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ºu�x1kÅu1�4+ (TEWOLED) 3x1ì²Ú�çw«¥kXûÐ�A^cµ, �Ñºu�ì�¥
��n�A´��1>5UûÐ� TEWOLED �cJ. ¦^äkpò�Ç� ZnS ��Oß�Uõ7áÒ4371
Åã�ß�Ç, ü$Ù��5, l
k�³�
�n�K�. Ó�|^=£Ý
nØÚ°�Z��{©OéÒ4(
�Ú71u1� �?1
`z, �ª¼�
p�!ÚXÝûÐ!ÚÝ�À�Cz�� TEWOLED. �p�ÝÚ�
Ç©O�� 9213 cd/m2 Ú 3 cd/A, Ú�I ux1«��Cx1�U:, Ó�äkûÐ�À�­½5, 3 0◦—60◦

��SÚ�I=Cz (0.02, 0).

'�c: x1kÅu1�4+, ºu�, Oß�, =£Ý
nØ

PACS: 78.60.Fi, 78.20.–e, 73.21.–b, 73.61.Ph

1 Ú ó

kÅu1�4+ (OLED) Ïäkp�Ý!p
u1�Ç!��!|�!�A�Ý¯!ó�§Ý
°!�¢yR5�`:É�
IS	�Æ.Ú�
�.�­À [1−7]. x1 OLED Ø=�¢y�çw
«, ����ì²1
Ú�¬w«ì��1
, Ï
dÉ�ÊH'5 [8−12]. Ï~�x1 OLED �.u
�(�, =1l�â�zÔ (ITO) �4Úß²Àæ
Ä.�ý�Ñ. du.u� OLED ò��°Ä>
´��3 OLED ��±>, Ïd¬K��w«¶
�m�Ç. Ó�, ¦^.u�(������¡È
C�¦�w«¶�¼�v
��Ý7LO\ü�
����Ý, ù³7¬K�w«¶�ó�Æ·. º
u�(� [13−15] �±ò OLED ��3Øß²Ä.
þ, 1lºÜß²½�ß²>4�Ñ, Ïd�±�
�;�þã.u� OLED �":. ºu�x1k
Åu1�4+ (TEWOLED) o�
ºu� OLED

Úx1 OLED �`:, �É�
�õ�'5Úï

Ä [16−27].

�âÑ1�ýÒ4ß²§Ý,TEWOLED �
±©�üa. �a´±pß²�7á�zÔ�
�Ò4, X Kanno � [16] æ^ ITO ��Ò4��
� TEWOLED, Ù�Ç�� (9.8 ± 1.0) lm/W, x1
Ú�I u (0.42, 0.39). ùa TEWOLED Ï ITO �
ß²Ýép
N´¼�x1u�, �Ç��p. "
:´ ITO ��Ï~æ^í���ª¼�, í� ITO

L§¥N´é.Ü�kÅ�E¤»�, Ïd�î�
�� ITO �)�ó². 8céù�a TEWOLED

¤mÐ�ïÄó�é�. ,�a´±�ß²�7á
��Ò4, du7á�ß15ÊH��, OLED �.
Ü��>4�ºÜ�ß²>4�¤����n, �
�né1�ÀJ5¦� TEWOLED ���é(J.

�
¼�x1u�, ïÄ<
Ï~¦^Oß�Uõ
�ß²Ò4�ßLÇ. X Hsu � [17] æ^ 22.5 nm

� SnO2 Uõ
 Ca/Ag Ò4�ß15. Ú\ SnO2

Oß��Ò43É1«�Úù1«�ß15�Ì
ÝJp, 
371«��ßLÇ�é�$. �,x
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1��Çép, �� 22.2 cd/A (9.6 lm/W), �´Ú
Ý��, Ú�I=� (0.31, 0.47), �lx1«�

��C�1«�, ùÌ�´�ß²>4éu71
Åã�ßLÇ�$¤�. Ji � [23] æ^ MoOx Oß
�Uõ Al/Ag Ò4�ß15. Ú\ 35 nm � MoOx

