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InGaN/GaN Ä²^(� LED �5\�>6�Ý���, LED �þf�Ç�5\>6�ÝO�
eü, = droop

�A. �©3 Si (111) �.þ)�
 InGaN/GaN Ä71õþf²(�� LED, ÏLò¢�ÿþ�1>5U­��|
^ ABC �.�[�(J?1é', &?
 droop �A�¤Ï. (Jw«: §Ýeü¬{N>6*ÐÚü$�ÇßÝ,

>f3²¥©Ù¬�5�Ø²ï, ²¥ÛÜ«�¥ÏW¿
³U�5�p�>f
ÄÑ²	, l
¦ droop �A�
X§Ý�ü$3���>6�ÝeÑy���î­, ØÓ§Ýe¢�����EÜ�.�[�(J3p5\�ª
³��. ùd(JL², Úå droop �A�ÌÏØ´���Ë�EÜ
´>fÄÑ, >fÄÑ����Ï´16f3
²¥©ÙØþï.

'�c: �z;, 71 LED, þf�Ç, droop �A

PACS: 85.60.Jb, 78.60.Fi, 73.61.Ph

1 Ú ó

�XCc5n!ÊxÄu1á�Eâ�Øä
¤Ù, LED Ú-1�4+ (LD) ®2�^u�Úw
«!�«�!êâ�;!��Ú�Ï��+�, A
O´du GaN Ä LED �¯�uÐ, LED ®m©3
ÊÏì²¥×�í2.LED `:´¦^Æ·�, u
1�Çp, ,
��;�ª�z; (InGaN/GaN) Ä
²^ LED 5\�>6�Ý���, ¬Ñy droop �
A [1], ¦� LED 3ÊÏì²¥�¤���O\. 8
cé droop �A�¤Ï¯`ª�, Ì�k"�Úå
��Ë�EÜ [2,3]!��EÜ [4,5]!4z| [6,7] Ú
16fÄÑ [6,8] �, ,
3ù¯õ�*:¥�8%
vk���ÊH�É [9,10]. �©ÏLÿþÚ©Û Si
�.71 LED �C§>1 (EL) Ì!©Ob���
EÜÚ16fÄÑ��>6�Ý5\eK� EQE

�'�Ï�é�¬� EQE ­�?1ê��[, ï
Ä
 Si �.71 LED Úå droop �A��Ï.

2 ABC �.

2.1 nnnØØØ���...

²ïG�e16f�EÜ�^{ü� ABC �
.£ã� [11]

ηinjJ

qd
= AN + BN2 + CN3, (1)

ùp, A ´��4 - p� - ¿��Ë�EÜ�Xê,
B ´Ë�EÜ�Xê, C ´���Ë�EÜ (��
EÜ) �Xê, N ´16fßÝ, J ´>6�Ý, d

´k
��k�þÝ, q ´>f�>þ. >6�5
\�Ç ηinj �L«� ηinj = IQW/(IQW + Ileak). ù
p Ileak ´�5\�þf²¥>6 IQW �'�¦>
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6 [9,10], =
Ileak = kIb

QW, (2)

ª¥ k, b ´¦>6�[ÜXê. d (1) ª�ò LED
�	þf�Ç (EQE) L«�

ηEQE =
ηinjBN2

AN + BN2 + CN3
× ηEXE, (3)

ηEXE � LED �1J��Ç.

2.2 ¢¢¢ ���

±kÅ
n`Ä; (TMGa)!n`Ä� (TMIn)
Ún`Ä¾ (TMAl) ©O�� Ga, In Ú Al 
, R
í (NH3) �� N 
, 7� (SiH4) Ú�jy (CP2Mg)
©O�� n .Ú p .�,J, æ^ Thomas Swan ú
i�E� CCS MOCVD XÚ��, 3 2 =�� Si �
.þ)�
 GaN Äõþf² (MQW) (�� LED,
Ù	òó²Úì�(�®k�'�� [12−15]. ��
¬k3 Si �.þ�È�� 3.2 µm þ� Si �, n
. GaN, ,�©O�g)�k 5 � InGaN þf²(
��k
�!AlGaN >f{	� (EBL) Ú 120 nm
þ Mg �, p . GaN �. 3 p �î0�>��Ð�
�, ^ØÅ�ªò	ò�=£�#�V¡�1�>
Ä�þ, ,�æ^zÆ@¡�{�Ø Si �., ��
Ð n >4�, ì�(�Xã 1 ¤«. �
JpÑ1
�Ç, �� p .�>��, 3Xã 1 ¤«� n >4
��e���
�ý�� (pÖ>4), �¡�º�
� 160 µm×160 µm. ¦^ Keithley 2635 >
!1
Ì¤ Compact Array Spectrometer (CAS) 140 CT é
à��1>5U?1ÿþ, ÿþ¥�¦�U;�9
�A�K�æ^
óÀ�6>
.

