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C
c5, �5�õ�u1�4+æ^�â�zÔ (ITO) ��>6*Ð�, �´XJØéÙ?1?Û?n, ��
�u1�4+�>ÆA5é�, ���Ð�>ÆA5I�é�k�â�zÔ�u1�4+?1ò»?n. �éØÓ
�ò»�mÚò»§Ýéu1�4+�>ÆA5K�ØÓ�¯K, ÏLÿþØÓ^�eò»���u1�4+�
n�ÏfÚGé>{, �â Shah �<JÑ��.?1©Û, íÿÑ�â�zÔÚ P .�z;��>A5. (JL²:

u1�4+�>ÆA5m©�Xò»§Ý�,pÚ�m�O\����`�, XJUYO\§Ý½ö�mÑ¬�
�u1�4+>ÆA5�eü. ù�k|u`zò»§ÝÚ�m, ��>Æ5U�Ð�ì�.

'�c: �â�zÔ (ITO), ò», n�Ïf, Gé>{

PACS: 73.61.Ey, 73.40.−c, 71.20.Mq, 85.30.−z

1 Ú ó

C
c, p�Ç, �õÇ��z; (GaN) Ä7
1u1�4+ (LED) k
é��uÐ, �2�A^
u�µC»!�Ï&Ò��«!¿Sì²!ð�
ì²!�¶4�çw«!ÃÅ�1�+�, �@�
´Ux¾�ÚF1����1o�ì²1 [1].

,�
?�ÚJp LED �5U, �kéõ�
¯K�)û, du P . GaN á���ÇßÝ$, Ñ
y>6*Ð¯K, �
)û>6*Ð�¯K, IS
	éõ<JÑ
^�â�zÔ (ITO) ��>6*Ð
� [2], Jp
>6*Ð�Uå, , ITO äkép
�16fßÝ, XJØ?1?Û?n, äkp16
fßÝ� ITO 3�äk$16fßÝ� P . GaN

�>�¬/¤��³^ [3], ?�ÚK�ì��>
Æ5U. �~�ù«K�, 3ó²¥Ï~é ITO ?
1ò»?n, ,é ITO �ò»§ÝÚ�mØÓ,

Ù(J��� LED �>Æ5U�ØÓ, éõ©z
�´½5�©Ûò».¡�Cz [4,5], ÐÚ)º

 ITO ØÓò»^�e.¡A5Cz. �©ÏLÿ
þ�ØÓò»^�e� LED �n�ÏfÚGé>
{, �â Shah �<JÑ��. [6] ?1½þ�©Û,

¿�Ñ
 ITO ò»^�ØÓé LED �N>ÆA5
�K�. ùé`zò»^�Úì�5UkéÐ��
��^.

2 nØ©Û��[

2.1 nnn���ÏÏÏfff���OOO���

� ITO � GaN Ä LED �(�¿¡ãXã 1

¤«, Ù¥lþ�e�g©O�, P >4!ITO, P

. GaN, InGaN/GaN õþf²!N . GaN Ú N >
4. �â Shah �<JÑ��., Ù��>´Xã 1

¤« [6]. ã¥, du P . GaN ��,ßÝ�$, X
JØ?1?n3Ú ITO �>��)�� PN ( [3],

Ïd��¤��� ��4+. 3õþf²«�,

du3¢S ICP �¡L§¥, du�¡�Ï¬3L
¡�)¦>6 [7], �±�����¿é>{, Ó�
�¬3��L§¥¬�)K�é$�M)�4+
3�>6eÄkmé [8], Ù(J�����¿é�
�4+Xã¤«. XJ3�� LED ó²¥\\ð
z��, �±4�/ü$ý9�¦>6 [9], ù�Ò
�±�ÑÚõþf²¿é�>{ÚM)�4+, @
oC¤ã 2 ¤«:
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P
� � �
P-GaN

ã 1 GaN Ä LED (�«¿ã±9��>´

P
N

ã 2 {z����>´

Xã 2 ¤«, � LED ó�3�>6e, Gé>
{ (ITO �>{!P . GaN Ú ITO ��>>{Ú N

. GaN �>{) �©Øé�, �±�Ñé>Ø�K
�, Ïd�±�ÑGé>{�K�, Kz{¤ã 3

¤«: � � � � � �P N

ã 3 �>6e���>´

éu�4+k:

I = Is

[
exp(

qV

nKT
) − 1

]
, (1)

Ù¥ Is ��Ú>6, q �>f�>þ, n �n�Ï
f, K �Å�[ù~ê, T �ýé§Ý. éu� �
�4+�¤á, �ØLn�Ïfu)Cz [6].