Oß�¦�Ò43��u1«� (450—600 nm) �
ß15=�� 25%—40%. �,�1á�V -(2-(2-

Í�Ä)-1, 3- �¿(uÄ -N, C2′) ¯zZÑÄÜ
� ((F-BT)2Ir(acac)) �u1�Çép, �´x1ì
���ÇÉ71á� 4, 4′- � (2,2- ��¯LÄ)-

1, 1′- é� (DPVBi) ÚÒ4ßLÇ����=U
�� 7.3—8.4 cd/A. ���J�´, ÙÚ�I�Ð,

 ux1«�. Xie � [24] æ^$�� Cu ���
4, �ß² Al/Ag ��Ò4, ��
Äu7Ú�1
á�V 3, 5- �Í -2-(2- DåÄ) �Ä -(2- Då`
z) Ü� (FIrpic) Ú�Ú�1á� (F-BT)2Ir(acac)

� TEWOLED, 3 10 mA/cm2 >6�Ýeu1�Ç
�p� 27.7 cd/A, ÙôÚ�C�1«�, 3 100—

20000 cd/m2 �ÝCz��SÚ�I£ÄÌÝ�
L (0.03, 0.15). ¦^ 4, 4′, 4′′- n (N-3- `Ä�Ä -N-

�ÄRÄ) n�X (m-MTDATA) ��ÑÑÍÜ�
��Ù�Ç (24.8 cd/A) Ñkeü, �ÙÚÝ£Ä
��ü� (0.02, 0.01) �S. ,�«¼� TEWOLED

��{´��ºu�71 OLED, òÙ�æ3Ñ1
�ýL¡��1½ù1Ú=��(Üå5, ÏL
N�71�� (ù) 1�'~¼�x1u�. X Ji

� [21] |^�Ú�1á� 3-(4-(��ÄX) �Ä)-1-

�ÄZ -2- L -1- Ñ (DPPO) ��Ú=��òÙ�Û
u DPVBi u1�71ºu� OLED ºÜ�ß²Ò
4 Al/Ag 	L¡, ¼�
x1u�. Ù`:´(�
�é��{ü, ":´u1�Çé$, =k 1.1 cd/A,

�Ú�I�À�Cz�. Chen � [25] ^pu1�Ç
�71�1á� FIrpic �OF1á� DPVBi, (Ü
U������ 4, 4′- V (9- JuÄ)-2, 2′- �`Ä
é� (CDBP) ��711Ná���
71ºu
� OLED, Ó�|^à8p�u1�ù1á� 4-(4-

(1, 2, 2- n�Ä¯LÄ) �Ä) -7-(5-(4-(1,2,2- n�
Ä¯LÄ) �Ä) (§ -2) �¿ [c] [1, 2, 5] (�u
(BTPETTD) ��Ú=����
u1�Çp (>
6�ÇÚõÇ�Ç©O� 17.7 cd/A Ú 8.7 lm/W)!
ÚXÝ (Ú�I� (0.34, 035)) ûÐ� TEWOLED.

Tx1 OLED �":´À��A²w, lR�*	
� (0◦) Cz� 60 ◦ �>�u1 (EL) 1Ìké��
Cz, �A�Ú�ICz�� (0.059, 0.072).

©ÛþãïÄ¤J�±wÑ, TEWOLED �u
1�Ç�,Øä��J,, ,
�Ü©x1�Ú
Ý�,�lx1�U:, cÙÚ�I�À��Cz
��, ùòî­�� TEWOLED �A^. ÚÝ�À
��CzÌ�
u�n�K�, �©æ^pò�Ç
� ZnS ��ÑÑÍÜá�, k�ü$
7áÒ4�
��Ç, ³�
�n�K�, ��
ÚÝ!�Çþ
�Z� TEWOLED, 3é�§ÝþUõ
x1�À
�Ú1Ì­½5. �©/ÏOß�¼�x1��
{��©z [17, 23, 24] ��Ong�q, ,
 ZnS

