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GaN ÄpØ�6u1�4+ó²��, æ^7��ã/�. (PSS) 	ò¡���F/�â(�� GaN Ä
pØ�6 LED. �éÙ¦(�ì�, T(�ì�u1�Ç�p, µCx1�, 3Ú§ 4500 K, °Ä>6 20 mA �,
1� 116.06 lm/W, éA>Ø 50 V. ÿÁÙI-V�L², mé>Ø� 36 V, éA°Ä>6� 1.5 mA; 3>6 15 mA
� 50 mA �, 1õÇ�°Ä>6O\Cqu�5O\, 3d«�1��>6O\ü$�ÌÝ'��ú, L² GaN
ÄpØ�6 LED ·¨uæ^�>6�Ý°Ä, Ø¬Ñy°Ä>6�ÝO\��þf�Ç²weü (efficiency
droop), �l�¡�¡ïÄ)ûþf�ÇeüJKJø
�«#g´.

'�c: GaN ÄpØ�6u1�4+, 7��ã/�., �F/�â(�, u1�Ç

PACS: 85.60.Jb, 78.55.Cr, 78.90.+t

1 Ú ó

LED ���«!U�������N1, ä
kéõk`:, uÐ LED ��É��I�?�p
ÝÀ [1,2]. LED 3�¥Ï^ì²+��üX�
5����Ú. �A^uT+���¬Ì��u
�õÇ LED, �´�õÇ LED I��>6°Ä, l
E¤ì�9Ñî, ��ì�Pzî$��
�. �>6°ÄéÑ9¾	���¦'�p, ��
ì²�ä¤�ØpØe, ��
 LED ì²�Ê9.
8c¦^�2��	òá���.´¤��$�
7���. [3]. 3Ï^ì²A^I¦e, 7���
. GaN ÄpØ LED �Vg�J
Ñ5. {üó,
r���¡�	ò�©�¤ê��âü�, ¿r§
�Géå5, K�¤p>Ø LED �¡, ù´dÂþ
�pØu1�4+. 2Âþ�pØ LED ´�r�
��¡�	ò�©�¤ê��âü�, ¿ÏL¡þ
>´�Oë��¤� LED �¡. Uìd>´�
O½Â, 8cú@�pØ LED �±©�ü�a: p
Ø�6 LED ÚpØ�6 LED. pØ�6 LED 3µ
C½A^àæ^xª>´¢ypØ�6°Ä, p
Ø�6 LED Kòxª>´�Ou�¡�¡5¢y

pØ�6°Ä. dupØ�6 LED �Ü©�â©
�:�, ��u1�Ç�pØ�6 LED �$, ¤±
�©��OpØ�6 LED, pØ�6 LED �¡�
éuDÚ�6 LED �¡äk±e`³: ��^½
>pØ°Ä, {z>��, ~�>Ø=��U
��, ü$¤�9õÑ; �p�l�ü�, �þ!�
>6©Ù, �p�u1�Ç. �¤8¤�â�Ó
�	ò¡���«�, 1>A5ëêpÝ��, �
±é���·AµCÚA^àI¦, ~�
¤I�
��½, {z
µC, )ûõ¬µC���5¯K.
d	, �
÷vI¦, pØ�6 LED �±½��¡
º�Ú½SØêþ, �E6§��DÚ LED o
N.

pØ�6 LED A^uÏ^ì²½|�UÐ
y$UÑÚp�Ç�`:, �'DÚ$Ø�6�
õÇ LED k��¿�`³: 1�, 3Ó�ÑÑõ
Çe, pØ�6 LED ¤I�°Ä>6��$u$
Ø�6 LED, ó��ÑÑ�õÇ��$u$Ø�
6 LED; 1�, pØ�6 LED �±�Ìü$ AC-
DC =��Ç��. Ïd, æ^pØ�6 LED 5m
u LED Ï^ì²�ä�¬, �Ìü$éÑ9	�
ÚéÑ9XÚ��O�¦, �¿�X�N LED ì
²�ä¤��k�ü$, lkå×�
 LED ì²

* I[g,�ÆÄ7 (1OÒ: 60877069) ]Ï��K
† E-mail: guozy@scnu.edu.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

138502-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 138502

�ä?\¿Sì²½|���EâæN. �
Aé
=ò�5� LED Ï^ì²½|, 2010 ce�c, I
S+k� LED øAûX Cree!Nichia Ú Lumileds
Ñ\ÙmupØ�6 LED, IS3T+��m
kïÄ, Äuþã�Ï, �©mÐ
 GaN ÄpØ�
6 LED ��ïÄ¿ÿÁ©ÛÙ1>ëêA5.

