16.2 0.6 0.9 0.7 4.9 6.5 2.3 —

L −1.73 0.5 0.1 0.3 1.7 1.6 19.0 67.3 0.3 3.4 12.7 —

L + 1 −1.50 0.5 0.6 6.5 21.9 0.2 2.6 7.8 1.4 15.1 49.4 —

I
H − 1 −5.03 1.0 1.0 0.4 0.5 0.1 0.4 3.1 25. 58.8 18.0 0.2

H −2.29 1.2 0.3 5.2 14.6 0.8 14.4 46.9 0.3 4.6 16.4 1.1

L -1.86 0.9 1.4 21.1 60.8 0.4 4.5 12.1 0.4 0.6 1.8 0.9

IV

H − 2 −5.30 0.5 0.0 0.3 1.5 18.3 59.6 21.5 0.0 0.7 2.6 1.2

H − 1 −2.73 0.8 1.4 32.4 63.3 0.6 0.4 0.3 0.6 0.2 0.2 2.4

H −2.57 1.9 0.3 0.3 0.9 0.5 10.3 34.7 0.6 13.2 41.3 1.6

L −1.68 0.8 0.3 0.2 0.8 0.9 13.6 40.8 0.8 12.2 33.1 0.9

V

H − 2 −4.86 1.6 0.9 0.3 0.4 0.0 0.3 3.4 21.7 55.6 21.0 2.7

H − 1 −3.03 1.2 0.7 0.4 0.2 0.0 0.9 3.3 0.8 17.7 74.0 8.9

H −2.57 0.4 1.3 29.6 66.4 0.8 0.5 0.4 0.3 0.2 0.2 3.5

L −1.94 0.4 0.0 0.4 1.5 1.7 23.7 73.2 0.0 0.4 1.7 2.1

a) ¤k Li �f;�©ÙoÚ; b) H: HOMO; L: LUMO.
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ã 3 Alq3 9Ù� Li (Ü/¤�EÜN�c�©f;�©Ùã

3.3 >>>ÖÖÖ===£££AAA555

��y Li � Alq3 �>Ö=£, ·�qé Alq3

� Li (Üc��g,�;� (NBO) >Ö?1
O
�. ò Alq3 9Ù� Li (Ü��¡ã>Ö q Ú>Ö
Czþ ∆q �uL 4. (� I, Li � Alq3 =£ 0.86 e,

Ù¥ 0.29 e � B �N�Då��, 0.14 e � C �
N�Då��. (�1¥� 2 � Li �f� Alq3 =
£
 1.71 e �>Ö, ý�Ü©���N�Då�
� (A �NDå: 0.38 e, C �NDå 0.27 e, B �N

Då 0.20 e). (� V ¥� 2 � Li �f� Alq3 =£

 1.64 e �>Ö, Ù¥ 0.69 e � C �N�Då��,

0.42 e � A �N�Då��. (Üc¡�©f;�
�(J, Alq3 � LUMOs ©Ù3���N�Dåþ,

 Li �f� Alq3 (Ü�, Li Ì��Då=£>f,

3�C LUMO U??/¤��½��ü>fÓâ
U?, =�ÌU?, �ÌU?½�3Då�þ, �c
¡�c�©f;�©Û��. �ÃØ´ 1:1 �,�
´ 2:1 �,, Li �f� Alq3 ©fu)�Ø´���
>Ö=£.
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L 4 Alq3 9Ù� Li (Ü��¡ã>ÖÚ>ÖCz (e)

(� Al
A B C

Lia)

O � Då O � Då O � Då

Alq3 q 1.98 −0.83 0.39 −0.15 −0.83 0.37 −0.15 −0.84 0.37 −0.13 —

I
q 1.99 −0.92 0.35 −0.17 −0.97 0.28 −0.44 −0.85 0.36 −0.27 0.86

∆qb) 0.01 −0.09 0.04 −0.02 −0.14 0.09 −0.29 −0.01 −0.01 −014 0.86

IV
q 1.99 −0.99 0.06 −0.53 −0.95 0.33 −0.35 −0.94 0.27 −0.40 1.71

∆q 0.01 −0.16 −0.33 −0.38 −0.12 −0.04 −0.20 −0.10 −0.10 −0.27 1.71

V
q 2.00 −0.99 0.13 −0.57 −0.91 0.41 −0.10 −0.87 0.19 −0.82 1.64

∆q 0.02 −0.16 −0.26 −0.42 −0.08 −0.04 −0.05 −0.03 −0.18 −0.69 1.64

a) ¤k Li �f>Ö; b) ∆q � Alq3 � Li �EÜN¡ã>Ö� Alq3 éA¡ã>Ö��.

4 ( Ø

ÏL�Ý�¼nØO�uy, Alq3 3�, Li

�f�, Li �f� Alq3 � O, N �f(Ü, /¤>
f=£EÜÔ, Li �fòÜ©>f=£� Alq3 �
Då�þ, 3 Alq3 ��YS/¤�ÌU?, /¤

aq n .ÃÅ��N>f(�, lJp
 Alq3

�>fDÑUå. � Li �f� O �f�(Ü¬¦
éA� Al-O �C�, � Alq3 � 1 Ú 2 � Li �f
(Ü�, U
�± Alq3 �(�, ¤±A¬k�/J

p>fDÑUå; du Alq3 � 2 � Li (Ü'�ü
� Li (Ü�(�äk�õ� n .>f, ¤± Alq3

� 2 � Li (Ü�(�>fDÑUå�é�p. 
� Alq3 � 3 � Li �f(Ü�, du Alq3 ®²w©
), ù¬K�� Alq3 ©f�m�æÈ�ª, ¦©f
�m� π-π �p�^Cf, >f�[£Ç�¬��
eü. nÜ�Ä±þü«Ï�, �±�Ñ Li � Alq3

�±3 2:1 �m�'~, �¦�>fDÑUå��
�p.