ã 1 ì�(�«¿ã

3 (J�?Ø

ã 2 �ØÓ§Ýe8�z EQE �5\>6
�ÝCz�­�, ã¥�§Ýe­��>6�Ý

Cz�ª³�Ó, =mÐ EQE �X>6�Ý�O
�
O�, � EQE ��¸��, >6�Ý�?�
ÚO�¦ EQE Ñy
 droop �A. �©U>6�
Ý���©n�«�é EQE ?1?Ø. 3.«¤
«��>6�Ý (0.005—0.1 A/cm2) e, EQE �X
§Ý�ü$×�O�. ù�^þã� ABC �.5
)Û, EÜXê A, B, C �§Ýk', �{üL«
�: A(T ) ∝ T 3/2, B(T ) ∝ T−3/2, C(T ) ∝ exp (1—
300/T )[16], �§Ýeü�, �"�k'��Ë�E
ÜXê A ~�!Ë�EÜXê B O�!��E
Ü½>f�¦3$>6�Ý5\ ($5\) eK�
��Ñ, d (3) ªÒéÐ)Ûã 2 ¥>6�Ý�
�� EQE �§Ýeü
,py�. 3/« (0.1—
20 A/cm2), �X§Ý�eü, EQE �5\>6�Ý
�Czd 350K ��üNO\ÅÚCz� 100 K �
�üNeü, � EQE ¸� ��>6�Ý�§Ý
�ü$×�~�. 3ù�«�¥§Ýü$ÚåX
ê A, B �Czé EQE ¤E¤�K��éC�, 

>f�¦½��EÜé EQE �K�®Ø�2�
Ñ��X§Ý�eüÅìOr. 3p>6�Ý5
\ (p5\) � III « (20—500 A/cm2), �>6�Ý
O��, EQE �§Ýü$
O��ÌÝ�5��,
�Ñy
§Ýeü EQE �
~���¹. ±þ(
JL², $§e'~§eäk�î­� droop �A,
p5\eK� EQE '�Ï��k�?1���\
�ïÄ.

ã 2 ØÓ§Ýe8�z EQE �5\>6�ÝCz�­�

éõïÄ(JL²3ïÄu1�Ç�, ��
EÜÚ16f�¦éu droop �A�K�J±«
©, Özgür �<©O^��EÜÚ16fÄÑ�.
é�¬ IQE ­�?1
�[, ü«�[(J�¢
�(JÑÎÜ��Ð [10], �c[é'©z [10] ¥
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ã 3 ØÓ§Ýe EQE �5\>6�ÝCz�¢����[
(Jé'­�

ã 4 300 K � EQE �5\>6�ÝCz�¢����EÜ½
>f�¦�.�[�é'­�

�ã 4!ã 5 �uy3p5\e¢�ÿþ��b
½ droop �A´d��EÜ
Úå��[(J�
´�3�½��O. �
éÑ droop �A�ý�
�Ï, ·�3ã 3 ¥�Ñ
ØÓ§Ýed (3) ª
�Ñ�	þf�Ç'X, 3�Ä droop �A´d
��EÜÚå (Ø�Ä16f�¦, = ηinj = 1)
���[­�, ¿¦Ù�¢�ÿþ­�?1é'.
�[�EÜXê A, B, C ���·�ë�®�
�(J [4,10,17,18], ëì 300 K �¢�ÿþ(J·
�N!d§Ýe�EÜXê���, �A/�§
Ýe A, B, C ©O�� A = (T/300)3/2×107/s,
B = (T/300)−3/2×8×10−11 cm3/s, C =
e1−300/T×2×10−29 cm6/s. ã¥w« 300 K ��
�[­�3>6�Ý�u 50 A/cm2 �, �¢�ê
âÎÜ�éÐ, 
�5\>6�ÝUYO��, ¦
+�[­�¥ C ��®p� 2×10−29 cm6/s ('�
ö@� droop �A´d��EÜÚå�©z [5] ¥
� C ��ü�êþ?), EQE ��[(Jm©�u