�ò�Ç�p (Å�� 550 nm �, ZnS �ò�Ç
� 2.36, SnO2 �� 2.0, m-MTDATA � 1.75, MoOx

� 1.315), é�n�³��k�. d	, ©z [17] ò
Ò4�Zß����½3É1«�Úù1«�, 

©z [23, 24] ���¹Oß��Ò43����1
«��ß�Çþ��. �©òÒ4ÚOß��ß�
«��O371Åã, =371á��u1¸�N
Cäk�pß�ÇÚ�$��Ç, (Üéì�(�
?1�O, ¦71÷v°�Z�, l
Or71�
rÝ?
Uõx1�u1�Ç.

2 ì�����ÿþ

� © ¥, TEWOLED � � 3 C X � � SiO2

� Si Ä.þ. 3�� OLED c©O^ZÑ!¯
U�¥é Si Ä.?1ÞW, ��¦^ZÑ!¯U!
�lfY©O�(�W 10 min, �íNZ��3
ó�¥óZ. ò?nZÀ�Ä.�uõ
kÅ/7
á�ÛXÚ¥Äý�, �ý�Ý�� 5×10−4 Pa �
�g)� Ag �4!�Ç5\� MoOx!kÅ5
\ÚDÑ� m-MTDATA Ú N, N′- ��Ä -N, N′-

� (1- ÈÄ)-1, 1′- é� -4, 4′- �X (NPB)!u1
�!>f5\ÚDÑ� 4, 7- ��Ä -1, 10- �Û
{ (Bphen)!Sm/Ag |ÜÒ4±9Oß� ZnS. ì
�(�ÚkÅá��©f(�Xã 1 Úã 2 ¤«,

Ù¥ù1�1á�V (1-(�Ä) Éî{) ¯zZÑ
Ü� (Ir(piq)2(acac)) Ú71�1á� FIrpic ©O�
,u1N 4, 4′-N, N′- �Jué� (CBP) ¥. �©
ÏLéù1�Ú71���é �?1N�5*
ÿ OLED 1>5U�Cz�¹. ã 1 ¥���þÝ
dªÇO¢�i�. ì�� EL 1Ì!�Ý!ÚÝ
±9>6>ØA5©Od PR655 .�Ý-1ÌÿÁ
¤Ú Keithley 2400 .>6
|¤�ÿÁXÚÓÚ
ÿþ. þãÿÁÑ3¿§Ã@�¥?1.
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ã 1 TEWOLED (�ã (a) ì� A; (b) ì� B; (c) ì� C;(d) ì� D

ã 2 kÅá��©f(�
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3 =£Ý
nØ

�©¥ù1Ú71u1á�uÑ�1þ²
L Bphen, Sm, Ag Ú ZnS � Ñ, Ï d ` z Ò 4
� � � Ç Ú ß � Ç � I � Ä Bphen (40 nm)/Sm

(5 nm)/Ag (25 nm)/ZnS õ�(����Úß�G
�. 3d, õ�(� Bphen/Sm/Ag/ZnS ���ÇÚ
ß�Ç©O^ R Ú T 5L«, �±^=£Ý
n
Ø5í� [28],

 E+
in

E−
in

 =
1

t12

 eiδ1

r12e−iδ1

r12eiδ1

e−iδ1


× 1

t23

 eiδ2

r23e−iδ2

r23eiδ2

e−iδ2


× 1

t34

 eiδ3

r34e−iδ3

r34eiδ3

e−iδ3


× 1

t45

 eiδ4

r45e−iδ4

r45eiδ4

e−iδ4

 E+
out

E−
out

 ,

(1)

ª¥, E+
in Ú E+

out ©O��DÂ�� (1dì�S
Ü²Ò4Ú ZnS �Ñ���) þÑ\ÚÑÑ²¡Å
�E�Ì, E−

in Ú E−
out ©O�KDÂ��þÑ\Ú

ÑÑ²¡Å�E�Ì, rmm′ Ú tmm′ (m = 1, 2, 3, 4;

m′ = m + 1) ©O���ü�.¡?�E��Xê
ÚEß�Xê, δm �ÏL1 m ����)��C.