� qV À nKT , Kk:

V =
nKT

q
(ln I − ln Is) , (2)

3�>6e�±�Ñ [6]:

V =
∑

i

Vi

=
∑

i

[
ni

(KT

q

)
ln I − ni

(KT

q

)
ln ISi

]
, (3)

z{��:

ln I =

(
KT
q

)
∑

i ni
V +

∑
i ni ln ISi∑

i ni
, (4)

�±wÑ, �¡�
∑

i ni ln ISi∑
i ni

´~þ, u´x

Ñ ln I-V �, [Ü�Ñ���Ç�±�Ñ��
��©á�4+�n�Ïf�oÚ

∑
i ni, ùB´

¢S LED �n�Ïf. ~�ù���±Jp LED

3�>6emé>Ø, lm��ü$ LED �ó
�>Ø. Xã 4 ¤«�^ Matlab �[ØÓn�Ïf
é LED � I-V �K� (3 10 µA �¹e). l�
[(J�±w�, �n�ÏfØÓ�, mé>Ø�
Cz, �n�Ïf'����ÿmé>Ø��, �
Xn�Ïf�C�, Ùmé>Ø�ÅìC�.

� � � � ������
� �

� �	 
� �  � � ��  � � ��  � � ��  � � ��  � � ��  � � �
ã 4 ØÓn�Ïf� I-V �

lþ¡©ÛÚ�[(J�±�� LED �n�
Ïf���Ú����©á�Ü©�k���'
X, 3¢S�� LED �ó²Ú½¥ÏLé ITO ?
1ØÓ§Ý�ò»?n, �±¦ ITO Ú P . GaN

�m/¤éÐ�î0�>, lü$ LED ì��
n�Ïf.

2.2 GGGééé>>>{{{���OOO���

�X	\>6�O�, PN (þ�>ØCzØ
2²wCz, Gé>{þ�>ØCz¬'�²w.

	\>Ø�Oþ�Ü©üá3Gé>{þ, ÏdG
é>{���¬��K�ó�>Ø���. 3�>
6��¹e·��âã 2 ¤«, ò ITO Ú P . GaN

��>>{Ú N . GaN >{�¿P� Rs Xã 5

137303-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 137303

¤« [8]: � � � � � �� � � �P N

ã 5 �>6e���>´

3�>6ek:

V =
i=4∑
i=1

Vi = V4 +
i=3∑
i=1

Vi

=IRs +
i=3∑
i=1

[
ni

(
KT

q

)
ln I

− ni

(
KT

q

)
ln ISi

]
, (5)

éü>¦�ê¿z{��:

I
dV

dI
= IRs +

qV

KT

i=3∑
i=1

ni, (6)

- n =
i=3∑
i=1

ni =:

I
dV

dI
= IRs + n

qV

KT
, (7)

����xÑ I
dV

dI
-I ��, l�Ç¥�±�Ñ

Gé>{���, ��4+��mé�, Ù I-V 
���Çd Rs 5û½, Ïd Rs �����û½

ó�>Ø���, ã 6 �[Ñ
ØÓGé>{
é LED I-V ��K�.

� � � � ��� � � � �� � � � �� � � � �� � � � �� � � � � � 	 
 � � �� 	 
 � � �� 	 
 � � �� 	 
 � � �� 	 
 � � �  ���
ã 6 ØÓGé>{éó�>Ø�K�

l�[(J�±wÑ, ó�>Ø�Cz�X
Gé>{Cz�²w, �Gé>{O��, ó�>

Ø²wCp. ��ü$ LED �Gé>{�±²w
�ü$ LED �ó�>Ø, �´	ò(���(½
Ð�, N . GaN �>{Ò(½
, ·��kÏLü
$ ITO Ú P . GaN ��>>{, l��ó�>Ø
$� LED, 3¢S� LED �Eó²¥ÏLé ITO

?1ò»?n, �±²w�ü$Gé>{, lü
$ó�>Ø.

3 ¢ �

� ¢ � � 	 ò ¡ ´ l ½ | þ ï 5 � GaN

	 ò ¡, 3 D È ITO c é GaN 	 ò ¡ k ^ Z
Ñ, Ã Y ¯ U 9 � l f Y � ( � W, ^ 5 �
Ø GaN 	ò¡L¡�hÀ�kÅÔ, ,�2^
�Y (HCl : HNO3 = 3 : 1) È£ 10 min, Ø=�±
�KL¡��z�, ��±Jp P L¡�Ç�ß
Ýé P . GaN ��>kéÐ��^ [10,11], ��
^�þ��lfY�W¿^�ílNZ. ^>f
å�u��{DÈ 240 nm � ITO ��>6*Ð
�, DÈ��¸�:ITO á� In2O3:Sn2O3=9:1, ý
�Ý� 7.78 × 10−2 Pa, Ù§Ý� 350 ◦C, �È�
Ç� 0.4 nm/s. @¡ ITO �, ò�¡©¤ 5 Ü©,

©Oé�Ð ITO �3�í��¸e^¬+?1
ØÓ§ÝÚ�m�ò»?n, XL 1 ¤«, ,�?
1 ICP �¡, ��DÈ 15 nm/100 nm/30 nm/300 nm

� Ti/Al/Ti/Au 7á�� LED � P, N >4, ��
� 200 nm � SiO2 ��ðz�. �¢���� LED

�¡º�� 200 µm × 254 µm, ¤��êâÑ´|
^ Keithley4200-SCS ��NëêÿÁ¤3ç�f
¥ÿÁ��.