2 GaN ÄpØ�6 LED ��

2.1 GaN ÄÄÄpppØØØ���666 LED 			òòò¡¡¡������

3 � Á � ¥ ¤ ^ � LED 	 ò ¡ ( � æ
^ MOCVD 3 C ¡ (0001) 7���.þ)� GaN
��N�. 3	ò)��c, Äké�.?1kÅ
�W¿^ HF ?1L¡?n. )�æ^�í (H2)
Ú�í (N2) ��1í, ¤¦^� Ga , In , N

©O´n`Ä; (TMGa), n`Ä� (TMIn) ÚR
í (NH3), ¤¦^� p .�,JÚ n .�,J©O
´�jy (Cp2Mg) Ú7� (SiH4). �.3�A¿S
²Lp§9?n�ØL¡,�, 2æ^�Ú{)�,
k)��� 30 nm �$§ (780 ◦C) GaN �À�, ,
�,§ (1100 ◦C) )� 1 µm ���¿�,� GaN
��N�Ú 3 µm � n . GaN Ná� (Si-1.0 ×
1019 cm−3). LED (���¬3dÄ:þUY)
�d 15 �±Ï In0.15Ga0.85N/GaN(2.5 nm/12.5 nm)
þf² (MQW) �¤�k«, Ùþ´ 30 nm � p
. Al0.15Ga0.85N >f{	�, ��)� 300 nm � p
. GaN �>� (Mg-1.85× 1019 cm−3), Ó�oz	
ò�L¡.TEM û��	ò�(�Xã 1 ¤«; 	
ò�16fßÝ�	ò�þÝ�Cz�Xã 2
¤«.

ã 1 	ò�(� TEM ã (a) 	ò�(�; (b) ã (a) �ÚµI5�u1«��ã

ã 2 	ò�16fßÝ�	ò�þÝ�Cz�

2.2 GaN ÄÄÄpppØØØ���666 LED 111������������OOO
`̀̀zzz

Ï~½>>Ø� 220 V, ü�DÚ7Ú LED �
>Ø� 3 V �m, ¤±ü�pØ�6 LED �õ�±
Gé 73 ��4+�â, �Ä��6�4+¤©�
�>Ø, @oü�pØ�6 LED ¢Sþ�õ�±
Gé 70 ��4+�â. �±�OpØ�6 LED ó
�>Ø 50 V—220 V(I 6 20 mA), dd�Oü�p
Ø�6 LED �¡��âê8�� 16 � 70 �, �Ä
	ò¡"�¡È���ûÇ¯K, ¢��Oü�p
Ø�6 LED �¡Ó�ó���âê8� 16 �.

du�âþ>4�å���¬��>6*Ñ
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Øþ!, lE¤�¡u1«��ÝØþ!. �O
1���, òz���âÑ�O¤��/G, >4
�O u��/�â��>«�. �Ä��¡�>
4Ü©Óâ�½�¡È, >4L���u1«¡È
~�, Ó��E¤
>4á1, ddE¤�¡�1

�Øp; >4L���>6*ÑØþ!, E¤�¡
u1«�Øþ!, Ó����¡>Ø,p. 1��
�O>´�, ·�ò�â�>4°Ýº�°Ý?1
`z, �ïpØ�6 LED �1>A5, ���Z�
Oº�. 1���O>´�ã 3(a).

ã 3 pØ�6 LED 1��`z�O (a) pØ�6 LED `z>´ì�; (b) pØ�6 LED :�ã

*	�¡:�ã 3(b), �¡u1©Ù'�þ!,
ÿÁé'uy, °Ä>Ø��
 50 V(I = 20 mA),
=z���â�>Ø� 3.125 V, �¡µC¤x1
�, ��
 105 lm.