[1] Tang C W, Vanslyke S A 1987 Appl. Phys. Lett. 51 913

[2] Hung L S, Tang C W, Mason M G 1997 Appl. Phys. Lett. 70 152

[3] Jabbour G E, Kawabe Y, Shaheen S E, Wang J F, Morrell M M,

Kippelen B, Peyghambarian N 1997 Appl. Phys. Lett. 71 1762

[4] Liu R, Zhang Y, Lei Y L, Chen P, Zhang Q M, Xiong Z H 2010

Acta Phys. Sin. 59 4283 (in Chinese) [4J, Ü], Xûë, �²,

Ü|², =yö 2010 ÔnÆ� 59 4283]

[5] Jiao Z Q, Wu X M, Hua Y L, Dong M S, Su Y J, Shen L Y, Yin S

G 2011 Chin. Phys. B 20 107803

[6] Chen M H, Lu Y J, Wu C C, Wu C I 2010 Thin Solid Films 518
3942

[7] Chen P, Zhao L, Duan Y, Cheng G, Zhao Y, Liu S Y 2011 Acta

Phys. Sin. 60 097203 (in Chinese) [�², ën, ã�, §f, ëÀ,

4ªö 2011 ÔnÆ� 60 097203]

[8] Bruder I, Watanabe S, Qu J Q, Müller I B, Kopecek R, Hwang J,

Weis J, Langer N 2010 Org. Electron. 11 589

[9] Zhang D D, Feng J, Chen L, Wang H, Liu Y F, Jin Y, Bai Y, Zhong

Y Q, Sum H B 2011 IEEE J. Quantum. Elect. 47 591

[10] Niu L B, Guan Y X 2009 Acta Phys. Sin. 58 4931 (in Chinese)

[ÚëR, '�_ 2009 ÔnÆ� 58 4931]

[11] Chen S J, Yu J S, Wen W, Jiang Y D 2011 Acta Phys. Sin. 60
037202 (in Chinese) [��#, u��, ©>, öæÀ 2011 Ôn
Æ� 60 037202]

[12] Kido J, Matsumoto T 1998 Appl. Phys. Lett. 73 2866

[13] Su S H, Hou C C, Shieh R S, Yokoyama M 2008 Jpn. J. Appl.

Phys. 47 3193

[14] Lee J H, Wu M H, Chao C C, Chen H L, Leung M K 2005 Chem.

Phys. Lett. 416 234

[15] Huang J S, Pfeiffer M, Werner A, Blochwitz J, Leo K, Liu S Y

2002 Appl. Phys. Lett. 80 139

[16] Yook K S, Jeon S O, Min S Y, Lee J Y, Yang H J, Noh T, Kang S

K, Lee T W 2010 Adv. Funct. Mater. 20 1797

[17] Curioni A, Andreoni W 1999 J. Am. Chem. Soc. 121 8216

[18] Curioni A, Andreoni W 2001 IBM J. Res. Dev. 45 101

[19] Takeuchi K, Yanagisawaa S, Morikawa Y 2007 Sci. Technol. Adv.

Mater. 8 191

[20] Yanagisawa S, Morikawa Y 2006 Chem. Phys. Lett. 420 523

[21] Becke A D 1993 J. Chem. Phys. 98 5648

[22] Brinkmann M, Gadret G, Muccini M, Taliani C, Masciocchi N,

Sironi A 2000 J. Am. Chem. Soc. 122 5147

127201-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 127201

Lithium-doped tris (8-hydroxyquinoline) aluminum
studied by density functional theory∗

Xie Xiao-Dong1) Hao Yu-Ying1)† Zhang Ri-Guang2) Wang Bao-Jun2)‡

1) ( College of Physics and Optoelectronics, Taiyuan University of Technology, Taiyuan 030024, China )

2) ( Key Laboratory of Coal Science and Technology of Ministry of Education and Shanxi Province, Taiyuan University of Technology,

Taiyuan 030024, China )

( Received 5 September 2011; revised manuscript received 20 November 2011 )

Abstract

The geometry, the frontier molecular orbital and the charge transfer property of lithium (Li) doped tris (8-hydroxyquinoline)

aluminum (Alq3) are investigated by the density functional theory (DFT) method. The calculated results show that in the Li-doped

Alq3 system, Li-N and Li-O bonds are formed and Li-Alq3 electron transfer complexes are obtained. The incomplete electron transfer

from Li atoms to the pyridine side of Alq3 results in donor level in the band gap of Alq3, a typical n-type doping formation, which can

improve efficiently the electron transport efficiency. However heavy Li doping can induce the dissociation of Alq3, which leads to the

decline of electron transport ability. When the Li:Alq3 doping ratio is about 2:1, the Li-doped Alq3 layer will have a maximal electron

transport efficiency.

Keywords: doping, electron transport, density functional theory (DFT), organic light-emitting diodes (OLED)
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