L 1 ITO �?n�¹

?Ò ITO ò»^�
1# �?1ò»?n
2# ò»§Ý� 500 ◦C, �m 30 min

3# ò»§Ý� 550 ◦C, �m 30 min

4# ò»§Ý� 600 ◦C, �m 30 min

5# ò»§Ý� 550 ◦C, �m 40 min

4 ¢�(J�?Ø

4.1 ITO òòò»»»ééénnn���ÏÏÏfff���KKK���

é��Ð� LED Ø?1y¡�¡?n, �
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üØ N >4�K�, ?1 N-N >4ÿÁ(JXã 7

¤«.

lã 7 ¥�±w�, N-N >4�m´>{A5,

ùL² N >4�7áÚ N . GaN �m��>�î
0�>, ù�3 N >4Ú N . GaN �mvkÚ?
�AÄ³^, Ïd N >4�>Ø¬�)M)��4
+K� LED �n�Ïf, ¿��lã¥�±��
�| LED ¥ N >4Ú GaN �m��>>{�å
é� (1 Ω �m, ��u>4m N-GaN �>{), �
±Cq@��| LED � N >4Ú GaN �m��
>>{��.

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

ã 7 N-N >4�m� I-V �

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

ã 8 10 µA e LED � I-V �

Xã 8 ¤«, ØÓò»§Ý� LED 3 10 µA e
�mé>ØØÓ, lc¡©Û��[�.��, 3
�>6e, =Gé>{K�Ø���ÿ, Ùn5Ï
f���û½mé>Ø���, lã 8 ¥�±w�
vkò»� LED �mé>Ø�p, lã 9 ¥ ln I-V

�¥��±wÑ3Øò»��¹eÙn�Ïf
��. �Ï´du ITO 3vkò»�3Ú P . GaN

�>�¬/¤��³^ [3], dc¡�©Û�[�±

��, ù�M)�³^¬K� LED �n�Ïf, ?
�ÚK� LED �mé>Ø.

lã 8 Úã 9 ¥��±wÑ, � ITO 3 550 ◦C,

30 min �ò»^�e���mé>Ø�$, n�
Ïf��. ÏLé ITO �?1 SEM ©ÛXã 10:

�±wÑ3 ITO �S¹k Ga ��. k<@�3ò
»� Ga �f*Ñ�
 ITO �, Ó�3 GaN ¥3
Ñ�� Ga � ,  ITO ¥� In, Sn, O �f¬*Ñ
� GaN �WÖ GaN � , l3 ITO Ú GaN ��
>�.¡?/¤�« InxGa1−xN, InxGayOz ��
·ÜÔ�, ù«·ÜÔ�¬K� ITO Ú P . GaN

�.¡A5, ¦�.¡|©u)Cz [5], Ó�UC

.¡NC ITO �õ¼ê [3], �ª�� ITO Ú P-

GaN �m��>A5¬l�4+A5�î0�>
Cz [12].

� � � � � � � � � � � � � � � � � � � � � � � �� � 	� � �� � 
� � �� � �� � �� � �� ����� � � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � � � �
ã 9 LED � ln I-V �

lþã¥·���mé>ØÚ ITO ò»§Ý
ké��éX, � ITO ò»�m���, mé>Ø
�X ITO ò»§ÝÙCzLyÑk~��O��
�¹, �Ï�U´Ï�ò»§ÝØÓ�ÿ, .¡�
)�·ÜÔ��|©�Xò»§Ý�CzCz,

ù«Czé.¡? ITO Ú P-GaN �õ¼ê�U
C�Ø��, lÑyù��y�. 3 550 ◦C,

30 min �ò»^�e��·ÜÔé.¡? ITO �
õ¼ê�UC·¥, l���n�Ïf��, m
é>Ø��.

'� 550 ◦ , 30 min, Ú 40 min �ò»^��±
wÑ, 3 30 min �ò»^�e���mé>Ø�.