2.3 pppØØØ���666 LED ���âââ(((���`̀̀zzz

�¢���
n«�â(��pØ�6 LED:
R�ý¡�Ý�â; �F/ý¡�Ý�â; �F/
ý¡�Ý�â, Xã 4 ¤«. R�ý¡�Ý�âæ
^Mù�?1 ICP �¡ó²��; �F/ý¡�Ý
�âæ^ý¡ozó²�� [4]; �F/ý¡�Ý�
âæ^^ù�?1 ICP �¡ó²��. ��¤�p
Ø�6 LED Ñæ^
�� ��ºó² (ODR)[5].

ÿÁuy�F/ý¡�Ý�pØ�6 LED,
�éR��Ý�pØ�6 LED, Ù�ÝJ,�
� 20%, �â�o�ý¡Ø2´�p²1, �±
¦����¡ý¡�1, ²ý¡����º¡, ±
�u�.���ÝÑ�; Ó�, ��º¡�u�.
��1�±lý¡Ñ�, l��Jp
�¡�
Ñ1�Ç, d�{aqu Krames � [6] ����
�7i© (Truncated Inverted Pyramid, TIP) /G Al-
GaInP LED, ��Jp
�¡�Ñ1�Ç. �´�
¬ûÇeü 30%, Ì��Ï3u�â�¤�F/
ý¡�Ý�, ë�x>´�÷ý9éN´E¤ä

�, E¤Gé�âä´. �F/ý¡�Ý�pØ�
6 LED, Ù�Ý�éR��Ý�pØ�6 LED, J
,�� 35%, �¬ûÇJ, 2%, Ì��Ï3u�
â�¤�F/ý¡�Ý�, ë�x>´�÷ý9N
´, Ó��â�u1«¡ÈO�, ý9Ñ1¦�Ñ
1¡È�O�, ��âuÑ��Ü©1�Ø¬3
�â��â�m, �â��.�m, �âSÜu)
5£ò��, ´l�â�F/ý¡��Ñ���
í¥ [7], ddJ,
�¡�Ý, Jp
ì���5.

3 ã/z�.A^upØ�6 LED �
�JïÄ

7��ã/�.Eâ (PSS) ÏL37���.
L¡��äk[�(��ã/, ,�23ù«ã/
z��.L¡?1 GaN ��Ná�	ò. æ^ PSS
�.)� GaN 	ò�, ���F/ý¡�ÝpØ
�6 LED, �éÊÏ�.����F/ý¡�Ýp
Ø�6 LED, ÿÁuyüö�ÏSA5�Ä�
Ü, ��üö>5Ä���. 20 mA °Ä�, �¡1
õÇ�éÊÏ�.����F/ý¡�ÝpØ�
6 LED �1õÇJ,�� 26%. ÊÏ�.	ò¡
����F/ý¡�Ý, pØ�6 LED � PSS �
.	ò¡����F/ý¡�Ý, pØ�6 LED
�1õÇ�°Ä>6Cz'��Xã 6 ¤«.
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ã 4 �¢����n«�â(� (a-1) R�ý¡�Ý�â«¿ã; (a-2) R�ý¡�Ý�â SEM ×£ã (b-1) �F/ý
¡�Ý�â«¿ã; (b-2) �F/ý¡�Ý�â SEM ×£ã (c-1) �F/ý¡�Ý�â«¿ã; (c-2) �F/ý¡�Ý�
â SEM ×£ã

ã 5 pØ�6 LED �â(�1õÇ�°Ä>6Cz� ã 6 æ^ PSS �.!�¡ý¡�Ý9pØ�6 LED �
1õÇ�°Ä>6�
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ã 7 PSS �.	ò¡����F/ý¡�ÝpØ�6 LED 1>ëê� (a) pØ�6 LED I-V A5�; (b) pØ
�6 LED 8�z	þf�ÇA5�; (c) pØ�6 LED 1õÇ�>6CzA5�; (d) pØ�6 LED 1õÇ�>Ø
CzA5�

ïÄ@��±8(�n:�ÏnÜ�^�(
J: ã/z�.¡UC
 GaN á��)�L§, U
³�"��	òL¡�ò�, Jpì�Sþf�
Ç [8]; o÷z�7��.¡UÑ�lk«u��
1f, ¦�������1fkÅ¬Ñ��ì�	
Ü, Uk�Jp1J��Ç [9]; �k�`:´u�
��lø.Ü�1�� PSS ã/��ò����
í¥, O\1���Ñ�AÇ. Äuþãn:�Ï,
�¡1õÇ���ÌJ,.