rmm′ , tmm′ Ú δm �L�ª©O�

rmm′ =
Nm − Nm′

Nm + Nm′
, (2)

tmm′ =
2Nm

Nm + Nm′
, (3)

δm =
2πNmdm cos θ

λ
, (4)

ª¥, m = 1, 2, 3, 4, 5 �©O�L Bphen, Sm, Ag,

ZnS Ú�í, Nm �1 m ���Eò��ê, dm �
1 m ���þÝ, λ �nN���Å�, θ �1D
Â�����{��m�Y�.

(1) ª�?�Ú{z� E+
in

E−
in

 =
1

t12t23t34t45

 µ11

µ21

µ12

µ22

 E+
out

E−
out

 , (5)

ª¥

 µ11

µ21

µ12

µ22

 =

 eiδ1

r12e−iδ1

r12eiδ1

e−iδ1

 eiδ2

r23e−iδ2

r23eiδ2

e−iδ2

 eiδ3

r34e−iδ3

r34eiδ3

e−iδ3

 eiδ4

r45e−iδ4

r45eiδ4

e−iδ4

 .

du���� (�í�) Ø�3���£�²¡Å
¤©, Ïdk E−

out = 0. (5) ª�?�Ú{z�

E+
in =

µ11

t12t23t34t45
E+

out, (6)

E−
in =

µ21

t12t23t34t45
E+

out, (7)

dd��Ñõ�(��Eß�Xê t Ú��Xê r,

t = E+
out/E+

in = t12t23t34t45/µ11,

r = E−
in/E+

in = µ21/µ11.

?�Ú��Ñõ���ß�Ç T Ú��Ç R,

T = tt∗ =
N5

N1

(
t12t23t34t45

µ11

)(
t12t23t34t45

µ11

)∗

,

(8)

R = rr∗ =
µ21µ

∗
21

µ11µ∗
11

. (9)

4 ¢�(J9?Ø

4.1 ---fffEEEÜÜÜ«««���

ã 3 ��Ó>Øeì� A Úì� B � EL 1
Ì. �
�B'�, �©ò¸r3 FIrpic �71
¸ (472 nm) ??1
8�z. '�ã 3 ¥ì� A

�ì� B � EL 1Ì�±wÑ, u1��C>f
DÑ� Bphen �ì�äk�p�u1rÝ. éd,

·�@�Ì�k±en�¡��Ï: (1)CBP 1N
�,äkV45, �§DÑ�Ç�Uå�r [29].

(2)Bphen �>f[£Ç� 5.1×10−4 cm−2V−1s−1,

NPB ��Ç[£Ç� 2.2×10−3 cm−2V−1s−1, �é

ó Bphen D�>f�Uå' NPB DÑ�Ç�U
å�, 
�>fDÑ� Bphen �þ, Ïd>f�Ç
EÜ«� uu1�/Bphen .¡. (3) Xã 4 ¤«,

CBP ��$�Ó©f;� (LUMO) Ú�p®Ó©
f;� (HOMO) U?©O� 2.3 Ú 5.9 eV, � Bphen
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� LUMO U? (3.0 eV) Ú HOMO U? (6.4 eV) �
', éu>fÚ�Çþk���5\³^, l
�
�-fEÜ«�Ì� u CBP/Bphen .¡. Ïd,

ì� A Úì� B � EL 1Ì©OÑyù1Ú71
�é�r�y�.