¢�êâ, ��å�5\>6�Ý�O�
C�.
ã 3 �w«, 3�é��5\>6�Ý��S, Ø

§Ý� 350 K �� EQE �[�'¢�(J�, Ù
{§Ý�u 300 K ��[�Ñ��u¢��. ·�
@�3$5\eÑyXd(J´ �¦>Úå�,
ù«¦>�ýéê�é�, �3$5\�é EQE
k²w�K��Ù���§Ý�ü$
~�, du
�[¥�§Ýe�Xê A, B, C �´ë� 300 K �
�¢�(J��A���, Ù¦§Ýe�Xê¥v
k�Ä�ù«�§Ýeü
~��¦>6�K�,
¤±¥yÑ 350 K ��[(J�u¢��, 
Ù¦
�u 300 K ���[(Jþ�u¢��, �$5\
���§Ýe�¢�­���[(J�>6�Ý
Cz�ª³´�Ó�. ã 3 ¥, 3¢��Ñy¸�
�NC, �X5\>6�Ý�?�ÚO�, ¢��
��[(JÑy
�:, ,��[(JÅì�u¢
��, ��å�§Ý�eüÚ5\>6�ÝO�

×�*�, ¿Åì/¤
ª³���­�. ,	, l
ã 3 ��wÑ, ã¥b½ droop �A´d��EÜ
Úå����[(J, 3ØÓ§Ýe EQE ¸�?
�>6�Ý�X§Ý�eü´O��, �Ð�ã¥
�¢�(J��. ±þù
¢����[(J�ã
��OL²��EÜØ¬´ droop �A�ÌÏ, e
¡ò&?>f�¦é droop �A�K�.

ã 4 �Ñ
§Ý� 300 K �, 8�z EQE �
5\>6�ÝCz�¢�(J�b½��EÜ (Ø
�Ä>f�¦)!b½>f�¦ (Ø�Ä��EÜ)
� droop �A�K�Ï��[(J�é'­�. �
Ä>f�¦�[�EÜXê A, B ����ã 3 ¥
�Ä��EÜ�[���Ó, 
d (2) ªû½�X
ê k, b �©ë�©z [9] Ú [10] �(J, d¢�­
�[Ü©O� 0.08 Ú 1.8. Xã 4 ¥�¢�¤«,
��Ä��EÜ (ëê���ã 3 ¥ 300 K �Ó)
�[(JØÓ�´, �Ä>f�¦��[(J­
�=¦3p5\e�¢�(J�ÎÜ�éÐ. d
d��, >f�¦´p5\eK� EQE �Ì�Ï
�, ´ droop �A�¤Ï. e©¥·�±ØÓ§Ýe
� J-V , EQE ­�5äN©ÛE¤>f�¦��Ï
±9dd
Úå� droop �A.

ã 5 �Ñ
ØÓ§Ýe� J-V ­�. ã¥w
«, �X§Ý�ü$, 5\Ó����>6�ÝI
��\���>ØO�, �3p5\e>Ø�O�
��wÍ. >Ø�§Ýü$
O�ké���Ü©
´duþf²�B�°Ý�X§Ý�ü$
O�
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ã 5 ØÓ§Ýe5\>6�Ý���>ØCz�­�

Úå, �{�Ü©·��Xe©Û: �X§Ý�ü
$, Xã 1 ¥¤«� n-GaN, p-GaN ¥�>{9�
>>{Ñ¬O�, ù��/�/r�� LED w¤
´dNNõõ��� LED ¿éå5, ù
>{�
O�Ò´O\
z�� LED �>{; Ó�, du§
Ýü$¦>6*ÐC�, >6Ò¬�\ª�ul@