4 pØ�6 LED ëêÿÁ©Û

æ^ÿÁÅÿÁ PSS �.	ò¡���F/
ý¡�ÝpØ�6 LED �¡. ÿÁÅ>�Jø
^��p 400 V >Ø, �p 400 mA >6, �p]m
õÇ 10 W �>, ±>6/ª½>Ø�/ª
ÑÑ. 1>ÿÁêâXã 7.

4.1 >>>ÆÆÆ555UUUÿÿÿÁÁÁ

ã 7(a) �pØ�6 LED � I-V A5�, ÿÁ
^�: >6l 0.1 mA � 100 mA, ÿÁ§Ý� 25 ◦C.
dã��, �X>6O�, >Ø�Ñy�Úy�. é

u LED � I-V A5'X÷v [10,11]:

I =Id exp
[q(V − IRs)

kT

]
+ Ir exp

[q(V − IRs)
2kT

]
, (1)

Id Ú Ir ©O´d*ÑÚÎEÜ¤Úå��Ú>6,
Rs �ì��Gé>{. dã¥3 20 mA ó�>6
NC� I-V A5'X�� Rs = 242.1 ± 3.4 Ω, 9
z���â� Rs = 15.131 ± 0.213 Ω. �Ñ Rs é
ó�>6�K�, (1) ª�±{z�:

I = Id exp[αV ] + Ir exp[βV ]. (2)

�>6l 0 mA ÅìO��, DÚ LED � I-V
A5��>6O�¥yÑüãØÓ«�, pØ
�6 LED � I-V A5�K¥ynãØÓ�«�:

� I < 1.7 mA �, pØ�6 LED �¡� I-V
A5�¥�5'X: I = 4 × 10−5V + 6 × 10−5;
� 1.7 mA6 I < 15 mA �, pØ�6 LED �¡
� I-V A5�¥�ê'X:

I = 2 × 10−10 × exp(0.3801 V ); (3)

� I > 15 mA �, pØ�6 LED �¡� I-V
A5�¥�5'X: I = 0.0064V − 0.2965; pØ
�6 LED � I-V A5�õ©Ñ���>6«�,
�Ï3upØ�6 LED ´òDÚ LED 8¤Gé
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¤, ò�>6°Ä�� I-V A5Gé��, l7
LÕá©Ûd«�.

4.2 111ÆÆÆ555UUUÿÿÿÁÁÁ

dã 7 �±wÑ: pØ�6 LED mé>Ø
� 36 V, éA°Ä>6� 1.5 mA, 3°Ä>60
u 15 mA � 50 mA �m�, 1õÇ�°Ä>6
O\Cqu�5O\. 3d«�1��>6O\
ü$�ÌÝ'��ú, `²·����pØ�
6 LED ·¨uæ^�>6�Ý°Ä, Ø¬�°
Ä>6O\Ñy²w�þf�Çeü (efficiency
droop) ¯K [12], Ny
pØ�6 LED �`³, ù�
:� Wang �ïÄ(J�ÎÜ [13]. �Ï3upØ
�6 LED �°Ä>6��$uõÇ. LED, l
k��~�
�>6°Äu9����¡SÜ�
Ë�EÜAÇ. °Ä>6�� 55 mA �, 1õÇØ
2�>6Cz, `²d�16f�C�Ú. 1��
p:éA�°Ä>6� 2.7 mA, éA>Ø� 43 V.