ã 3 �Ó>Øeì� A Úì� B �8�z EL 1Ì

4.2 ììì���(((���`̀̀zzz

ì� A ¥71rÝ�é�f, ù1rÝ�é

�r, duù1á� Ir(piq)2(acac) �u1�Ç�
$, ì� A ��Ç��é�$. �
Uõì��
N�u15U, ·�lü��¡éì�?1
U
?. �´�O71á�3ì�¥� �, =71á
��é���4� �, ±¼�Z�Or�71,

3dÌ�|^°�Z��A [30], ì� A ¥�7
1á� �÷v3 472 nm Å�?�°�Z��
�. d	, 3ì� A Ò4L¡Ú\�� ZnS Oß
�, TOß��þÝ�÷vÒ4371Åã��
Säk�$���, l
��Orß�1¥71r
Ý�8�. |^=£Ý
nØé Bphen (40 nm)/Sm

(5 nm)/Ag (25 nm)/ZnS õ��?1O�, (JL²,

� ZnS þÝ� 122 nm �, þã��371á�
FIrpic � EL 1Ì¸�Å� 472 nm ?äk�$�
��Ç (19.5%) Ú�p�ß�Ç (68.3%), Xã 5 ¤
«. ù®��
·���¦. Ïd, ·�3ì� A �
Ä:þ��
x1ì� C. ¢�L², 71��é
rÝ��
�ÌÝUõ, $��L
ù1rÝ, �

¼�ÚÝ�Ð�x1, ·�?�ÚO\
ù1�
�,ßÝ (l 0.2% O\� 0.5%). ì� C �(�X
ã 1 ¤«, Ø¹ ZnS Oß��Ó(�ì� D ��ë
'ì�.

ã 4 ì��U?(�«¿ã

4.3 ���ÝÝÝ->>>666���ÝÝÝ->>>ØØØ (L-J -V )AAA555

ã 6 ¤«�ì� C Úì� D � L-J-V A5­
�. lã 6 �±wÑ, ZnS Oß��Ú\Ä�þ�
UCì���>5U, ,
�X ZnS ���Ú\,

ì���Ýk
é�Jp, 3p°Ä>Ø��Ý
�Jp�J��²w. )�
 122 nm þ ZnS Oß
��ì� C ��p�Ýdé'ì� D (ÃOß�)

� 6355 cd/m2 Jp� 9213 cd/m2, ´ì� D � 1.45

�. ZnS Oß��Ú\�¦�ì���Çk
�
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Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 087801

ã 5 Ú\ØÓþÝ� ZnS Oß�c�, Bphen (40 nm)/Sm

(5 nm)/Ag (25 nm) õ�����ÇÚß�Ç­� (a) ��Ç;

(b) ß�Ç

ã 6 ì� C Úì� D � L − J − V A5

��Uõ, Xã 7 ì�>6�Ç�>6�Ý�Cz
­�¤«. lã 7 �±wÑ, Ú\ ZnS Oß��ì
� C ����Ç�� 3 cd/A, ´ì� D � 1.43 �.

ZnS ��Oß�éì�7É1Åã�u1å�O
ß�^, ò��³��71º�Ñ5, �,Oß�
éù1Ü©�3³��^, �´ù1�,ßÝ�O

��±-�Ò4�����. Ïd, �ÛOß��
ì� C �u1rÝÚ�Çþ��Jp.

ã 7 ì� C Úì� D �>6�Ç

4.4 EL 111ÌÌÌ

ZnS é71Åã�Oß�ªUC
ì�� EL

1Ì, ¦�ì��Ú�I£�x1«, ��
x1
u�. ì� C Úì� D � EL 1ÌXã 8 ¤«.

ã 8(a) � 0◦ À�eì� C Úì� D 3°Ä>Ø
� 10 V ��8�z EL 1Ì. lã 8(a) �±wÑ,

ì� D 3ù1«�u1ér, 
371«��é
�féõ, ùÌ�´ì� D 'ì� A ¥ù1á
� Ir(piq)2(acac) �,ßÝO�¤�. �X 122 nm

þ ZnS Oß��¦^, ì� C 3 468 nm �m�7
1«�Ñy
��²w�u1¸, ù´du·�
�O�Oß�Ì��é71u1«�?1Oß, l

¦³�3ì�SÜ��Ü©71º�Ñ5. 7
1¤©�)üÜ©, �Ü©5g�1á� FIrpic �
u1, ¸ 3 472 nm NC, ,�Ü©5g�ÇD
Ñ� NPB �u1, NPB ���u��71, ¸ 
3 436 nm NC. �X>Ø�O\, ì� C �Ú�
Iu)7£, ·�@�ù«y�´du°Ä>Ø�
O\��
-fEÜ«��Cz. ì��Ú�I
l 8 V � (0.47, 0.38) Cz� 15 V � (0.40, 0.37), Å
ì�x1�U: (0.33, 0.33) �C.