�C n >4�� LED ¥6L (=÷ã 1 >4N
C¢�¤«�´»ÏL), ùÒ��uë�¿é�>
{�ê~�
, ùü��¡�K�ÑO\
o�>
{, Ïd�§Ýeü�5\Ó�>6�Ý�� Ø
¬O�, O\Ü©�>ØÌ���Ñ3 LED �G
é>{þ, ù3p5\�c�wÍ. �´du§Ý
�$�, C�
�>6*Ð¦�C>4NC6L�
>6�Ý=¦´3$5\e�é�, l
¦�ùÜ
©²¥=¦3é��>6�Ý5\e�äkép
�16fßÝ, \þ§Ýü$ p .¥� Mg �,�
�¹5, ¦6\²¥��ÇßÝü$, ÏdùÜ©
«��²¬é¯�>fW¿÷
¦>f�L EBL
�ÄÑ²	, ÄÑ�>f�¬� p �¥��ÇE

Ü, ?�Úü$6\²¥��ÇßÝ, \ì>fÄ
Ñ, ÏdÑy
�X§Ý�eü EQE ¸�?�>
6�Ý×�ü$ (ã 2 ¥ 350 K �¸�?>6�Ý
� 100 K �� 107 �), EQE �§Ý�Czª³3p
5\��$5\���, $��Ñy
§Ý 100 K
�� EQE �
$u§Ý 300 K �� EQE. ±þ©
Û(JL²§Ý�eü�´\ì
16f�3²
¥©ÙØþï, ¦16f�ÄÑ��î­, droop �
A'�´du16f3²¥�©ÙØþï
ÄÑ
Úå.

4 ( Ø

��Ð GaN Äõþf² (MQW) (�� LED
�ÿÁ
Ù1>5U, ?Ø
ØÓ§Ýe EQE �
5\>6�ÝCz�ª³, ¿¦Ù©O�b½��
EÜ�p5\�K� EQE �Ï�Úb½>f�¦
�p5\�K� EQE �Ï���[ EQE ­�?
1
é', (Jw«­�3 300 K �¢�êâ��
Ä��EÜ��[(J3p5\��Oã�, 
U
��Ä>f�¦��[(JéÐ/ÎÜ, ÏL©Û
�Ñ: §Ý�ü$¬{N>6*ÐÚü$�ÇßÝ,
¦>f3²¥ÛÜ«��ßÝép, ù
«�¥�
>fduW¿�AN´�L EBL 
ÄÑ²	, l

�)��î­ droop �A. ù
(JL²Úå droop
�A'�´du16f3²¥�©ÙØþï
Ä
Ñ. Ïd, 3�� LED L§¥Jp	ò�AO´²
�á��þ!Ý!O\ p-GaN ���ÇßÝÚO
r>6*ÐÑU¦16f3²¥�©Ù�þï, l

Jp LED �þf�ÇAO´3p5\��þf
�Ç, ü$ LED 3ÊÏì²A^¥�¤�.
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Abstract

InGaN/GaN based light emitting diodes (LEDs) suffer from decrease in efficiency at a high injection current level which is called

efficiency droop. In this paper, blue InGaN/GaN multiple quantum well light emitting diodes on Si (111) substrates are prepared, and

their electroluminescence spectra are tested. Comparing the experimental measurements with the simulating results based on simple

ABC model, the cause for quantum efficiency droop is investigated. The results show that the light emitting diode has worse electron

spreading and less hole concentration with temperature decreasing, and the electrons will overflow frome the well after filled up in

higher and higher state for their inhomogeneous distribution, thus efficiency droop will happen at a lower injection more severely

for electron leakage under lower injection, and experimental measurements are in disagreement with simulation results of Auger

recombination at high injection current levels under different temperatures. The results confirm that the main factor for efficiency

droop is not Auger nonradiative recombination but electron leakage, and the essential cause for electron leakage is severe carrier

localization.

Keywords: GaN, blue LED, quantum efficiency, efficiency droop

PACS: 85.60.Jb, 78.60.Fi, 73.61.Ph

* Project supported by the National Natural Science Foundation of China (Grant No. 60967002).

† E-mail: sanmu70153@yahoo.com.cn

178503-5