ù´Ï��Xò»�m�O�, .¡�·ÜÔ��
¬�Xò»�m�UCu)Cz, ?K�
ì
��n�ÏfÚmé>Ø.
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� � � � � � �
 

� � � � � � 	 � 
 � � � � � � � � �� ��� � � � � � � � � � � � � � � � � �� �� � �
ã 10 LED �¬ ITO �ÿÁ SEM ãÌ

4.2 ITO òòò»»»éééGGGééé>>>{{{���KKK���

lã 11 Úã 12 ¥·���3�>6e, ØÓ
ò»§ÝéGé>{�K�, dc¡�©Û�[�
�, Gé>{�����K�
 LED ó�>Ø�
��, '�ã 11 Úã 12, ��(Ø, 3 ITO vk?
1ò½?n�Gé>{��, ù´Ï�3 ITO �
?1ò»�, ITO Ú P-GaN ?1�>, ÙL¡�)
��³^, ¦�>fÏL�(J, ÏO\
>{.

� ITO ?1ò»´Ù�>>{¬C�, Ï�3ò
»�ÿ, ITO Ú P-GaN �.¡?�) InxGa1−xN,

InxGayNz �·ÜÔ�, O\
 Ga �Ç, lü$

³^pÝ, ~�
�>>{ [5], l(J�±�
�, 3 500 ◦C, 30 min (Rs = 7.3 Ω), 550 ◦C, 30 min

(Rs = 7.9 Ω), 600 ◦C, 30 min (Rs = 7.9 Ω) 550 ◦C,

40 min (Rs = 8.5 Ω), �±w�§Ýò»§Ý,
p�Gé>{¬k�½§Ý�,p, ò»§Ý�
Ó�, ò»�m�O\�¬��Gé>{�O\,

`²3 ITO ò»�, 3�¢�¥ùo�^� ITO

Ú P-GaN �·ÜÔ�é�>>{�K�Ø�.� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � 	 � � � �
 �� � � 	 � � � � �  �  � � 	�� � � � 	� � � � �� � �  �� � �  �� � � � ���
ã 11 20 mA e LED � I-V �

� � � � � � � � � � � � � � � � � � � �� � �� � �� � �� � �� � ���	
 ��
� � � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� �
ã 12 LED � I dV/dI-I �

��3é ITO ?1ò��ÿÜ·�ò»^�
éì��>Æ5Uké��K�.

5 ( Ø

lþ¡��[Ú¢�(J�±��, é ITO ?
1ò»?n¬��K� LED n�Ïf n ÚGé
>{ Rs, lK�
 LED �ó�>Ø. ·�3J
p LED �>Æ5U�, Ì�¦�U$�ü$ùü
�Ïê, B�±��$�ó�>Ø.

¢�(JL²: 3ò»�m�Ó�, �Xò»
§Ý�,p LED �>ÆA5¬Åì�����`
�, �UY,pò»§Ý�ÿ, Ò¬�� LED �>
ÆA5�eü. Ó�, 3�½�ò»§Ýe, ò»�
�m�k���`�, �Lù��mUYO\�ò
»�m¬�� LED >ÆA5�eü, ¦� LED �
ó�>Ø�p. ù´Ï�3ò»L§¥ ITO Ú P-

GaN .¡¬)¤·ÜÔ�, ù«Ô��Xò»§Ý
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Ú�m�Cz, Ù|©�u)Cz, (JK� ITO

Ú P-GaN �.¡?�õ¼ê, lK�
ì��n
�ÏfÚGé>{, ?K�ì��ó�>Ø.

Ïd3)� LED ó²¥, Øäé?1 ITO ò
»�§ÝÚ�m?1`z, ���`�ò»^�,

k|uJp LED �>Æ5U.
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The effect of ITO annealing on electrical
characteristic of GaN based LED

Liu Jian-Peng Zhu Yan-Xu† Guo Wei-Ling Yan Wei-Wei Wu Guo-Qing

( Beijing Optoelectronic Technology Laboratory, Beijing University of Technology, Beijing 100124, China )

( Received 7 March 2012; revised manuscript received 13 April 2012 )

Abstract

In the recent years§more and more light-emitting diodes use indium tin oxide (ITO) as the current spreading layer. But if there is

not any treatment, the electrical properties of light emitting diode are very poor. So to get excellent electrical properties of light emitting

diode, annealing is an effective method to improve the electrical properties of light emitting diode using indium tin oxide as the current

spreading layer. However, the annealing time and temperature can affect the electrical property of light emitting diode individually. In

order to investigate this problem§we measured the series resistance and ideality factor of the light emitting diode got under different

annealing time and annealing temperature. According to the model proposed by Jay M. Shah§we can inferred the characteristics of

indium tin oxide and P-type GaN contact. The results showed that: the electrical properties of the light-emitting diode can reach an

excellent value with increasing annealing temperature and time, and if continuing to increase in temperature or time, it can lead to a

decline in light-emitting diode electrical properties. It is very helpful to optimize the annealing temperature and time and manufacture

excellent electrical properties of devices.

Keywords: ITO, annealed, ideality factors, series resistance

PACS: 73.61.Ey, 73.40.−c, 71.20.Mq, 85.30.−z
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