ã 8(b) �ì� C 3 10 V °Ä>Øe��Ý
Cz�8�z EL 1Ì. lã 8(b) �±wÑ, 1Ì
��Ý�Cz�é��, cÙ´3 30◦ ±S, 1Ì
A�Ø��Ýu)Cz, 71¸ Ñk 4 nm �7
£. �X�ÝUYO�, 1Ì7£§ÝÅìC�, �
�Ýl 0◦ Cz� 60◦ �, 71¸ 7£
 12 nm,
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ã 8 ì��8�z EL 1Ì (a) ì� C Úì� D 3 0◦ À�
e�8�z EL 1Ì; (b) ì� C ��ÝCz�8�z EL 1Ì

�AÚ�Il (0.41, 0.37) Cz� (0.39, 0.37), C
z
 (0.02, 0). l�Nw, ù��7£§Ý¿Ø²

w, Ú�Ié�Ý��65��, `²·���
� TEWOLED ·Üu�À.Ú���Ýw«+�
�A^.

�©¥�711N CBP �n��U?$u7
1u1á� FIrpic �n��U?, ÏdI�áÂ�
½�UþâU3 CBP � FIrpic �m�)k��U
þ=£, ù��
71�u1�Ç. ¦^n��U
?�°� CDBP, 2, 6- V (3-(JuÄ -9-) �Ä) Då
½ 2- ��Ä�Ú�O� CBP �� FIrpic �1Ná
�, Ó�¦^p��ù1á�V (2- `Ä��¿ -[f ,

h] î{) ¯zZÑÜ�½�1á� (F-BT)2Ir(acac)

O�u1�Ç�$� Ir(piq)2(acac), k"�ÌÝJ
,ºu�x1�u1�Ç. ?�Ú�¢��3?1
�¥.

5 ( Ø

��
 TEWOLED, &?
-f�Ì�EÜ«
�. Ú\
pò�Ç� ZnS Oß�, |^=£Ý

nØéOß�þÝ?1
`z, |^°�Z��{
Uõ
x1|©¥71�rÝ, ¼�
�Ý��Ç
�Z�x1, ���ÝÚ�Ç©O�� 9213 cd/m2

Ú 3 cd/A. Ú�I ux1«, �Cx1�U:. d
	, Tx1äkûÐ�À�­½5, 3 0◦—60◦ �
�SÚ�I=Cz (0.02, 0). ù«ÚÝûÐ!À�
­½� TEWOLED 3w«Úì²+�kX2,�
A^cµ.
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Abstract

Top-emitting white organic light-emitting diode (TEWOLED) has potential applications in lighting and full color displays.

Microcavity effect in TEWOLED restrains the realization of the white emission with excellent optical and electric performances.

In this paper, a ZnS film with a high refractive index used as a light outcoupling layer is introduced into the metal cathode to enhance

its transmittivity to a maximal value in the blue light wavelength region. In addition, transfer matrix theory is utilized to optimize

the thicknesses of the cathode and the ZnS outcoupling layer and the wide-angle interference is used to design the position of the

blue emission layer inside the organic light-emitting diode. Based on the above work, the white light with relatively high luminous

efficiency, good color purity, and small CIE coordinate change is acquired. The corresponding luminance and current efficicency are

9213 cd/m2 and 3 cd/A, respectively. The CIE coordinates belong to the white emission and are near the white light equal-energy point.

The white emission also shows stable spectra with respect to the observation angle, with a limited CIE coordinate change of (0.02, 0)

for a large observation angle change from 0◦ to 60◦.

Keywords: white organic light-emitting diodes, top-emitting, light outcoupling layer, transfer matrix theory
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