��é', ·���
pØ�6 LED ÚõÇ
.u1�4+�º�Ñ� 1194 µm × 1194 µm, õ
Ç.u1�4+æ^ 350 mA >6°Ä, pØ�
6 LED æ^ 20 mA >6°Ä, õÇ.u1�4+
�>6�Ý� 24.56 A/cm2, pØ�6 LED �>
6�Ý� 23.46 A/cm2, ��pØ�6 LED �¡3
r>6þ!©Ùu�¡�¡äk`³, ?äk�
�½�þf�Ç. ÏLO�, ·�uy3pØ�
6 LED �¡¥, >6�Ý��uõÇ.u1�4
+, ØN´3>6Ú\:�NC�)>6Pl. ù
�·�Jø
�«3�¡�¡)ûþf�Ç�>
6�ÝO�eü¯K�#g´, �Ð«
?�Ú
ïÄpØ�6 LED �d�.

µCx1ÿÁ, æ^ PSS �.	ò¡���F
/ý¡�ÝpØ�6u1�4+, 3Ú§ 4500 K,
IOÿÁ¿§ 20 mA e, ÿ�x1pØ�6u1�

4+�u1�Ç� 116.06 lm/W, ÿÁêâ�L 1.

L 1 PSS �.^	ò¡����F/ý¡�ÝpØ�6 LED µ
C�ÿÁêâ

I/mA φv/lm l/(m/W) Vf /V

5 33.01 148.63 44.41

10 62.55 133.38 46.09

15 88.71 121.44 48.07

20 116.06 116.06 50.00

25 135.38 106.48 50.58

30 156.23 98.36 52.94

5 ( Ø

� © � O Ú m u 
 ó ² � � � ó � > Ø
� 50 V (I 6 20 mA) �pØ�6 LED �ì�,
¿épØ�6 LED �¡(�`z. æ^ PSS �.
�	ò¡����F/�â(��pØ�6 LED
��Z(�ì�, |^uÿ¤ìÚ��ÿÁÙ1>
5U: pØ�6 LED mé>Ø� 36 V, éA°Ä>
6� 1.5 mA; 3°Ä>60u 15 mA � 50 mA �
m�, 1õÇ�°Ä>6O\Cqu�5O\, 3
d«�1��>6O\ü$�ÌÝ'��ú, `
²·����pØ�6 LED ·¨uæ^�>6�
Ý°Ä, Ø¬�°Ä>6�ÝO\Ñy²w�þ
f�Çeü¯K, �·�3�¡�¡)ûþf�Ç
�>6O�eü¯K�Jø
�«#g´. °Ä
>6�� 55 mA �, 1õÇØ2�>6Cz, `²
d�16f�C�Ú; 1��p:éA�°Ä>6
� 2.7 mA, éA>Ø� 43 V. µCx1�ÿÁL²:
d(��u1�Ç�p, 3Ú§ 4500 K!IOÿÁ
¿§ 20 mA °Ä�1�p� 116.06 lm/W, d�°
Ä>Ø� 50 V. ù�ïÄ¤J��ISk?Y².
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The preparation and performance analysis of
GaN-based high-voltage DC light emitting diode∗
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Abstract
The design and the preparation of GaN-based high-voltage DC light emitting diode are realized. It is found that the device, whose

chip structure is truncated pyramid using the epitaxial wafer whose subsrate is a patterned sapphire substrate, has a higher luminous
efficiency than other chip structures. The luminous efficiency increases up to 116.06 lm/W when the device is packaged into white
LED at a color temperature of 4500 K which is driven by 20 mA, and the corresponding voltage is 50 V. The I-V curve shows that
the threshold voltage is 36 V, corresponding to a drive current of 1.5 mA. The optical power increases approximately linearly with
the increase of driving current when the driving current increases from 15 mA to 50 mA, and the luminous efficiency in this range
decreases more slowly with the increase of driving current, indicating that the GaN-based high-voltage DC LED is favourably driven
by large current density, and severe efficiency droop will not appear as the drive current density increases, which offers a new idea for
studying and solving the efficiency droop problem from the chip level.

Keywords: GaN-based high-voltage DC light emitting diode, pattern sapphire substrate, truncated pyramid chip
structure, luminous efficiency

PACS: 85.60.Jb, 78.55.Cr, 78.90.+t
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